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Abstract

Hydrogen is foreseen to be part of our future energy systems as Europe has the
ambition to be a carbon-neutral continent by 2050. Given that the energy sector is
responsible for a significant portion of European GHG emissions, its transition is key.
Green hydrogen − produced through electrolyzers powered by low-carbon electricity
− is under the spotlight as various studies claim that it can be used as a feedstock for
the industry, and as an alternative fuel for heavy transportation and future back-up
generation units which are hard-to-electrify sectors. These studies also state that
hydrogen deployment will consist in the development of a future hydrogen network.

As the grid undergoes significant changes, such as shifting to intermittent renewable
energy production and increasing the electrification of various end-use demands, prob-
abilistic adequacy studies that assess whether a power system can meet consumers’
demand at all times and in all locations becomes essential. Integrating electrolyzers
into the power system introduces an unconventional and variable electrical demand.
Indeed, to produce green hydrogen, electrolyzers will primarily consume when re-
newable energy sources are producing. Furthermore, the hydrogen system comprising
a pipeline network, storage facilities, import points, and hydrogen-to-power units may
influence electrolyzer consumption.

The primary objective of this work is to quantify the impact of this unconventional
demand on power system adequacy. Specifically, we aim to answer the question:
What is the impact of e-hydrogen on the adequacy of the Belgian power system?
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To address this, we developed a probabilistic adequacy tool capable of analyzing large
and complex systems, such as a country, while considering the coupled operation of
electricity and hydrogen systems. This tool includes an economic dispatch model
that minimizes load shedding and operational costs of the system. It incorporates
network constraints via DC-OPF formulation, and integrates the interdependencies
between the electricity and hydrogen systems. The hydrogen system encompasses
electrolyzers, storage units, pipelines, hydrogen-to-power units, import points, and an
annual hydrogen demand. From this model, key adequacy indicators such as Energy-
not-served (ENS) and Loss-of-load (LOL) are derived. This model is integrated into a
sequential Monte Carlo process to obtain expected values for these indicators (EENS
and LOLE). The process also accounts for yearly uncertainties, including renewable
energy production variability and technology unplanned outages.

After testing the tool on smaller systems, it is applied to a coupled electricity-hydrogen
system representative of Belgium in 2030. Various scenarios reflecting current un-
certainties, such as grid and offshore wind farm expansions, and different flexibility
means were analyzed.

Key findings for the Belgian system in 2030 include the crucial role of flexibility,
which significantly enhances adequacy indicators across all scenarios, highlighting
its importance in such studies. Given the model’s assumption of unlimited hydrogen
imports, the system does not experience energy deficits due to hydrogen demand.
Therefore, hydrogen integration, under these conditions, does not negatively impact
power system adequacy. Assessing the impact of constraining hydrogen demand
requires setting limits on local production. In the scenario considering offshore wind
farm and grid extension, as well as all flexibility means, constraining electrolyzers up
to a 90% annual load factor does not compromise Belgium’s adequacy with 447 MW
of electrolyzers. This suggests that local hydrogen production, if managed flexibly,
will not affect system adequacy. Despite incorporating flexibility and 447 MW of
electrolyzers, curtailment peaks remain high, reaching values of 6-7 GW, indicating
the system’s limited capacity to absorb very high renewable energy peaks.

In conclusion, this study demonstrates that while the integration of green hydrogen
into the Belgian power system introduces new challenges, particularly with respect to
managing the variable demand from electrolyzers, it does not inherently compromise
system adequacy when flexibility measures are in place.
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Keywords: electrolyzers, hydrogen, multi-period DC optimal power flow, probabilistic
adequacy tool, sequential Monte Carlo simulations.
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Résumé

L’hydrogène devrait faire partie de nos futurs systèmes énergétiques, l’Europe ayant
l’ambition de devenir un continent neutre en carbone d’ici à 2050. Étant donné que le
secteur de l’énergie est responsable d’une part importante des émissions européennes
de gaz à effet de serre, sa transition est essentielle. L’hydrogène vert - produit par
des électrolyseurs alimentés par de l’électricité à faible teneur en carbone – suscite
beaucoup d’intérêt, car plusieurs études affirment qu’il peut être utilisé comme matière
première pour l’industrie et comme carburant alternatif pour les transports lourds et
les futures unités de production d’appoint, qui sont des secteurs difficiles à électrifier.
Ces études indiquent également que le déploiement de l’hydrogène consistera en la
mise en place d’un futur réseau d’hydrogène.

Alors que le réseau électrique subit des changements importants, tels que le pas-
sage à une production intermittente d’énergie renouvelable et l’augmentation de
l’électrification de diverses demandes d’utilisation finale, les études probabilistes
d’adéquation qui évaluent si un système électrique peut répondre à la demande des
consommateurs à tout moment et en tout lieu deviennent essentielles. L’intégration
des électrolyseurs dans le système électrique introduit une demande électrique non
conventionnelle et variable. En effet, pour produire de l’hydrogène vert, les élec-
trolyseurs consommeront principalement lorsque les sources d’énergie renouvelables
produisent. En outre, le système d’hydrogène comprenant un réseau de pipelines,
des installations de stockage, des points d’importation et des unités de conversion de
l’hydrogène en électricité peut influencer la consommation de l’électrolyseur.
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L’objectif principal de ce travail est de quantifier l’impact de cette demande non
conventionnelle sur l’adéquation du système électrique. Plus précisément, nous
visons à répondre à la question suivante : Quel est l’impact de l’e-hydrogène sur
l’adéquation du système électrique belge ? Pour ce faire, nous avons développé un outil
probabiliste d’adéquation capable d’analyser des systèmes vastes et complexes, tels
qu’un pays, tout en considérant le fonctionnement couplé des systèmes d’électricité
et d’hydrogène. Cet outil comprend un modèle de dispatching économique qui
minimise le délestage de charge et les coûts opérationnels du système. Il incorpore
les contraintes du réseau via la formulation DC-OPF et intègre les interdépendances
entre les systèmes d’électricité et d’hydrogène. Le système hydrogène comprend
des électrolyseurs, des unités de stockage, des pipelines, des unités de récupération,
des points d’importation et une demande annuelle d’hydrogène. Ce modèle permet
d’obtenir des indicateurs clés d’adéquation tels que l’énergie non distribuée (ENS)
et la perte de charge (LOL). Ce modèle est intégré dans un processus séquentiel
de Monte Carlo afin d’obtenir une estimation de ces indicateur (EENS et LOLE).
Le processus considère aussi des incertitudes annuelles, y compris la variabilité de
la production d’énergie renouvelable et les pannes non-planifiées des différentes
technologies.

Après avoir testé l’outil sur des systèmes de plus petite taille, il a été appliqué à un
système couplé électricité-hydrogène représentatif de la Belgique en 2030. Différents
scénarios reflétant les incertitudes actuelles, tels que l’expansion du réseau et des
parcs éoliens offshore, et différents moyens de flexibilité ont été analysés.

Les principales conclusions pour le système belge en 2030 incluent le rôle crucial
de la flexibilité, qui améliore considérablement les indicateurs d’adéquation dans
tous les scénarios, soulignant son importance dans de telles études. Compte tenu de
l’hypothèse du modèle selon laquelle les importations d’hydrogène sont illimitées, le
système ne connaît pas de déficits énergétiques dus à la demande d’hydrogène. Par
conséquent, l’intégration de l’hydrogène, dans ces conditions, n’a pas d’impact négatif
sur l’adéquation du système électrique. Pour évaluer l’impact de l’integration de la
demande d’hydrogène, il faut fixer des contraintes sur la production locale. Dans le
scénario prenant en compte l’extension du parc éolien offshore et du réseau, ainsi que
tous les moyens de flexibilité, le fait de contraindre les électrolyseurs à un facteur de
charge annuel de 90 % ne compromet pas l’adéquation du système belge avec 447 MW
d’électrolyseurs. Cela suggère que la production locale d’hydrogène, si elle est gérée
de manière flexible, n’affectera pas l’adéquation du système. Malgré l’intégration
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de la flexibilité et 447 MW d’électrolyseurs, les pics d’excès de production restent
élevés, atteignant des valeurs de 6-7 GW, ce qui illustre la capacité limitée du système
à absorber des pics d’énergie renouvelable très élevés.

En conclusion, cette étude démontre que si l’intégration de l’hydrogène vert dans le
système électrique belge introduit de nouveaux défis, notamment en ce qui concerne
la gestion de la demande variable des électrolyseurs, elle ne compromet pas intrin-
sèquement l’adéquation du système lorsque des mesures de flexibilité sont en place.
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Nomenclature

Indices

𝑏 Index of battery storage system ∈ [1,𝑛𝑏]
𝑑 Index of day ∈ [1,𝑛𝑑 ]
𝑒 Index of electrolyzer ∈ [1,𝑛𝑒]
𝑔 Index of conventional generator ∈ [1,𝑛𝑔]
ℎ Index of hydrogen-to-power unit ∈ [1,𝑛ℎ]
𝑖 Index of abroad electrical interconnection

∈ [1,𝑛𝑖]
𝑗 Index of abroad hydrogen interconnection

∈ [1,𝑛𝑗 ]
𝑘 Index of H2 pipeline ∈ [1,𝑛𝑘]
𝑙 Index of transmission line ∈ [1,𝑛𝑙]
𝑛 Index of bus node ∈ [1,𝑛𝑛]
𝑛𝑓𝑟𝑜𝑚(𝑙) Index of from node of line 𝑙
𝑛𝑟𝑒𝑓 Index of reference node
𝑛𝑡𝑜(𝑙) Index of to node of line 𝑙
𝑝 Index of pumped-hydro storage system ∈

[1,𝑛𝑝]
𝑞 Index of hydrogen storage unit ∈ [1,𝑛𝑞]
𝑟 Index of renewable plant connected to the

transmission grid ∈ [1,𝑛𝑟]
𝑡 Index of time slot ∈ [1,𝑛𝑡]
Sets

𝐵𝑛 Set of battery groups located at node 𝑛
𝐸𝑛 Set of electrolyzers located at node 𝑛

𝐺𝑛 Set of generators located at node 𝑛
𝐻𝑛 Set of hydrogen-to-power units located at

node 𝑛
𝐼𝑛 Set of abroad electrical interconnections

connected to node 𝑛
𝐽𝑛 Set of abroad hydrogen interconnections

connected to node 𝑛
𝐾𝑓𝑟𝑜𝑚,𝑛 Set of H2 pipelines whose sign flow is de-

fined to exit node 𝑛
𝐾𝑡𝑜,𝑛 Set of H2 pipelines whose sign flow is de-

fined to enter node 𝑛
𝐿𝑓𝑟𝑜𝑚,𝑛 Set of lines whose sign flow is defined to

exit node 𝑛
𝐿𝑡𝑜,𝑛 Set of lines whose sign flow is defined to

enter node 𝑛
𝑃𝑛 Set of PHS systems located at node 𝑛
𝑄𝑛 Set of hydrogen storage units located at

node 𝑛
𝑅𝑛 Set of renewable power plants located at

node 𝑛
Stochastic Parameters
𝛼𝑒𝑙(𝑒, 𝑡) Hourly availability of electrolyzer 𝑒 ∈

{0,1}
𝛼𝑔𝑒𝑛(𝑔, 𝑡) Hourly availability of generator 𝑔 ∈ {0,1}
𝛼𝐻2𝑃 (ℎ, 𝑡) Hourly availability of H2P unit ℎ ∈

{0,1}
𝛼𝑖𝑚𝑝(𝑖, 𝑡) Hourly availability of abroad electrical in-

terconnection 𝑖 ∈ {0,1}
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NOMENCLATURE

𝛼𝑙(𝑙, 𝑡) Hourly availability of transmission line 𝑙
∈ {0,1}

res(𝑟, 𝑡) Hourly power production of renewable
power plant 𝑟 [MWh/h]

Fixed Parameters

𝛼𝑣1𝑚 Share of electric vehicles with a flexible
charging behavior connected to a charg-
ing station [-]

ΔΘ𝑚𝑎𝑥 Phase angle difference of two adjacent
nodes [rad]

𝜂𝑏𝑎𝑡𝑡,𝑖𝑛∕𝑜𝑢𝑡 In/out-flow efficiency of battery 𝑏 [-]
𝜂𝑐 H2 compression factor [-]
𝜂𝑒𝑙 Electrolyzer efficiency [-]
𝜂𝐻2𝑃 Hydrogen-to-power plant efficiency [-]
𝜂𝑝ℎ𝑠,𝑖𝑛(𝑝) Pump efficiency of PHS 𝑝 [-]
𝜂𝑝ℎ𝑠,𝑜𝑢𝑡(𝑝) Turbine efficiency of PHS 𝑝 [-]
𝑏𝑝𝑢(𝑙) Susceptance of line 𝑙 [pu]
𝑐𝑔𝑒𝑛(𝑔) Operational cost of conventional genera-

tor 𝑔 [€/MWh]
𝑐𝐻2

Cost of imported hydrogen [€/MWhH2 ]
𝑐𝑖𝑚𝑝(𝑖) Cost of imported electricity at intercon-

nection 𝑖 [€/MWh]
𝑐𝑠ℎ𝑖𝑓 𝑡 Cost of load shifting [€/MWh]
𝑐𝑣−𝑠ℎ𝑒𝑑 Cost of voluntary load shedding [€/MWh]
𝑑𝑑𝑖𝑠𝑡−𝑔𝑒𝑛(𝑛) Share of distributed conventional gen-

eration associated to node 𝑛 [-]
𝑑𝑒𝑣(𝑛) Share of electric vehicle fleet associated

to node 𝑛 [-]
𝑑𝐻2

(𝑛) Share of hydrogen demand associated to
node 𝑛 [-]

𝑑ℎ𝑝(𝑛) Share of heat-pumps associated to node 𝑛
[-]

𝑑ℎ𝑦𝑑𝑟𝑜(𝑛) Share of hydroelectric run-of-the-river
units associated to node 𝑛 [-]

𝑑𝑙(𝑛) Share of traditional electrical demand as-
sociated to node 𝑛 [-]

𝑑𝑜𝑛𝑠ℎ(𝑛) Share of onshore wind turbines associated
to node 𝑛 [-]

𝑑𝑝𝑣(𝑛) Share of PV installations associated to
node 𝑛 [-]

𝑑𝑠ℎ(𝑛) Share of shedable demand associated to
node 𝑛 [-]

𝑑𝑠(𝑛) Share of shiftable demand associated to
node 𝑛 [-]

𝑒𝑖𝑚𝑝,𝑚𝑎𝑥,𝑦𝑒𝑎𝑟(𝑖) Maximum yearly imported energy at
interconnection 𝑖 [MWh/year]

𝑒𝑠ℎ𝑖𝑓 𝑡,𝑚𝑎𝑥,𝑑𝑎𝑦 Maximum daily shiftable energy
[MWh/day]

𝑒𝑣−𝑠ℎ𝑒𝑑,𝑚𝑎𝑥,𝑑𝑎𝑦 Maximum daily voluntary shedding
[MWh/day]

𝑓𝐻2 ,𝑚𝑎𝑥(𝑘) Maximum hydrogen flow that can tran-
sit through pipeline 𝑘 [MWhH2 /h]

𝑓𝑚𝑎𝑥(𝑙) Maximum power that can transit through
line 𝑙) [MW]

𝑙(𝑡) Hourly traditional electrical demand
[MWh/h]

𝑙𝐻2 ,𝑓 𝑖𝑥𝑒𝑑 (𝑡) Hourly fixed H2 demand [MWh𝐻2
/h]

𝑙𝐻2 ,𝑓 𝑙𝑒𝑥,𝑑𝑎𝑦 Daily flexible H2 demand
[MWh𝐻2

/day]
𝑙ℎ𝑒𝑎𝑡,𝑓 𝑖𝑥𝑒𝑑 (𝑡) Hourly fixed electrical demand for

heat [MWh/h]
𝑙ℎ𝑒𝑎𝑡,𝑓 𝑙𝑒𝑥,𝑑𝑎𝑦 Daily flexible electrical demand for

heat [MWh/day]
𝑙𝑚𝑜𝑏,𝑓 𝑖𝑥𝑒𝑑 (𝑡) Hourly fixed electrical demand for

electrical moblity [MWh/h]
𝑙𝑚𝑜𝑏,𝑓 𝑙𝑒𝑥,𝑑𝑎𝑦 Daily flexible electrical demand for

electrical moblity [MWh/day]
𝑙𝑟𝑒𝑠𝑖(𝑡) Hourly residual electrical demand

[MWh/h]
𝑙𝑓𝑑𝑖𝑠𝑡−𝑔𝑒𝑛(𝑡) Hourly load factor of distributed con-

ventional generation [-]
𝑙𝑓ℎ𝑦𝑑𝑟𝑜(𝑡) Hourly load factor of hydroelectric run-

of-the-river units [-]
𝑙𝑓𝑜𝑛𝑠ℎ(𝑡) Hourly load factor of onshore wind tur-

bines [-]
𝑙𝑓𝑝𝑣(𝑡) Hourly load factor of PV [-]
𝑀 Big value used for Big-M method
𝑛𝑒𝑣 Number of electric vehicles [-]
𝑛ℎ𝑝 Number of heat-pumps [-]
𝑝𝑏𝑎𝑡𝑡,𝑖𝑛∕𝑜𝑢𝑡,𝑚𝑎𝑥(𝑏) Maximum input/output power of

the battery group 𝑏 [MWh]
𝑝𝑐ℎ𝑎𝑟𝑔𝑒𝑟 Power of the electric vehicle charging sta-

tion [MW]
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𝑝𝑑𝑖𝑠𝑡−𝑔𝑒𝑛,𝑚𝑎𝑥 Installed capacity of distributed con-
ventional generating units [MW]

𝑝𝑒𝑙,𝑚𝑎𝑥(𝑒) Installed capacity of electrolyzer 𝑒)
[MW]

𝑝𝑔𝑒𝑛,𝑚𝑎𝑥(𝑔) Installed capacity of generator 𝑔 [MW]
𝑝𝑔𝑒𝑛,𝑚𝑖𝑛(𝑔) Minimum operating power of generator

𝑔 [MW]
𝑝𝐻2𝑃 ,𝑚𝑎𝑥(ℎ) Installed capacity of H2P plant ℎ

[MW]
𝑝ℎ𝑝,𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 Electrical capacity of an individual

heat-pump [MW]
𝑝ℎ𝑝,𝑚𝑎𝑥 Installed capacity of heat pumps [MW]
𝑝ℎ𝑦𝑑𝑟𝑜,𝑚𝑎𝑥 Capacity of installed hydroelectric run-

of-the-river units [MW]
𝑝𝑖𝑚𝑝,𝑚𝑎𝑥,𝑡𝑜𝑡 Maximum aggregated imports [MW]
𝑝𝑖𝑚𝑝,𝑚𝑎𝑥(𝑖) Maximum import capacity at intercon-

nection 𝑖 [MW]
𝑝𝑜𝑛𝑠ℎ,𝑚𝑎𝑥 Capacity of installed onshore wind tur-

bines [MW]
𝑝𝑝ℎ𝑠,𝑖𝑛∕𝑜𝑢𝑡,𝑚𝑎𝑥(𝑝) Maximum input/output power of

the pumped-hydro storage 𝑝 [MWh]
𝑝𝑝𝑣,𝑚𝑎𝑥 Capacity of installed PV [MW]
𝑝𝑠ℎ𝑖𝑓 𝑡,𝑚𝑎𝑥 Maximum load that can be shifted (re-

moved) [MWh/h]
𝑝𝑣−𝑠ℎ𝑒𝑑,𝑚𝑎𝑥 Maximum voluntary shed power

[MWh]
𝑞𝐻2 ,𝑓 𝑖𝑥𝑒𝑑 (𝑡) Hourly H2 demand [MWh𝐻2

/h]
𝑞𝐻2 ,𝑖𝑚𝑝,𝑚𝑎𝑥(𝑗) Maximum hourly hydrogen import at

interconnection 𝑗 [MWhH2 /h]
𝑠𝑏𝑎𝑠𝑒 Base power of the per-unit system [MVA]
𝑠𝑜𝑐𝑏𝑎𝑡𝑡,𝑚𝑎𝑥(𝑏) Maximum capacity of the battery

group 𝑏 [MWh]
𝑠𝑜𝑐𝐻2 ,𝑠𝑡𝑜,𝑚𝑎𝑥(𝑞) Maximum capacity of the hydro-

gen storage 𝑞 [MWh𝐻2
]

𝑠𝑜𝑐𝑝ℎ𝑠,𝑚𝑎𝑥(𝑝) Maximum capacity of the pumped-
hydro storage 𝑝 [MWh]

𝑣𝑜𝑙𝑙 Value of loss-load [€/MWh]
𝑣𝑜𝑙𝑙𝐻2

Value of loss-load for hydrogen
[€/MWh𝐻2

]
𝑤ℎ𝑝1𝑚 Share of heat-pumps with a flexible charg-

ing behavior [-]

𝑤𝑣1𝑚 Share of electric vehicles with a flexible
charging behavior [-]

Variables
Θ(𝑛, 𝑡) Hourly phase angle of node 𝑛 [rad]
𝐶(𝑛, 𝑡) Hourly curtailed electrical power at node

𝑛) [MWh/h]
𝐸𝑣−𝑠ℎ𝑒𝑑 (𝑛, 𝑡) Hourly voluntary load shedding at

node 𝑛 [MWh/h]
𝐸𝑛𝑠(𝑛, 𝑡) Hourly electrical energy-not-served at

node 𝑛 [MWh/h]
𝐸𝑛𝑠𝐻2

(𝑛, 𝑡) Hourly hydrogen energy-not-served at
node 𝑛 [MWh𝐻2

/h]
𝐹 (𝑘, 𝑡) Hourly flowing electricity through line 𝑘

[MWh/h]
𝐹𝐻2

(𝑘, 𝑡) Hourly flowing hydrogen through
pipeline 𝑘 [MWh/h]

𝑃𝑏𝑎𝑡𝑡,𝑖𝑛(𝑏, 𝑡) Hourly electrical power feeding the bat-
tery group 𝑏 [MWh/h]

𝑃𝑏𝑎𝑡𝑡,𝑜𝑢𝑡(𝑏, 𝑡) Hourly electrical power produced by
the battery group 𝑏 [MWh/h]

𝑃𝑒𝑙(𝑛, 𝑡) Hourly power consumed by electrolyzers
at node 𝑛 [MWh/h]

𝑃𝑔𝑒𝑛(𝑔, 𝑡) Hourly production of conventional gener-
ator 𝑔 [MWh/h]

𝑃𝐻2𝑃 (ℎ, 𝑡) Hourly power produced by H2P plant ℎ
[MWh/h]

𝑃ℎ𝑒𝑎𝑡,𝑓 𝑙𝑒𝑥(𝑛, 𝑡) Hourly power dedicated to heat pro-
duction at node 𝑛 [MWh/h]

𝑃𝑖𝑚𝑝(𝑖, 𝑡) Hourly imported electricity from inter-
connection 𝑖 [MWh/h]

𝑃𝑚𝑜𝑏,𝑓 𝑙𝑒𝑥(𝑛, 𝑡) Hourly power dedicated to electric
mobility charging at node 𝑛 [MWh/h]

𝑃𝑝ℎ𝑠,𝑖𝑛(𝑝, 𝑡) Hourly electrical power feeding the
pumps of PHS 𝑝 [MWh/h]

𝑃𝑝ℎ𝑠,𝑜𝑢𝑡(𝑝, 𝑡) Hourly electrical power produced by
the turbines of PHS 𝑝 [MWh/h]

𝑄𝐻2 ,𝑓 𝑙𝑒𝑥(𝑛, 𝑡) Hourly flexible hydrogen consumed
at node 𝑛 [MWh𝐻2

/h]
𝑄𝐻2 ,𝑖𝑚𝑝(𝑛, 𝑡) Hourly H2 imported from node 𝑛

[MWh𝐻2
/h]

𝑄𝐻2 ,𝑠𝑡𝑜,𝑖𝑛∕𝑜𝑢𝑡(𝑞, 𝑡) Hourly H2 flowing in/out of the
H2 storage unit 𝑞 [MWh𝐻2

/h]

xxiii



NOMENCLATURE

𝑆𝑎𝑑𝑑 (𝑛, 𝑡) Hourly shiftable electrical demand added
at node 𝑛 [MWh/h]

𝑆𝑟𝑒𝑚(𝑛, 𝑡) Hourly shiftable electrical demand re-
moved at node 𝑛 [MWh/h]

𝑆𝑜𝑐𝑏𝑎𝑡𝑡(𝑏, 𝑡) Hourly state-of-charge of the battery
group 𝑏 [MWh]

𝑆𝑜𝑐𝐻2 ,𝑠𝑡𝑜(𝑞, 𝑡) Hourly state-of-charge of the H2
storage unit 𝑞 [MWh𝐻2

]
𝑆𝑜𝑐𝑝ℎ𝑠(𝑝, 𝑡) Hourly state-of-charge of the pumped

hydro storage (PHS) 𝑝 [MWh]
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CHAPTER 1

Introduction

Chapter overview

• Context
• Objective of the thesis
• State-of-the-art: research gap and contributions
• Outline of the manuscript

The European Green Deal aims to make Europe the first carbon neutral continent
by 2050. An intermediate step objective is the reduction of 55% of greenhouse gas
(GHG) emissions by 2030 compared to 1990 levels, as outlined in the Fit-for-55
Package. Since the energy sector accounts for more than 75% of the European GHG
emissions [1], decarbonizing this sector is essential to reach the aforementioned
targets. In Belgium, this intermediate objective has been divided into three regional
targets for 2030: the Walloon Region aims for a 55% reduction in emissions, the
Flemish Region targets a 35 % reduction, and Brussels-Capital seeks a 32 % reduction.
In this context, green hydrogen − produced through water electrolysis powered by low
carbon energy sources − could play a crucial role in decarbonizing the mobility and
industry sectors, which are hard-to-decarbonize sectors as part of their applications
cannot be electrified, and the power sector. Indeed, hydrogen is a potential fuel for
heavy transportation, a feedstock for the industrial sector, and an alernative fuel for
generation units. For these reasons, many studies assert that hydrogen will be part
of future energy systems. Also, hydrogen has been the subject of numerous stud-
ies. However, its impact on the power system adequacy has not yet been fully explored.
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Chapter 1: Introduction

In this Chapter, we explore the different future energy system projections for Belgium
and the pivotal role that hydrogen plays in the latter. Then the objective of this work
is clearly outlined, followed by a review of the state-of-the-art highlighting current
research, and gaps in the domain. Finally we present the outline of the manuscript.

The Chapter is structured according to the following sections: Section 1.1 ex-
plores the role of hydrogen in the future Belgian energy system. Section 1.3
presents the objective of this thesis, and Section 1.4 exposes the state-of-the-art
in the domain, the research gap, and the contributions brought by this thesis.
Finally, Section 1.5 outlines the structure of this manuscript.

1.1 Pathways for the Belgian energy transition

When focusing on Belgium, different pathways are proposed to reach climate
neutrality in the energy sector, usually relying on electrification and/or molecules.
Hereunder, are listed the results/future plans of several studies conducted by: Bureau
Fédéral du Plan (Oct. 2020) [2] , Elia (Nov. 2021) [3], Service Public Fédéral (Dec.
2021 and updated in Oct. 2022) [4], EnergyVille (Oct. 2022) [5], and Sustainable
Energy Group from UCLouvain [6, 7] (Sep. 2024).

Even though the works summarized hereunder study the same national neutral-carbon
scenario for 2050, they all use different modeling tools and different hypotheses. For
this reason, not all solutions converge, and fortunately! This offers a panel of material
to be discussed. However, they all seem to agree that molecules will play an important
role in our future energy system, that a big share of this hydrogen will be produced by
electrolyzers (locally or abroad), and that hydrogen is a promising energy carrier that
could help decarbonize our energy system.

Bureau Fédéral du Plan - Fuel for Future - October 2020

The EU-Commission shared their hydrogen strategy which consists in installing 40
GW of renewable hydrogen electrolyzers by 2030 in order to launch the hydrogen
economy as recovery plan in a context of energy transition. Following that announce-
ment, the Bureau Fédéral du Plan has released a report named "Fuel for Future".
In this report, they try to identify the place that hydrogen could take in the future
Belgian energy system by 2050 [2]. They consider in this study two scenarios leading
to a net-zero GHG emissions energy system by 2050 : 1) Deep electrification: a
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far-reaching electrification of the final energy consumption vs. 2) Diversified Energy
Supply: considering a sustained and increased used of gas for transport, industrial
heating, and power generation.

The total demand in 2050 more than triples compared to 2018. In both scenarios, the
future electricity mix is composed of ∼2/3 of renewables, and ∼1/3 of gas-fired units
(e-gas, biogas, fossil gas) with carbon capture and storage (CCS). However, the results
in terms of flexibility are different:

• Deep Electrification scenario: will rely primarily on direct electrification (e.g.
heat pumps or electric vehicles)−Electric vehicles, and electricity imports (14.4
GW) will be the daily, and weekly flexibilities even though electrolyzers (10.6
GW) provide still half of the flexibility − Domestic production of hydrogen
reaches 80 TWh (with 7547 FLH 1 or 86.15 % load factor for electrolyzers).

• Diversified Energy Supply scenario: will integrate more indirect electrification
(e.g. conversion to hydrogen, or ammonia) − Gas-fired power plants (11 GW)
and electrolyzers (19.1 GW) will be the main daily, weekly, and annual flexibility
providers − Domestic production of hydrogen reaches 99 TWh (with 5183 FLH
or 59.17 % load factor for electrolyzers).

When pre-setting exogenously hydrogen imports to 3.6 e/kgH2 (90 e/MWhH2 ), the re-
sults claim that in both scenarios, no hydrogen will be imported except when consider-
ing a higher marginal cost for electricity production. In that case, import of hydrogen
appears: 18 TWh in the Deep Electrification scenario, and 11 TWh in the Diversed En-
ergy Supply scenario. Furthermore, if in addition to that, a lower price for hydrogen
imports of 2 e/kgH2 (50 e/MWhH2 ) is considered, imports drastically increase even
more, up to 69 TWh for the Deep Electrification scenario.

Elia - Roadmap to net-zero - November 2021

Elia also published a report, "Roadmap to net zero" which details the group’s vision
on building a climate-neutral European energy system by 2050 [3]. They consider
two different transformation pathways for Europe: 1) ELEC pathway: most sectors are
electrified vs. 2) MOL pathway: characterised by high levels of indirect electricity
demand needed to produce green molecules (i.e. certain energy sectors are supposed
to be fed by those molecules). And the following conclusions are stated:

1FLH for Full Load Hours.
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• The ELEC-pathway: For Belgium, the solution leads to an energy demand of
305 TWh, and an electricity demand of 245 TWh (x3 compared to 2018) due to
a strong electrification (mainly direct electricity 69% which is very efficient).

• The MOL-pathway: For Belgium, the solution leads to an energy demand of
360 TWh, and to an electricity demand of 325 TWh (x4 compared to 2018) due
to the production of green molecules (mainly indirect electricity 65% which has
high conversion losses).

The study claims that Europe will only be able to satisfy its direct electrification with
domestic renewables and will have to import green molecules from other continents
to satisfy its indirect electrification demand. However, the renewable potentials
are unevenly distributed across Europe, thus Belgium will require an intensified
cooperation from European countries to satisfy its direct electrification. Indeed, the
study shows that Belgium will only be able to satisfy 28% of its direct electrification
in the MOL-pathway, and 37% in the ELEC-pathway.

Furthermore, if it is considered that indirect electricity is imported under the form of
green molecules from abroad EU and that these are under the form of hydrogen, and
have been produced by electrolysers having an efficiency of 70%, the ELEC-pathway
which requires 75 TWh of indirect electrification would import 52 TWh of hydrogen,
and the MOL-pathway which requires 210 TWh would import 147 TWh of hydrogen
2.

SPF - Stratégie fédérale pour l’hydrogène - December 2021 (updated in
Oct. 2022)

The Service Public Federal (SPF) also released a report, "Stratégie fédérale pour
l’hydrogène" [4] which details the Belgian ambition for green molecules, and of
being a hub for Europe. In this report, the SPF identifies the sectors that will require
green molecules to decarbonize by 2050: industry, heavy transportation, flexibility
and back-up units for the power sector, and the construction sector. This sums up to
a yearly demand of 125 to 200 TWh of hydrogen molecules and its derivatives in
Belgium by 2050.

Even though Europe has ambitions to install 6 GW of electrolyzers by 2024, and 40
GW by 2030, the installed capacity in Belgium will be limited due to weak domestic

2This interpretation is not from Elia, and is a personal extrapolation in order to have an order of mag-
nitude to be compared with other studies.

4



1.1 Pathways for the Belgian energy transition

renewable potential. Indeed, Belgium has the ambition to install 150 MW of elec-
trolyzers by 2026 in a strategic interest to gain expertise in the operation of these units
and support technological development of Belgian companies. However, following
the "Declaration d’Esbjerg" (May 2022), Belgium, with Denmark, Germany, and
Netherlands committed in installing 65 GW of offshore wind turbines and 20 GW of
electrolyzers by 2030 and 150 GW of offshore wind turbines by 2050.

Today, an existing hydrogen pipeline exists and was developed by a private actor
(Air Liquide) in order to supply industrial clients. This network links Zeebrugge,
Gent, Antwerpen, and Charleroi. However, still today some industrial clusters are
not connected to the network and the government would like to pursue its develop-
ment. The federal government has as an objective i) the commissioning of 100-160
km of pipelines, among others thanks to the reuse of unused pipelines in the country
(e.g. low calorific value gas pipelines) by 2026, and ii) the interconnection with neigh-
bouring hydrogen networks (Germany, France, Netherlands) by 2028 in line with the
ambition to represent a hub for imports and transits of hydrogen molecules.

EnergyVille - The Power of Perspetcive: 2050 Paths - October 2022

In the project ’Perspective 2050’ [5], EnergyVille tries to give insights on possible
pathways to reach a carbon neutral Belgium by 2050. Three scenarios are considered:
1) the Central scenario permits electrification, molecules imports, and domestic
molecule production, vs. 2) the Electrification scenario considers more offshore wind
power capacity − thanks to the "Declaration d’Esbjerg", Belgium will have access to
16 GW outside of the Belgian territorial waters −, and the option to invest in new
nuclear technology − focusing research on small modular reactors (SMR), with an
average size of 300 MW, operational from 2045, and of generation IV − are also
considered, vs. 3) the Molecules scenario allows synthetic molecules imports at lower
costs (30% cost reduction compared to Central scenario, i.e. 1.7 e/kgH2 by 2050) and
access to cross-border CO2 storage in Norway and Netherlands (by 5 Mton/year).

These scenarios are optimized for 2050 and quite surprisingly, their results do not differ
that much:

• Central scenario: Demand in electricity doubles compared to 2020 and the role
of clean molecules grows but is limited to 11% (15.3 TWh) of final energy con-
sumption (FEC). The installed capacity of electrolyzers is 13.2 GW : 5GW in-
stalled centrally producing 12.5 TWh of hydrogen (2500 FLH or 28.5% load
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factor), and 8.2 GW installed at industry (steel and chemical sectors) producing
10.6 TWh (1292 FLH or 14.75% load factor). Imports of hydrogen reach 36
TWh.

• Electrification scenario: Demand in electricity more than doubles (x2.3) com-
pared to 2020 and clean molecules represent 16.3 TWh of FEC. The installed
capacity is 8.2 GW producing 28 TWh (3414 FLH or 38.9% load factor) be-
cause of a more constant access to electricity at lower cost. Imports of hydrogen
reaches 5 TWh.

• Clean molecules scenario: Demand in electricity is the same as electrification
scenario and clean molecules represent 14% of FEC (27.3 TWh). The installed
capcaity of electrolyzers is 10.4 GW installed, producing 13.7 TWh (1000 FLH
or 11.4% load factor). Imports of hydrogen reaches 91 TWh at a lower price
(scenario assumption).

Sustainable Energy Group from UCLouvain – project BEST – September
2024

Within the ETF3 Project BEST (Belgian Energy System), two studies give interesting
results. The first one conducted by X. Rixhon [6] focuses on Belgium and studies the
energy transition pathways to reach a neutral-carbon system by 2050, and the second
one conducted by P. Thiran [7], extends to Europe, and explores different options to
reach a fossil-free European energy system by 2050.

• The European study allows imports of renewable fuels (derived from renewable
electricity or biomass) from outside of Europe at a certain cost. However, no
imports are noticed. Countries importing renewable fuels do it from other Eu-
ropean countries. In this work, three scenarios are derived: i) reference study
case: where nuclear power is not considered ii) nuclear scenario: nuclear is con-
sidered available, iii) sufficiency scenario: a lower demand is considered, and
no nuclear power. The results show that:

– In the reference scenario, Belgium imports a total of 154 TWh of renewable
fuels: 49.7 TWh of e-FT4 fuels, 9.2 TWh of e-methane, 61.9 TWh of e-
hydrogen, and 33 TWh of e-methanol.

3ETF: Energy Transition Fund
4Fischer Tropsch (FT) fuels represent synthetic fuels replacing typical fossil fuels, i.e. light fuel oil,

diesel, gasoline, and jet fuel.
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– In the nuclear scenario, Belgium imports a total of 149.3 TWh of renewable
fuels: 75.6 TWh of e-FT fuels, 29.5 TWh of e-hydrogen, and 44.2 TWh
of e-methanol. In this scenario, Belgium does not import, but exports e-
methane (5.4 TWh).

– In the sufficiency scenario, Belgium imports a total of 82.4 TWh of renew-
able fuels: 6.5 TWh of e-FT fuels, 2.2 TWh of e-methane, 34.7 TWh of
e-hydrogen, and 38.9 TWh of e-methanol.

Belgium does not install electrolyzers in any scenario.
• The Belgian study optimizes the pathway to a neutral-carbon system in 2050,

starting from 2020 with a myopic formulation approach, and steps of 5 years.
Two scenarios are studied for Belgium: i) REF: the reference scenario, and the
ii) SMR: a scenario where the SMR technology is available from 2040 up to 6
GW. The results show that:

– In the REF scenario, Belgium imports e-fuels: 39 TWh of e-methane, 16
TWh of e-hydrogen, 44 TWh f e-ammonia, and 55 TWh of e-methanol.

– In the SMR scenario, Belgium imports e-fuels: 7 TWh of e-methane, 16
TWh of e-hydrogen, 11 TWh f e-ammonia, and 55 TWh of e-methanol.
The main difference is that it imports way less e-methane, and less e-
ammonia.

Belgium does not install electrolyzers in any scenario.
In both of these studies, electrolyzers are not foreseen to be installed in Belgium. These
results differ from the statements of other studies but are justified. However, they both
claim that renewable fuels will be part of our future energy systems, and that Belgium
will be a big importer.

1.2 Hydrogen in a World context

1.2.1 Consumption of hydrogen in the world

The consumption of hydrogen is depicted in Fig. 1.1 , reaching a value of 94.8 Mt in
2022. In the fast and until today, refining and ammonia represent the majority of the
use.
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Figure 1.1: Hydrogen consumption in the world from 2019 to 2022, and hydrogen
consumption forecast for 2030 - Source: IEA 2023 [8].

The use of hydrogen in these different sectors are listed below:
• Oil and gas refineries: hydrocracking consists in breaking down hydrocarbons

in the presence of hydrogen into lighter, and more valuable products (gasoline,
diesel), and hydrotreating consists in removing sulfur and other impurities from
petroleum fuels.

• Nitrogen and phosphorus-based fertilizers require ammonia which is produced
through the Haber-Bosch Process. The Haber-Bosch Process converts nitrogen
and hydrogen into ammonia.

• To produce chemicals such as formaldehyde, acetic acid, and plastics, methanol
is necessary. Methanol can be produced by the reaction of carbon monoxide or
dioxide carbon and hydrogen.

• Hydrogenation reactions in chemical synthesis require hydrogen as well. This
occurs in the food (e.g. produce margarine from vegetable oil) and chemical
industry.

• To allow a protective atmosphere, hydrogen is used to prevent oxidation and as
a reducing agent. This is done in the glass industry and in electronics manufac-
tures.

8



1.2 Hydrogen in a World context

• While hydrogen is indispensable in the uses described above, different technolo-
gies and processes are trying to shift to hydrogen to lighten their impact in terms
of emissions. Steel production is trying to replace the coal by hydrogen in the
iron-reduction step. Glass production is also trying to use hydrogen combus-
tion for high temperatures. Fuel cells are used to retribute electricity back from
hydrogen, and could be used in the transport sector, or power sector. Also, hy-
drogen will serve as a basis for synthetic fuels.

1.2.2 Production of hydrogen in the world

To serve this hydrogen consumption, different production process coexist: coal gasi-
fication, steam methane reforming, water electrolysis, and methane pyrolysis, and are
listed below. Depending on the used process, hydrogen is assigned a color.

• Coal gasification consists in the oxidation of coal by air, oxygen, or steam. This
process produces a synthetic gas consisting in a mix of carbon monoxide, hy-
drogen, carbon dioxide, methane, and steam. Carbon monoxide will react with
the water molecules to produce carbon dioxide and hydrogen. The hydrogen
produced in this process is referred as black hydrogen if using lignite or brown
hydrogen if using bituminous.

• During the steam methane reforming process, methane reacts under high tem-
peratures with steam water which produces hydrogen and carbon monoxide. The
produced carbon monoxide then reacts with the steam as well, and converts to
carbon dioxide. The resulting by-product of this process, i.e. carbon dioxide
can either be released in the atmosphere (grey hydrogen), or captured and stored
(blue hydrogen).

• Water electrolysis uses electricity to separate the oxygen and hydrogen atoms of
water molecules. If using electricity produced by renewable energies, it is green
hydrogen; if using electricity produced by solar energy, it is yellow hydrogen;
and if using electricity produced by nuclear energy, it is pink hydrogen. Hydro-
gen produced through electrolysis with a diversified mix depending on what is
available is sometimes referred to yellow as well.

• Methane pyrolysis transforms methane into solid carbon, and hydrogen. This
hydrogen is referred as turquoise.
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In 2022, 62% of the hydrogen is grey, 21% is black, and 16% is by-product hydrogen
that takes places in refineries and petrochemical industries. Blue and green hydrogen
represent 0.6 and 0.1% respectively [9].

1.2.3 Oxygen: a by-product

Oxygen is the by-product of the water electrolysis process. For every gram of
hydrogen produced, 8 grams of oxygen is produced. One could ask if this production
could be valued or should it just be released in the atmosphere.

Oxygen is used in the industrial, medical, food and health sectors for many reasons
[10]. Below are listed its principal uses:

• Combustion enhancement and efficiency: oxygen is used to enrich the air within
the combustion process to increase its efficiency, and lower NOx emissions. Ex-
amples: steel, glass, and metal manufacturing, oil refining.

• Chemical and petrochemical industry : oxygen allows oxidation reactions which
can produce chemicals, and syngas.

• Medical and life-support purposes.
• Water treatment applications: oxygen is used to produce ozone and aeration.

To produce this oxygen, several technologies and process exist [11]: i) cryogenic sep-
aration where the different boiling temperatures of nitrogen and oxygen are used to
separate them, ii) pressure swing adsorption (PSA) where zeolites under pressure col-
lect nitrogen, and allows oxygen to pass, iii) membrane technology which filters slow
gases like nitrogen, and allows fast gases like oxygen to pass, iii) by-product which are
processes that aim to produce nitrogen or hydrogen for example, and where oxygen is
a by-product. Depending on the oxygen purity, daily volume, and pressure required, a
choice can be made on the used technology to produce it. One of the biggest oxygen
exporter in the world is Belgium. In 2021 Belgium is the second worldwide exporter
and exported 536 kt of oxygen after the USA (1252 kt) [10].

1.3 This Thesis

As mentioned above, part of this hydrogen production might occur locally through the
water electrolysis process. The integration of electrolyzers into the power system will
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create an additional electrical demand, but this demand is not common. Producing
green hydrogen only makes sense when powered by renewable energy sources (RES),
otherwise, traditional methods like steam methane reforming (gray hydrogen) would
emit less CO2. Consequently, the consumption profile of electrolyzers is highly
variable as it follows RES production. Moreover, in some of the referenced studies,
electrolyzers are also utilized as flexibility. Due to these factors, the additional elec-
trical demand from electrolyzers is unconventional and requires thorough analysis.
Specifically, we need to determine if we have sufficient transmission and generation
capacities to meet this new demand. This requirement is the essence of adequacy: the
system’s ability to satisfy consumers’ demand at all times and in all locations.

As proposed by the reports detailed above, electrolyzers will not come along alone,
and will be integrated into a whole hydrogen system with a pipeline network, storage
facilities, import points, and hydrogen-to-power units. Therefore, it is essential to
consider the entire hydrogen system to fully understand the impact of hydrogen
production via water electrolysis on our power system. This leads to the following
central question:

What is the impact of e-hydrogen and e-fuels on the Belgian power system adequacy?

To address this question, we will model the interactions between the hydrogen and
power systems and use computational methods to quantify the impact on system ade-
quacy.

1.4 State-of-the-Art

Numerous studies in the literature have explored the integration of hydrogen and
electrolyzers into power systems. However, none of these studies fully answer our
research question: What is the impact of hydrogen on power system adequacy?. To
assess the existing literature, the studies have been categorized based on three key
characteristics (necessary to answer the question): i) conducting an adequacy or reli-
ability study, ii) considering coupled systems (such as power-gas or power-hydrogen
systems), and iii) integrating a hydrogen demand.

Although no study ticks all three characteristics, they at least tick two of them. The
Venn diagram in Figure 1.2 illustrates the possible relationships and overlaps between
these characteristics. Many studies fall into the two following categories:
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• System operation studies of coupled systems, integrating a hydrogen demand
(green zone).

• Adequacy studies of coupled systems (red zone).

Figure 1.2: Categories of the reviewed studies in the domain of hydrogen integration
in power system adequacy studies.

In the first category, the studies incorporate hydrogen demand into power systems
by adding electrolyzers, but focus on system operation, and overlook the adequacy
aspect. In the second category, coupled systems (power-gas and power-hydrogen) are
analyzed from an adequacy perspective but hydrogen is never considered as a demand
per se. Additionally, in this second category, most of these studies concentrate on
power-gas systems, treating hydrogen only as an intermediate energy carrier between
the power and gas systems. Although these studies do no address fully our research
question, they do approach it from different angles.

To the author’s knowledge, no studies have thoroughly examined the effect of
hydrogen demand on power system adequacy while considering the entire hydrogen
system, rather than focusing solely on electrolyzers. It is the full overlap of all three
characteristics (yellow zone) that is identified as the research gap in this domain. To
comprehensively answer our research question, what is needed are adequacy studies
considering coupled hydrogen-electricity systems while explicitly accounting for
hydrogen demand.

In conclusion, while several studies partially address the question What is the impact
of hydrogen demand on power system adequacy?, each of them lacks certain critical
elements required for a complete analysis. This gap highlights the need to develop a
tool that fully integrates all necessary components (adequacy study - power-hydrogen

12



1.4 State-of-the-Art

system representation - hydrogen demand) to comprehensively study the impact of
hydrogen demand on power system adequacy.

The two next sections (1.4.1, 1.4.2) will focus on an analysis of the existing studies in
the literature, identifying which aspects of the research question they address and which
elements differentiates one from another. Following this, an exploration of existing
tools and models that have been developed by the research community is presented
(Section 1.4.3), evaluating their potential for adaptation or extension in building the
desired tool, even though the decision will be made to develop a new model from
scratch rather than relying on existing frameworks. Finally, the contributions of this
work are highlighted.

1.4.1 Integration of hydrogen demand in power system operation studies

Hydrogen has been considered in power system operation by several authors already.
The dynamic and reactive power behavior of electrolyzers is integrated into a security-
constrained multi-period5 AC optimal power flow (SC-MP-AC-OPF) in [12] which
considers line outages. Energy hubs consisting in electrolyzers, hydrogen storage, and
hydrogen-to-power units, are integrated into a three stage robust security-constrained
multi-period unit commitment DC power flow (SC-MP-UC-DC-PF) in [13]. The first
stage optimises the UC, the second checks the DC-PF, and the last tests the robustness
of the solution with the variability of the wind power forecast. Hydrogen storage is con-
sidered in a stochastic SC-UC-DC-OPF in [14] which considers price-based demand
response as well. The stochasticity considers 5 typical wind power scenarios (clustered
from Monte Carlo sampling) with a certain probability. An integrated power-heat-
hydrogen system is studied in [15] to explore flexibility enhancement through sector
coupling, and the impact on wind power curtailment. All these studies optimize the
operational costs on a daily basis. Hydrogen is also integrated into a multi-energy UC-
DC-OPF model which optimizes both the annuitized investment and operation costs in
[16]. In this case, hydrogen production through water electrolysis and steam methane
reforming with carbon capture and storage are considered. Hydrogen is integrated into
a multi-energy model framework REMix in [17] which optimizes both operational and
investment costs and focuses on the hydrogen infrastructure expansion. And finally, in
[18], the hydrogen supply chain is integrated into a planning model tool which opti-
mizes the investment, and operation of the electrical system while integrating a certain
hydrogen demand for export purposes.

5The multi-period criteria refers to the consideration of multiple time periods, and interlinks them with
one another. This criteria is essential to optimize storage and flexibility capacities.
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Table 1.1: Integration of hydrogen in operation of power systems: state-of-the-art
and comparison. Abbreviations: security-constrained (SC), multi-period (MP), alter-
native/direct current (AC/DC), Optimal Power Flow (OPF), Power Flow (PF), Unit-
Commitment & Economic Dispatch (UCED), Investment (Inv.). )

Ref. Hourly Multi Time H2 H2 H2-to Inv. Formulation
resolution node horizon demand storage Power model

[12] ✓ ✓ Day ✓ ✓ ✓ ✗ SC-MP-AC-OPF
[13] ✓ ✓ Day ✓ ✓ ✓ ✗ SC-MP-UCED-DC-PF
[14] ✓ ✓ Day ✓ ✓ ✓ ✗ SC-UCED-DC-OPF
[16] ✓ ✓ Year ✓ ✓ ✗ ✓ UCED-DC-OPF
[17] ✓ ✓ Year ✓ ✓ ✓ ✓ -
[19] ✓ ✗ Day/Year ✓ ✓ ✗ ✗ H2 supply chain model
[18] ✓a ✗b Multiple years ✓ ✓ ✗ ✓ UCED + H2 supply chain
[15] ✓ - Day ✓ ✓ ✗ ✗ UCED

a using typical days.
b multi-regional with transmissin lines between them but internal grid not considered.

1.4.2 Adequacy of coupled systems

Power-gas integrated systems

Also, many studies have assessed the reliability of integrated gas-power systems. Their
reliability is assessed in an event-based non-sequential sampling in [20, 21], in a 2
hours time horizon in [22], in a daily time horizon in [23–26], in a weekly time hori-
zon in [27], in a yearly time horizon in [28–30], and on a several year time horizon
considering investment costs in [31]. Usually, the main objective is to model precisely
the availability of gas-fired units which play a major and growing role in power sys-
tems. Although, all studies consider gas-fired units as the technologies that link both
systems, few studies [28, 20, 23, 31] also considered power-to-gas technologies allow-
ing bi-directional flows between both systems.
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Table 1.2: Reliability of integrated gas-power systems: state-of-the-art and compari-
son. Abbreviations: Gas-fired power plants (GFPP) - Power-to-gas (P2G), electrical
compressors (EC), Non-sequential (Non-seq.).

Ref. Hourly Multi Time Elec/Gas Bi- Elec/Gas
resolution node horizon Link directional coupling

[22] ✓ ✓ 2 hours GFPP ✗ ✓
[28] ✓ ✓ 1 year P2G, CHP ✓ ✓+ heat
[20] ✓ ✓ Non-seq. P2G, GFPP ✓ ✓
[23] ✓ ✓ 1 day GFPP, P2G ✓ ✓
[24] ✓ ✓ 1 day GFPP ✗ ✓
[25] ✓ - 1 day GFPP, P2G ✗ ✓
[29] ✓ ✗ 1 year GFPP ✗ ✗only elec
[21] ✓ ✓ Non-seq. GFPP, EC ✗ ✓
[31] ✗ ✓ 10 years GFPP, EC, P2G ✓ ✓
[30] ✓ ✓ 1 year GFPP ✗ ✓
[26] ✓ ✓ 1 day GFPP, EC ✗ ✓
[27] ✓ ✓ 1 week GFPP ✗ ✓

Power-hydrogen integrated systems

Literature on the impact of hydrogen on power system adequacy has only been
studied by three authors. A first study analyzed the impact of producing hydrogen
and storing it to manage over-production of wind power sources from a market-based
point of view within a sequential Monte Carlo adequacy framework in [32]. This
study does not consider network constraints. Another study considered the fraction
of blended hydrogen in gas flow equations and studied the effects on integrated
gas-power systems reliability in [33]. The third study quantifies the impact of a
hydrogen storage system - including an electrolyzer, a hydrogen storage tank, and
a fuel cell - on the adequacy of a power system in [34]. Hydrogen demand is
considered in none of the studies, hydrogen production takes place to benefit from
excess production, or to store energy and convert it back to electricity. These stud-
ies do not quantify the impact that a hydrogen demand has on the power system as such.

Table 1.3: Integration of hydrogen in adeqaucy: state-of-the-art and comparison.
Ref. Hourly Multi Time H2 H2 H2-to AC/DC Inv.

resolution node horizon demand storage Power Power Flow model

[32] ✓ ✗ 1 year ✗a ✓ ✗ ✗ ✓
[33] ✓ ✓ 1 week ✗b ✓ ✗ DC OPF ✗
[34] ✓ ✓ 1 year ✗ ✓ ✓ DC OPF ✗

a No fixed hydrogen demand: hydrogen production with surplus of renewable electricity
production and sold.
b No fixed hydrogen demand: surplus of renewable electricity production produces hydrogen -
which is transformed into methane or not - and blended into natural gas pipelines.
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1.4.3 Existing power and energy system models

Evaluating the impact of hydrogen demand on power system adequacy requires a model
that i) permits adequacy assessments, ii) represents both electricity and hydrogen sys-
tems, iii) considers the transmission grid and its network constraints through load flow,
and iv) has a multi-period formulation to be able to integrate time-dependent technolo-
gies like storage and flexibility. This would be a hydrogen-integrated power system
model with a multi-period DC-OPF formulation. Ready-made models for this pur-
pose do not currently exist. However, many existing power and energy system tools
used by small or big communities exist in the literature. Although they do not have
all four features listed above, they are close to it. Among them, the ones that permit
multi-period studies, consider network constraints (through the DC-OPF formulation),
and that have an hourly resolution are listed in Table 1.4. They are compared based on
whether they support unit commitment modeling, include an adequacy assessment fea-
ture, handle multi-energy carriers, are open-source, and the programming languages
they use.
Table 1.4: Power and energy system modeling tools that allow the DC-OPF formula-
tion, have a multi-period modeling, and that have an hourly resolution.

Model Unit- Adequacy Multi- Open- Programming
Name commitment integrated energy source Language

Antares-Simulator ✓ ✓ ✓ ✓ C++
AnyMOD.jl ✗ ✗ ✓ ✓ Julia

DIgSILENT PowerFactory ✓ ✓ ✗ ✗ -
MOSTa ✓ ✗ ✗ ✓ MATLAB

NEPLAN ✓ ✓ ✗ ✗ -
oemof ✓ ✗ ✓ ✓ Python

PLEXOS ✓ ✓ ✓ ✗ -
POMATO ✗ ✗ ✗ ✓ Python & Julia

PowerSimulations.jl ✓ ✗ ✗ ✓ Julia
PSS/E ✓ ✓ ✗ ✗ -

PSS/SINCAL ✗ ✓ ✓ ✗ -
PyPSA ✓ ✗ ✓ ✓ Python

St(ELMOD) ✓ ✗ ✗ ✓ GAMS
TransiEnt ✗ ✗ ✓ ✓ Modelica

a Matpower Optimal Scheduling Tool.

As previously said, none of these models are ready-made for our study-case. Two pos-
sibilities appear: start from scratch and develop the desired model, or starting with
existing open-source model, and add/replace/modify parts (e.g. equations). For ex-
ample, in the second option, models that do not have integrated adequacy assessments
could be customized by an external Monte Carlo framework to include the probabilis-
tic feature, and models that do not have the multi-energy carrier formulation could be
extended as well with additional equations to consider sector coupling. Both options
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have benefits and disadvantages, but they mainly imply a different way of working.
While the first option will imply a mastering of the model structure, and equations, it
will take a lot of time, especially for ensuring robustness and validation. The second
option will imply to break into someone else’s code which is a relevant skill, and due
to time savings, it will allow to get further into the research. In this work it has been
chosen to start a model from scratch.

1.4.4 Research gap and contributions

To the author’s knowledge, no study proposes a probabilistic adequacy tool able to
study the impact of hydrogen in terms of demand, storage and imports on power sys-
tem adequacy studies. This work therefore aims at fulfilling this gap. The main con-
tributions of this work are:

i) The integration of the hydrogen energy vector in a probabilistic adequacy tool
with its conversion and storage technologies (electrolyzers, hydrogen-to-power
units, hydrogen storage units), as well as its transport network (hydrogen pipeline
network). This probabilistic adequacy tool is a novel sequential Monte Carlo tool
based on a multi-period DC optimal power flow (MP-DC-OPF) with an hourly
resolution and specifically tailored for yearly horizons (8760 hours).

ii) The study of the impact of hydrogen on Roy Billinton Test System slightly mod-
ified.

iii) The study of the impact of hydrogen on adequacy and on the operation of a com-
plex and realistic power system representative of the future Belgian transmission
(220 and 380 kV) grid in 2030.

1.5 Outline of the manuscript

The work presented in this manuscript is structured according to the following chap-
ters:

• Chapter 2: Theoretical Foundations and Legal Framework of Reliability.
This Chapter presents the theoretical foundations around the concept of ade-
quacy. The Chapter also extends to the development of the loss-of-load expec-
tation (LOLE) threshold concept, as well as the legal framework and standards
for Europe, and Belgium.
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Chapter 1: Introduction

• Chapter 3: Power-to-Hydrogen models in Adequacy Studies. This Chapter
focuses on modeling electrolyzers for adequacy studies. We develop and
integrate two power-to-hydrogen models - non-linear and linear - that describe
the steady-state behavior of electrolyzers into an adequacy study.

• Chapter 4: Adequacy Assessment Tool with the integration of the hydrogen
energy vector. This Chapter describes the developed probabilistic adequacy
tool integrating the hydrogen energy vector, details the equations of the model,
and finally verifies the model with benchmark test systems.

• Chapter 3: Analysis on a test system. This Chapter illustrates the probabilistic
adequacy tool’s functionality with an application on a modified Roy Bilinton
Test System (RBTS). This simple case study demonstrates the impact of
hydrogen integration in terms of demand, storage, production, and imports.

• Chapter 4: Analysis on the Belgian 2030 case. This Chapter applies the
probabilistic adequacy tool to the Belgium 2030 study, evaluating various
scenarios. We examine the effects of grid extensions, offshore wind farm
deployments, flexibility measures, and hydrogen production on adequacy
indicators and overall system operation..
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CHAPTER 2

Theoretical Foundations and
Legal Framework of Reliability

Chapter overview

• Theoretical introduction to reliability and risk assessments.
• Derivation of the loss-of-load-expectation (LOLE) threshold formulation

with the value-of-lost-load (VOLL), and the cost-of-new-entry (CONE).
• Reliability standards and legal framework in Belgium.

In this Chapter, we explore the theoretical foundations of reliability and risk assess-
ments. We contrast deterministic and probabilistic approaches, as well as adequacy
and security studies highlighting their respective methodologies and applications. The
chapter also extends to the development of the loss-of-load expectation (LOLE) thresh-
old concept defined by the ACER (Agency for the Cooperation of Energy Regulators)
in the European context to provide a comprehensive understanding of its meaning, as
well as the legal framework and standards for Europe, and Belgium.

The Chapter is structured according to the following sections: Section 2.1 in-
troduces the concepts of reliability and adequacy. Section 2.2 develops the
LOLE formulation within the European context, and Section 2.3 details the
legal framework and reliability standards in Belgium.
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Chapter 2: Theoretical Foundations and Legal Framework of Reliability

2.1 Introduction to reliability

Although this thesis is focused on adequacy assessments, let’s take a step back and
look at the general theory of reliability. The reliability of power systems is paramount
for ensuring uninterrupted supply of electricity to consumers, industries, and critical
infrastructure. Assuring high reliability is just the same as assuring a low risk level
for a power system. Indeed, reliability and risk are just two equivalent concepts. The
concept of risk incorporates the likelihood of an event, and its impact.

2.1.1 Deterministic vs. probabilistic approach

In the past, deterministic methods like percentage reserve in generation capacity
planning or single contingency principle in transmission planning (N-1 criteria) 1
were used to assess the reliability of power systems. However, several changes have
occurred since back then: the electrical demand has increased, interconnections have
been multiplied, conventional energy sources have been replaced by RES, the energy
market was liberalized leading to more trading, markets are coupled, demand-side
participation has began, the aging of power system component is a reality, etc. These
changes increase stress on the electrical grid [36]. At the same time, the power system
is required to be as economical as possible, so the generating units run closer to their
maximum capacities. Deterministic methods to assess reliability may not be sufficient
nor up to date anymore, as they do not consider the probabilistic behavior which is
much stronger today than before.

To make this possible, i.e. reduce costs while maximizing the power generated by the
units, without increasing the risk of blackout, probabilistic reliability analysis are more
than needed [36]. Unlike deterministic studies, probabilistic studies take into account
the likelihood, and not only the impact of the different events.

2.1.2 Risk/Reliability evaluation method

Power system risk evaluation consists in four main steps [37]:
i) Define outage models for components of the system

ii) Select system states and their probability of occurrence
iii) Analyze system states and evaluate the potential consequences

1remaining elements in operation after the outage of a component in the system are capable of accom-
modating a new operational situation without violating operational security limits [35]
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2.1 Introduction to reliability

iv) Quantify the risk indices

Different functional zones, such as generation, transmission, and distribution systems
are concerned by these risk assessment studies. Hierarchical level one (HL1) focuses
on generation systems only, HL2 on both generation and transmission systems, and
HL3 concerns all the functional zones. However, assessing the risk with HL3 is not
feasible, because of computational time issues, and the minimum accuracy required.
Usually, the HL3 indices are obtained by evaluating the risk of distribution systems
separately and taking into account the HL2 indices [37].

2.1.3 Adequacy and Security

Depending on the type of system analysis (iii), risk assessments are divided in two
categories: adequacy and security studies. Adequacy can be referred as the « existence
of sufficient facilities (i.e. generation units, transmission and distribution systems),
within the system to satisfy the consumers demand » [38]. These studies are usually
conducted under steady-state conditions. Security is referred as the « ability of the
system to respond to disturbances (events and faults) which can cause the loss of
equipment and to the dynamic process occurring when the system transits from one
state to another » [38]. These studies are performed under transient conditions.

When assessing the adequacy of a system over a period of time, each state is considered
individually, and is determined adequate or inadequate. If an inadequate state occurs,
i.e. load unsatisfied, violation of power system constraints on voltage/reactive power/-
line loading, a remedial action is undertaken, such as a load shedding, or a re-dispatch.
However, if this inadequate state generates a dynamic process which takes place faster
than the remedial action, the system might find itself in an insecure situation. This
example to illustrate that adequacy and security are interdependent, and that a state
which is insecure or/and inadequate leads to unreliability [38].

2.1.4 Analytical and Simulation Methods

Analytical (e.g. probability convolution and state enumeration) or simulation (e.g.
non-sequential and sequential Monte Carlo) methods can be used. The probability
convolution combines the probability density function of the generation system
and the load to evaluate mathematically the reliability of the power system. The
state enumeration method enumerates all the possible states of the system and their
probability of occurrence, and evaluates the reliability of each state to finally sum
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Chapter 2: Theoretical Foundations and Legal Framework of Reliability

them with their respective weights to obtain a single value. The non-sequential Monte
Carlo method builds a system state by drawing the status (e.g. available/unavailable)
of each system component, then evaluates the reliability, and repeats the process to
be able to evaluate the reliability with a certain confidence level. The sequential
Monte Carlo method which is performed over a chronological time period builds a
chronological system state timeserie by drawing the status (e.g. available/unavailable)
duration of each system component, then evaluates the reliability for each state of the
considered time period, and repeats the process to be able to evaluate the reliability
over the time period with a certain confidence level.

Depending on the HL, and the complexity of the system, certain methods are preferred.
On the one hand, analytical methods are fast and exact but are usually limited to small
scale systems or HL1 studies. On the other hand, simulation methods are slower, and
their accuracy depends on the number of iteration but they are preferred for complex
systems and are suitable for HL2 studies.

2.1.5 The chosen approach: sequential Monte Carlo simulations

In our case, we want to assess the generation-transmission (HL2) adequacy of a rather
complex power system (220/380 kV Belgian grid) composed of time-dependent fea-
tures, i.e a high share of renewable energy sources, storage units, and flexibility mecha-
nisms (load shifting). For this reason, we choose the sequential Monte Carlo approach.
Indeed, this method allowing chronological behavior, is suitable for large systems, and
is compatible with HL2 studies.

2.1.6 Probabilistic adequacy assessment metrics for generation-
transmission systems

According to the reference book Reliability Assessment of Electric Power Systems Us-
ing Monte Carlo methods published by R. Bilinton and W. Li in 1994 [39], different
reliability indices are used for each hierarchical level HL1, HL2, and HL3. These indi-
cators are listed below. Two types of HL1 and HL2 indicators are developed in details,
the ones relating to the number of hours concerned by loss of load, and the ones relating
to the unsupplied demand corresponding to these hours.

1. HL1: Resource/Generation system adequacy
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2.1 Introduction to reliability

• Loss-Of-Load Expectation LOLE [hours/year]2: is the most used indica-
tor, and represents the number of hours which experience at least one loss
of load.

𝐿𝑂𝐿𝐸 = 8760
∑

𝑖∈𝑆
𝑝𝑖

with 𝑝𝑖 the probability of system state 𝑖 and 𝑆 the set of all systems states
experiencing loss of load.

• Loss-Of-Energy Expectation LOEE [MWh/year]: quantifies the yearly un-
supplied energy demand.

𝐿𝑂𝐸𝐸 = 8760
∑

𝑖∈𝑆
𝐶𝑖𝑝𝑖

with 𝐶𝑖 the loss of load [MW] for system state 𝑖.
• Other indicators are also referenced for HL1: i) the Loss-Of-Load Fre-

quency LOLF [occurrence/year] which differs from LOLE as it considers
the number of times per year the system experiences a loss of load in-
dependently from its duration, and ii) the loss-Of-Load Duration LOLD
[hours/occurrence] which defines the average duration of a loss of load.

2. HL2: Generation-Transmission/Composite system adequacy
• Probability of Load Curtailment PLC [-]: represents the probability of the

system to experience a loss of load.
𝑃𝐿𝐶 =

∑

𝑖∈𝑆
𝑝𝑖

• Expected Duration of Load Curtailment EDLC [hours/year] is similar to
the LOLE definition in HL1. Of course, in this case, loss of load is not
necessarily due to lack of generating capacity, but can also be due to a lack
of transmission infrastructure.

𝐸𝐷𝐿𝐶 = 8760 ∗ 𝑃𝐿𝐶

• Expected Energy Not Supplied EENS [MWh/year] is similar to the LOEE
definition in HL1.

𝐸𝐸𝑁𝑆 = 8760
∑

𝑖∈𝑆
𝐶𝑖𝑝𝑖

2It should be noted that in North America, they use the [days/year] system unit for LOLE. Care should
be considered when changing from one to the other: a reliability standard of 1 day in 10 years cannot be
interpreted as 24 hours in 10 years [40].
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Chapter 2: Theoretical Foundations and Legal Framework of Reliability

• Expected Demand Not Supplied EDNS [MW] represents the expected loss
of load during an hour.

𝐸𝐷𝑁𝑆 =
∑

𝑖∈𝑆
𝐶𝑖𝑝𝑖 =

𝐸𝐸𝑁𝑆
8760

• Bulk Power/Energy Curtailment Index BPECI [MWh/MW-year] repre-
sents the per-unit equivalent number of hours experiencing loss of load
equal to the annual peak load.

𝐵𝑃𝐸𝐶𝐼 = 𝐸𝐸𝑁𝑆∕𝐿

with 𝐿 the annual system peak load [MW].
• Modified Bulk Power Curtailment MBPCI [MW/MW] represents the

equivalent per-unit average power loss during a loss of load of the annual
peak demand.

𝑀𝐵𝑃𝐶𝐼 = 𝐸𝐷𝑁𝑆
𝐿

= 𝐸𝐸𝑁𝑆
8760 ∗ 𝐿

• Other indicators are also referenced for HL2: i) Expected Frequency of
Load Curtailment EFLC [occurrence/year], ii) Average Duration of Load
Curtailment ADLC [hours/disturbance], iii) Expected Load Curtailments
ELC [MW/year] which sums the power of each loss of load indepen-
dently of the duration of the latter, iv) Bulk Power Interruption Index BPII
[MW/MW-year] which represents the equivalent per-unit interruption of
the annual peak load, vi) Bulk Power-Supply Average MW Curtailment
Index BPACI [MW/disturbance] which represents the average unsupplied
power for each loss of load, vii) Severity Index SI [system minutes/year]
which represents BPECI indicator in minutes.

3. HL3: Distribution systems
The different indicators are listed below, but will not be commented in this work.

• System Average Interruption Frequency Index SAIFI [interruptions/sys-
tem customer/year], System Average Interruption Duration Index SAIDI
[hour/ system customer/year], Customer Average Interruption Frequency
Index CAIFI [interruptions/customer affected/year], Customer Average In-
terruption Duration Index CAIDI [hours/customer interruption], Average
Service Availability Index ASAI [-], Average Service Unavailability In-
dex ASUI [-], Energy Not Supplied ENS [kWh/year], Average Energy Not
Supplied AENS [kWh/customer/year], Average Customer Curtailment In-
dex ACCI [kWh/customer affected/year].
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2.2 Methodology for Establishing Reliability Standards in the European
context

Firstly, it is interesting to insist on the difference between an hour experiencing loss
of load, and an actual loss of load event (LOLEV) which can last less, or more than
one hour which means that 2 loss of load events can occur during one hour: LOLEV
> LOLE, or one LOLEV can last more than 1 hour: LOLEV < LOLE. Secondly,
only HL2 has both absolute and relative indicators, making it possible for systems
of different sizes comparison. Thirdly, the BPECI and MBPCI which represent a
relative manner to express the EENS could be normalized differently. Variants of
these indicators could use L to represent the yearly demand, or the average power
demand for example, which could also make sense. Fourthly, some HL1 and H2
indicators are similar, but have different names: LOLE/EDLC, LOEE/EENS. In this
work, for HL1 and HL2 studies, the following unique notation will be kept: LOLE
and EENS. However, to identify the HL1 or HL2 context, it will always be mentioned
if network constraints are considered.

2.2 Methodology for Establishing Reliability Standards in
the European context

Due to the liberalization of electricity markets, the integration of intermittent RES, and
the flexible usage of electricity grids, there is a strong need to have a clear evaluation
of the security of supply for countries in the EU. The the Agency for the Cooperation
of Energy Regulators (ACER) is willing to harmonize the LOLE standard for all EU
countries. In accordance with Article 23(6) of Regulation (EU) 2019/943 of the Euro-
pean Parliament and of the Council of 5 June 2019 on the internal market for electricity,
ACER has defined a methodology to calculate a reliability standard [41]. According
to this reference, the LOLE threshold « reflects an economic optimization between the
marginal cost of a new capacity resource (CONE3) or a renewal/prolongation (CORP4)
where relevant, and the marginal reduction of energy-not-served cost». The following
expression describes this minimization problem:

minimize

energy-not-served cost
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
∑

𝑡∈

(

Δ𝑡 ⋅ Γ𝑡(𝑄)
)

+

operation cost
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
∑

𝑡∈

(

Δ𝑡 ⋅ 𝐶𝑜𝑝,𝑣𝑎𝑟𝑡 (𝑄)
)

+

investment cost
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
𝐶 𝑖𝑛𝑣,𝑓 𝑖𝑥𝑒𝑑(𝑄) (2.1)

3CONE: Cost Of New Entry
4CORP: Cost Of Renewal/Prolongation
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Chapter 2: Theoretical Foundations and Legal Framework of Reliability

where 𝑡 represents a time step,  the time period set considered, Δ𝑡 the duration of a
time step [hours], Q the installed capacity of resources [MW] in the power system, Γ𝑡
the cost [e/h] due to the energy not served at time step 𝑡, 𝐶𝑜𝑝,𝑣𝑎𝑟𝑡 the operational costs
[e/h] of capacities at time step 𝑡, 𝐶 𝑖𝑛𝑣,𝑓 𝑖𝑥𝑒𝑑𝑡 the investment costs [e] of the capacities.
The variable of decision in this minimization formulation is Q, the installed capacity.
If we derive this expression with respect to Q:

∑

𝑡∈ 𝑆
Δ𝑡

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

𝑎
⏞⏞⏞
𝑑Γ𝑡(𝑄)
𝑑𝑄

+

𝑏
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
𝑑𝐶𝑜𝑝,𝑣𝑎𝑟𝑡 (𝑄)

𝑑𝑄

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

+
∑

𝑡∈ 𝑁𝑆
Δ𝑡

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

𝑐
⏞⏞⏞
𝑑Γ𝑡(𝑄)
𝑑𝑄

+

𝑑
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
𝑑𝐶𝑜𝑝,𝑣𝑎𝑟𝑡 (𝑄)

𝑑𝑄

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

+
𝑑𝐶 𝑖𝑛𝑣,𝑓 𝑖𝑥𝑒𝑑(𝑄)

𝑑𝑄
⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟

𝑒

= 0 (2.2)

where  𝑆 the scarcity time period set consisting in the hours where energy is not
served, and  𝑁𝑆 the non-scarcity time period set consisting in the hours where no
scarcity is observed. Term 𝑎 expresses the variation of cost due to energy-not-served
when varying the installed capacity Q. If 1 MW of additional capacity is installed,
the energy not served will decrease from 1 MWh in scarcity period, and thus the cost
will be reduced by VOLL, the value-of-lost-load [e/MWh], so term 𝑎 is equivalent to
−𝑉 𝑂𝐿𝐿. Term 𝑏 expresses the variation in operational costs when adding 1 MW of
installed capacity during scarcity period, and is equivalent to 𝐶𝑂𝑁𝐸𝑣𝑎𝑟, the variable
cost of new entry [e/MWh]. Term 𝑐 is zero as energy not-served does not occur in
non-scarcity periods. Term 𝑑 expresses the variation in operational costs when adding
1 MW of installed capacity during non-scarcity period. This term should be zero if the
additional capacity is located at the end of the merit of order, and negative if located
within the merit of order. This term will be denoted −𝑧 for sake of clarity. Term 𝑒
expresses the variation in investment costs when adding 1 MW of installed capacity,
which is equivalent to the 𝐶𝑂𝑁𝐸𝑓𝑖𝑥𝑒𝑑 , the fixed cost of new entry [e/MW]. This
leads to the following expression:

𝑓
⏞⏞⏞
∑

𝑡∈ 𝑆
Δ𝑡 (−𝑉 𝑂𝐿𝐿 + 𝐶𝑂𝑁𝐸𝑣𝑎𝑟)

𝑔
⏞⏞⏞
−𝑧 +𝐶𝑂𝑁𝐸𝑓𝑖𝑥𝑒𝑑 = 0 (2.3)
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In this expression, term 𝑓 is equivalent to the optimal number of loss-of-load 𝐿𝑂𝐿∗

[hours], set at the loss-of-load expectation threshold. Term 𝑔 is a complex term
𝑧 ∈ ℝ+ that can as previously said be neglected in some cases. Rearranging expres-
sion 2.3, finally gives an expression for 𝐿𝑂𝐿𝐸𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 which depends on 𝐶𝑂𝑁𝐸𝑣𝑎𝑟,
𝐶𝑂𝑁𝐸𝑓𝑖𝑥𝑒𝑑 , and 𝑉 𝑂𝐿𝐿, and in some cases on 𝑧:

𝐿𝑂𝐿∗(−𝑉 𝑂𝐿𝐿 + 𝐶𝑂𝑁𝐸𝑣𝑎𝑟) − 𝑧 + 𝐶𝑂𝑁𝐸𝑓𝑖𝑥𝑒𝑑 = 0

↔ 𝐿𝑂𝐿𝐸𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝐿𝑂𝐿∗ = 𝐶𝑂𝑁𝐸𝑓𝑖𝑥𝑒𝑑 − 𝑧
𝑉 𝑂𝐿𝐿 − 𝐶𝑂𝑁𝐸𝑣𝑎𝑟

(2.4)

The calculation of VOLL and CONE are described in details in [41]. VOLL is cal-
culated by «evaluating for different inadequacy situations, the maximum electricity
price that customers are willing to pay to avoid a supply interruption in situations
where capacity resources are insufficient to meet the demand» [41], and is achieved
with surveys. The CONEs are calculated for each reference technology with technical
specifications. Using this methodology for Belgium’s existing grid results in a relia-
bility standard of 3 hours [42]. The following sections (2.2.1 and 2.2.2) summarize the
methodology used to calculate these values for Belgium.

2.2.1 Evaluation of the CONE

The variable and fixed CONE are calculated following the methodologies developed
by ACER [41] for each reference technology able to enhance resource adequacy. These
technologies can include generation capacities, storage facilities, and demand side re-
sponse. A technology is defined as a reference technology if two criteria are satisfied:

1. the technology is standard: reliable and generic data concerning the costs are
available, the construction costs from one project to another are of the same
order of magnitude, and the development of the technology is not limited by
technical constraints.

2. the technology has a potential for new entry: the technology has been devel-
oped, is in process of development, or is planned for development and future
developments are allowed.

The fixed CONE for each reference technology is defined as:

𝐶𝑂𝑁𝐸𝑓𝑖𝑥𝑒𝑑,𝑅𝑇 =
𝐸𝐴𝐶𝑅𝑇
𝐾𝑑,𝑅𝑇

(2.5)
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with𝐾𝑑,𝑅𝑇 the derating factor, and𝐸𝐴𝐶𝑅𝑇 the equivalent annual cost of the reference
technology5.

The derating factor 𝐾𝑑 is defined as the ratio between a technology’s average contri-
bution during near scarcity hours and its reference power. This factor [%] defines the
contribution to security of supply of each technology. Technologies can be divided
into 5 categories: i) thermal TSO-connected, ii) weather dependent technologies, iii)
energy-limited technologies, iv) DSO-connected technologies, and v) interconnections
with external regions. Derating factors are calculated based on input data from a given
scenario, and the results of an adequacy assessment (analysis of near-scarcity periods)
except for thermal TSO-connected. More information on its calculation can be found
in [43].
The variable CONE for each reference technology includes the costs related to the
fuel consumption, to the CO2 emission costs, and other variable OPEX costs such
as consumable materials, by-products handling, variable operation and maintenance
costs [41].

In Belgium, the Direction Générale (DG) de l’Énergie from the FPS Economy 6 has
been designated as the competent authority to evaluate the Cost of New Entry (CONE).
Based on the criteria mentioned above, the selected reference technologies are : open
cycle gas turbine (OCGT), combine cycle gas turbine (CCGT), gas internal combustion
(IC) engines, combined heat and power (CHP) units, photovoltaic (PV), wind onshore,
wind offshore, battery storage, demand side response (DSR). Their variable and fixed
CONE are summarized in Table 2.1.

5The EAC can be calculated with the following equation:

𝐸𝐴𝐶𝑅𝑇 =
( 𝑋
∑

𝑖=1

𝐶𝐶(𝑖)
(1 +𝑊𝐴𝐶𝐶)𝑖

+
𝑋+𝑌
∑

𝑖=𝑋+1

𝐴𝐹𝐶(𝑖)
(1 +𝑊𝐴𝐶𝐶)𝑖

)

𝑊𝐴𝐶𝐶(1 +𝑊𝐴𝐶𝐶)𝑋+𝑌

(1 +𝑊𝐴𝐶𝐶)𝑌 − 1
(2.6)

with
- X: period of construction [years]
- Y: economical lifetime [years]
- i: each year during the period of construction and the economical lifetime (X+Y)
- CC(i): estimation of investment costs during the construction period X [€/MW/year]
- AFC(i): estimation of fixed annual costs during economical lifetime Y [€/MW/year]
- WACC : estimation of the weighted average cost of capital [-]

6The Direction Générale de l’Energie is the energy department of the Federal Public Service in charge
of the economy in Belgium. This service is inter alia responsible for the security of supply of the country.
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Table 2.1: Data related to the cost of new entry for each reference technology in Bel-
gium: equivalent annual cost 𝐸𝐴𝐶 , derating factor 𝐾𝑑 , fixed CONE 𝐶𝑂𝑁𝐸𝑓𝑖𝑥𝑒𝑑,𝑅𝑇 ,
and variable CONE 𝐶𝑂𝑁𝐸𝑣𝑎𝑟,𝑅𝑇 [44].

Reference technology EAC Kd CONEfixed,RT CONEvar,RT[€/MW/year] [-] [€/MW/y] [€/MWh]
Open cycle gas turbine (OCGT) 60 700 0.91 67 000 80

Combine cycle gas turbine (CCGT) 88 400 0.92 96 000 49.8
Internal combustion engines (IC engines) - Gas 60 300 0.65 93 000 93.9

CHP 141 400 0.93 152 000 53.1
Photovoltaic (PV) 88 200 0.01 8 823 000 0

Wind onshore 163 300 0.09 1 814 000 0
Wind offshore 360 600 0.13 2 774 000 0

Battery storage 43 300 0.31 140 000 N/A
Demand Side Response (DSR) 20 000 0.66 30 000 736.7

Below, some examples of technologies that cannot be considered as reference tech-
nologies in Belgium:

- Nuclear power plants have no potential for new entry because of the Act of Jan-
uary 31, 2003 on the phasing out of nuclear power for industrial electricity gen-
eration purposes (amended on 26 April 2024).

- Coal-fired power plants are considered as a non-reasonable option and not to
have any potential for new entry because of Belgian and European climate ob-
jectives.

- Hydro power and pumped-hydro storage are considered to have no potential for
new entry because their potential is very limited in Belgium.

- Waste incineration are not considered as standard. The costs of this technology
are high, and the energy production of these plants is a byproduct and their main
purpose is waste management.

Finally, a unique reference technology has to be chosen to determine the𝐿𝑂𝐿𝐸𝑡ℎ𝑟𝑒𝑠ℎ𝑙𝑑 .
The selected technology should be the most economical in terms of fixed costs. For
Belgium, after several discussions, DSR is finally chosen with 𝐶𝑂𝑁𝐸𝑓𝑖𝑥𝑒𝑑 = 30000
[€/MW/year] and 𝐶𝑂𝑁𝐸𝑣𝑎𝑟 = 736.7 [€/MWh] [45].

2.2.2 Evaluation of the VOLL

The process of finding a value for the lost-load (VOLL) aims at defining the economic
and societal cost due to an electricity outage.
Because the evaluation of the VOLL is imperfect - consumers mis-evaluate their
dependency on electricity, this evaluation is dependent on many factors such as the
duration of the outage and whether a notification is sent in advance, and several
methodologies are proposed by ACER and can lead to different results - the results
of the VOLL evaluation must be carefully analyzed with criticism. Countries remain

29



Chapter 2: Theoretical Foundations and Legal Framework of Reliability

free to fix their own security of supply [46].

The most recent evaluation of the Belgian VOLL was conducted in 2022. The
Direction Generale de l’Energie and the Bureau Fédéral du Plan have launched a
public tender to conduct a consumer survey to estimate the VOLL, which was won by
SIA Partner. They have calculated the VOLL to be 12 832.48 [e/MWh] [47].

The VOLL represents the economic and societal cost of not having electricity for
consumers, both residential and industrial. The amount of 12 832.48 €/MWh can
seem very high, and let’s see who drives this cost among the participants of the survey.

The survey is addressed to households (B2C), and companies (B2B), and tries to
evaluate i) their willingness-to-pay (WTP), which is the maximum amount they are
ready to pay to avoid an electricity interruption, ii) their willingness-to-accept (WTA),
which is the minimum amount they are ready to accept as compensation to undergo
an electricity shortage, iii) their DC (direct cost), which is the overall real cost the
B2B consumer will incur due to an electricity shortage.

To do so, 1000 households (B2C), and 200 companies (B2B) have been solicited to
answer the survey concerning a potential 1-hour loss load (noticed 24 hours in advance)
occurring during a cold winter day at 10:30 for companies, and at 18:00 for households.
Combining these WTP/WTA/DC with the actual loss load at that time, a VOLL can
be found:

𝑉 𝑂𝐿𝐿 = cost
loss-load

where the cost [€] can be a weighted sum of the WTP, WTA, and DC, and the
loss-load is the electrical quantity [kWh] that it not served to the consumer.

The statistics of the collected and filled survey of B2C and B2B consumers concerning
WTP, WTA, and DC are summarized in Table 2.2, and 2.3 respectively.
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Table 2.2: Statistics of the WTP and WTA for B2C consumers.
B2C WTP WTA

[€] [€]
mean 3.32 8.42

std 10.27 18.96
min 0 0
25% 0 0
50% 0 1
75% 3 10
max 100 100

Table 2.3: Statistics of the WTP, WTA, and DC for B2B consumers.
B2B WTP WTA DC

[€] [€] [€]
mean 812.75 3661 5290

std 5579.98 30676.61 34328.89
min 0 0 0
25% 1 1 54
50% 10 12 170
75% 70 80 500
max 50000 300000 335000

To calculate a single VOLL value, it has been assumed that i) only WTP was
considered, and that ii) the B2C consumers would account for 40% and B2B for 60%.
Firstly, thanks to the average loss load and WTP for each consumer type (B2C and
B2B), a B2B and B2C VOLL are calculated and are displayed in Table 2.4. Secondly,
by considering the respective weights of the B2C and B2B consumers, the single
VOLL = 0.4*3506.9 + 0.6*19049.5 = 12.832,5 €

Table 2.4: WTP, Lost Load, and VOLL of different consumers category.
WTP Lost Load VOLL

[€] [kWh] [€/MWh]
B2C 3.32 0.95 3506.9
B2B 812.8 42.67 19049.5

It should be noted that it is a difficult task to evaluate WTP, WTA, and DC. Taking the
WTP value for the VOLL calculation is pulling the value to lower bounds (WTA, and
DC have higher values). It is mainly the B2B consumers that drive the high VOLL
value.
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2.3 Reliability Standards

2.3.1 Legislation and reliability standards in Belgium

This section has been written taking into account the legislation in application on
today’s date, 4th July 2024.

Article 7 undecies, §7 [48] of the Law on the organization of the electricity market
mentions among other things that:

• The Direction Générale de l’Energie of the FPS Economy, in collaboration with
the Bureau fédéral du Plan and the regulator (CREG 7 ), is designated as the
competent authority to draw up the single estimate of the cost of non-distributed
energy (VOLL), as referred to in Article 11 of Regulation (EU) 2019/943, and
has to be approved by the King.

• The Direction Générale de l’Energie of the FPS Economy is designated to de-
termine the cost that a new entrant (CONE), referred to in Article 23, paragraph
6, of Regulation (EU) 2019/943 and has to be approved by the King.

• Based on the VOLL and CONE evaluation, the regulator (CREG) proposes a re-
liability standard based on the method referred to in Article 23(6) of Regulation
(EU) no. 2019/943.

• The Direction Générale de l’Energie of the FPS economy and the grid operator
(Elia) give their opinion on this proposal.

• The King determines the reliability standard.

Based on this law, the following events have occurred:
• The Direction Générale de l’Energie calculated a VOLL of 12 832.48 e/MWh

[47].
• The Direction Générale de l’Energie of the FPS Economy proposed a variable

and fixed CONE for each reference technology and recommends to use the vari-
able and fixed CONE associated to the demand side reponse (DSR) technology
(736.73 €/MWh, and 30 000 €/MW/year respectively) to calculate the reliability
standards [44].

• Based on these estimation, the regulator (CREG) proposes a reliability standard
but takes the open cycle gas turbine (OCGT) as reference technology (and not
the DSR as recommended by the Direction Générale de l’Energie). This leads
to a LOLEthreshold 8 = 5.254 [hours/year] = 5 h 15 min per year [49].

7The CREG is the Commission for Electricity and Gas Regulation.
8CONEvar,OCGT = 80 e/MWh and CONEfixed,OCGT = 67 000 e/MW/year
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• On the one hand, Elia thinks the reference technology should be DSR, and thus
the LOLEthreshold = 2.48 [hours/year] = 2h29min per year [50]. On the other
hand, the Direction Générale de l’Energie states the reliability standard should
be set to 3 hours partly because they approve Elia’s opinion, but also because
they think it is not desirable to relax this reliability standard (previously set to 3
hours) [51].

Finally, the royal decree sets reliability standard to 3 hours [42].

2.3.2 Adequacy Evaluation for Belgian Network

In Belgium, Elia is responsible in making the adequacy studies for the Belgian grid.
They use an existing tool named Antares Simualator [52], which is developed and
maintained by RTE (French TSO).

Figure 2.1: Schematic representation of Antares Simulator tool [52] by Antares.

Its functioning is illustrated in Fig. 2.1. From historical time series, synthetic ones
can be generated. Firstly, a time-series analyzer extracts the intrinsic characteristics of
their stochastic behavior (daily and yearly seasonalities, probability density functions,
autocorrelation functions, and spatial correlations). Secondly, from these statistical
characteristics, synthetic ones can be generated. Antares considers 5 stochastic inputs
under the form of time series: the availability of thermal power plants, load, wind and
solar power capacity factors, and hydraulic inflows. Finally, the Monte Carlo scenario
builder groups all these generated time series to form a random Monte Carlo year
scenario.

Once the Monte Carlo year scenario is built, the simulator is operated. Antares opti-
mizes the unit-commitment economic dispatch formulation with an hourly resolution.
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The optimization has a weekly horizon, and is thus performed on each week of the year
sequentially. However, hydro reservoirs need to be managed on a longer horizon than
a week. For this reason, a coupling between weeks has to be done to model correctly
the reservoir’s state-of-charge for example. Once this is done, the unit commitment
economic dispatch formulation is optimized. This is repeated for each week of the year.

Hourly and yearly operational (unit-commitment and generation level of each unit,
flow through each line) and adequacy (loss-of-load duration, energy-not-served)
results are the output of the model. This simulator is repeated for each Monte Carlo
year scenario which then gives, expected values (average) of our indicators of interest,
and permits a probabilistic analysis.

2.3.3 Adequacy Evaluation for European Network

Similar studies are also performed at the European level by ENTSOE. The Euro-
pean Network of Transmission System Operators for Electricity (ENTSO-E) is the
association for the cooperation of the European TSOs. It represents 36 countries
(40-member TSOs), and together they form the largest interconnected electrical grid
in the world. All TSOs member are responsible for ensuring a secure and coordinated
operation of the European grid. Its creation in 2009 has the objective to promote a
harmonized, efficient, and secured grid management in the context of an integrated
European energy market. It delivers pan-European outlooks of the power system in
the short, mid, and long term. Based on future scenarios, ENTSO-E performs i) long
term studies, named Ten-Year Network Development Plan (TYNDP) which define the
needs in terms of infrastructure for 2030, 2040, and 2050, ii) midterm studies, named
European Resource Adequacy Assessment (ERAA) which study the probabilistic
adequacy of the European power system for the 10 years ahead, and iii) short-term
studies, Summer and Winter Outlooks, where they identify critical periods for the
security of supply due to extreme weather conditions.

These studies are reviewed by ACER (Agency for the Cooperation of Energy Regula-
tors) and they give their approval or amendment. Concerning the ERAA 2023 study,
ACER identified improvements to brought into the 2024 study like applying a more
robust approach to model investment decisions, using flow-based capacity calculation
to model cross-border electricity flows to reflect trade opportunities, and fine-tune
the modeling of investor’s risk aversion via hurdle rates and applying current market
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rules [53].
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CHAPTER 3

Power-to-Hydrogen models in
Adequacy Studies

Chapter overview

• Two Power-to-Hydrogen (P2H) models (non-linear and linear) describ-
ing the steady-state behavior of a large-scale electrolyzer are developed.

• They are then integrated into a simple adequacy computation tool: an
economic dispatch looped into a sequential Monte Carlo process.

• The application is illustrated on a simplified study case representative
of the Belgian power system, and both electrolyzer models will be
compared.

This chapter is a modified and extended version of the peer-reviewed confer-
ence paper:
A. Hernandez, F. Vallée and E. De Jaeger, "Integration of Power-to-Hydrogen Models in Power
Systems Adequacy Assessments," 2022 17th International Conference on Probabilistic Meth-
ods Applied to Power Systems (PMAPS), Manchester, United Kingdom, 2022, pp. 1-6, doi:
10.1109/PMAPS53380.2022.9810562.

While Chapter 1 underlines the significant role hydrogen might play in the future,
and the importance of adequacy studies, a first step is to decide how these power-
to-hydrogen, i.e. electrolyzers will be modeled in these studies. In this Chapter, two
Power-to-Hydrogen (P2H) models (non-linear and linear) describing the steady-state
behavior of large-scale electrolyzer are developed.The first P2H model which describes
the relation between the hydrogen production and the electrical power consumption is
non-linear. As non-linear models require higher computational time, a second P2H
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model which is a linear interpolation approximating the response of the non-linear
model is elaborated to speed up the calculations. Both models are integrated into an
economic dispatch and the effective performance of the linear approximation is as-
sessed through a comparison of the results, and the computational time. Then, sev-
eral scenarios defined by different annual quantities of hydrogen demand and different
hourly profiles combinations will be tested on the Belgian power system. This allows
to assess the impact of hydrogen production through electrolyzers on the adequacy of
power systems.

The Chapter is structured according to the following sections: Section 3.1 out-
lines the generic P2H model and its linearized counterpart is developed in Sec-
tion 3.2. Section 3.3 details the hydrogen demand profiles that are integrated
into the case study. Section 3.4 resumes the sequential Monte Carlo process
used to assess the power system adequacy. Section 3.5 describes the case study
which is representative of the Belgian power system. Section 3.6 compares
both models and analyses the results of the different scenarios. Section 3.7
concludes the study.

3.1 Power-to-Hydrogen Model

The P2H conversion chain is composed of a rectifier, a buck converter and an elec-
trolyzer stack. The rectifier transforms the AC voltage from the grid into a DC volt-
age, and the buck converter is used to control the voltage given to the electrolyzers
terminal to adapt the production of hydrogen. Indeed, electrolyzers need to be fed
by a DC-voltage source, and the current flowing through them determines the quan-
tity of hydrogen produced. In this work, the power electronics are considered ideal
and have an efficiency of 1, i.e the P2H conversion chain model represents mainly the
electrolyzer stack.

Transformer

Grid Rectifier Buckconverter

Electrolyzer

Figure 3.1: Conversion chain of electrolyzer.
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3.1.1 Electrolyzer technologies

Electrolyzers use electricity to split the water molecule H2O into hydrogen and oxy-
gen. For the time being, only Alkaline and Polymer Electrolyte Membrane (PEM)
electrolyzers are commercially available. Though the Alkaline technology is the most
mature, PEM electrolyzers are the most promising for future applications and still can
be improved in terms of current density, dynamics and efficiency unlike the Alkaline
technology that has reached its maximum performances [54]. For these reasons, PEM
electrolyzers are considered in this study.

3.1.2 Voltage of electrolysis cell

The energy required to initiate the electrolysis, Δ𝐻 = Δ𝐺+ 𝑇Δ𝑆 does not have to be
entirely supplied by electrical energy. Since entropy Δ𝑆 increases in this process of
dissociation, part of the energy of reaction can be brought from the environment at a
certain temperature T. The amount of energy that has to be brought under the form of
electricity is the Gibbs free energy Δ𝐺. The electrical contribution is supplied to the
PEM cell under the form of an electrical potential, also called the reversible voltage :

𝑉𝑟𝑒𝑣 =
Δ𝐺
𝑧𝐹

(3.1)

where 𝑧 = 2 is the number of electrons transferred during the reaction and
𝐹 = 𝑞𝑒𝑁𝐴 = 96485.3 [C] the Faraday’s constant.

However, in practice, the electrical potential is higher than the reversible voltage be-
cause of thermodynamic irreversibilities. Indeed, when current flows through the cell,
losses of different nature appear.

• Ohmic losses represent the resistance of the electrodes and cell components to
the electron flux and the resistance of the membrane to the ion flux [54].

• Mass transport losses represent the limited supply of reactant water to the pro-
cess and the reduction of catalyst utilisation due to diffusion and bubbles phe-
nomena respectively [54].

• Activation losses represent the electrochemical kinetics of the half reactions at
the cathode and anode, i.e. the energy required to transfer the electrical charge
between chemical species and electrodes [54].
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3.1.3 Equivalent electrical circuit (EEC) of large-scale PEM electrolyzer

When dealing with large-scale electrolyzers, some assumptions can be made regarding
the losses. In Ayivor’s work [55], the following assumptions are made relying on [54]:

• Mass transfer losses are not significant for low and moderate current densities
and can be neglected up to 3 A/cm²,

• Activation losses are especially dominant at low current densities,
• Ohmic losses becomes dominant at mid current densities.

The resulting simplified electrical equivalent circuit (EEC) of a large-scale PEM cell
in steady-state conditions is illustrated in Fig. 3.2a.

𝑉𝑟𝑒𝑣 𝑅𝑚

(a) Electrolyzer cell.

𝑛.𝑅𝑚𝑛.𝑉𝑟𝑒𝑣

(b) Electrolyzer stack.
Figure 3.2: Simplified equivalent electrical circuits

An electrolyzer stack is formed by the connection in series of 𝑛 electrolysis cells. Thus
the EEC of a PEM stack can be modelled by an equivalent reversible voltage 𝑛 ∗ 𝑉𝑟𝑒𝑣
and a total membrane resistance of 𝑛 ∗ 𝑅𝑚 (see Fig. 3.2b). The mathematical relation
between the electrical power injected in the stack and the hydrogen production is
developed hereunder.

Stack current

The hydrogen production rate of a cell 𝑚𝐻2,𝑐𝑒𝑙𝑙 is proportional to the current thanks to
the derivative with respect to time of the Faraday equation (3.2). Since the cells are
in series, the stack production rate 𝑚𝐻2

is 𝑛 times the cell production rate as shown in
(3.3) and the current 𝐼 can thus be expressed in function of the stack production rate.

𝑚𝐻2,𝑐𝑒𝑙𝑙 =
𝐼
𝐹
𝑀
𝑧

[g/s] (3.2)
𝑚𝐻2

= 𝑛 𝐼
𝐹
𝑀
𝑧

[g/s] ↔ 𝐼 = 𝑚𝐻2

𝑧𝐹
𝑛𝑀

[A] (3.3)

where 𝑀= 2.016 [g/mol] is the molar mass of H2.
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Stack power

The mathematical expression of the stack power depends on the EEC that is used to
model the electrolyzer stack. When referring to the equivalent circuit of the elec-
trolyzer stack in Fig. 3.2b, the relation between the stack current and the electrical
power can be defined as :

𝑃𝑠𝑡𝑎𝑐𝑘 = 𝑉𝑠𝑡𝑎𝑐𝑘𝐼 = (𝑛𝑅𝑚𝐼 + 𝑛𝑉𝑜𝑐𝑣)𝐼

= 𝑛𝑅𝑚𝐼
2 + 𝑛𝑉𝑜𝑐𝑣𝐼

= 𝑅𝑚,𝑠𝑡𝑎𝑐𝑘𝐼
2 + 𝑉𝑜𝑐𝑣,𝑠𝑡𝑎𝑐𝑘𝐼 (3.4)

with 𝑅𝑚,𝑠𝑡𝑎𝑐𝑘 referring to the total membrane resistance of the electrolyzer stack, and
𝑉𝑜𝑐𝑣 the open-circuit voltage of the electrolyzer stack.

Stack power and 𝐻2 production

With (3.3) and (3.4), the relation between the H2 production and the stack power is
derived in (3.5) where the power is expressed in function of the hydrogen production,
and vice versa in (3.6).

𝑃𝑠𝑡𝑎𝑐𝑘 = 𝑅𝑚,𝑠𝑡𝑎𝑐𝑘(𝑚𝐻2

𝑧𝐹
𝑛𝑀

)2 + 𝑉𝑜𝑐𝑣,𝑠𝑡𝑎𝑐𝑘(𝑚𝐻2

𝑧𝐹
𝑛𝑀

) (3.5)

↔ 𝑚𝐻2
= 1

2𝑅𝑚,𝑠𝑡𝑎𝑐𝑘
𝑛𝑀
𝑧𝐹

(

− 𝑉𝑜𝑐𝑣,𝑠𝑡𝑎𝑐𝑘 +
√

𝑉 2
𝑜𝑐𝑣,𝑠𝑡𝑎𝑐𝑘 + 4𝑅𝑚,𝑠𝑡𝑎𝑐𝑘𝑃𝑠𝑡𝑎𝑐𝑘

)

(3.6)

3.1.4 Characteristics of the PEM electrolyzer

The characteristics of the PEM electrolyzer used in this study come from Ayivor’s
work [56] and are referenced in Table 3.1.The relation between electrical power and
hydrogen production of the EEC model expressed in (3.5) is represented in Fig. 3.3
(black line). This electrolyzer unit can produce up to 20.65 [kg/h] at its nominal power
of 1 MW.

Table 3.1: Characteristics of the PEM electrolyzer stack from [56].
𝑃𝑛𝑜𝑚 𝐽𝑛𝑜𝑚 𝑉𝑜𝑐𝑣,𝑠𝑡𝑎𝑐𝑘 𝑃𝑚𝑖𝑛 𝑅𝑚,𝑠𝑡𝑎𝑐𝑘

1 MW 3 A/cm2 145 V 0.26 MW 0.015 Ω
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Figure 3.3: Relation between electrical power and hydrogen production of the elec-
trolyzer stack.

The EEC model is quadratic but rather close to linear. It could thus be interesting to
establish a linearization of the mathematical relationship and compare both models in
the context of adequacy studies.

3.2 Linear Interpolation Model

The mathematical relation of the non-linear EEC model is linearized with the following
constraints to guarantee physical consistency:

• No hydrogen is produced when no power is consumed which constrains the lin-
ear function to be affine.

• The hydrogen production at the nominal power of 1 MW is maximum and has a
value of 20.65 kg/h.

Indeed, we expect the linear model to replicate the exact behavior of the EEC model
when not working, or in nominal conditions. This amounts to an interpolation of the
quadratic EEC model through the points (0,0) and (𝑚𝐻2,𝑚𝑎𝑥, 𝑃𝑛𝑜𝑚). The linearized
relation for a large-scale PEM electrolyzer can thus be expressed as:

𝑃𝑠𝑡𝑎𝑐𝑘 =
𝑃𝑛𝑜𝑚

𝑚𝐻2,𝑚𝑎𝑥
𝑚𝐻2

[𝑀𝑊 ] (3.7)
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Thus, the linear interpolation model of the electrolyzer used in this study is expressed
as:

𝑃𝑠𝑡𝑎𝑐𝑘 =
𝑃𝑛𝑜𝑚

𝑚𝐻2,𝑚𝑎𝑥
𝑚𝐻2

=
1[𝑀𝑊𝑒𝑙]

20.65[𝑘𝑔𝐻2
∕ℎ]

𝑚𝐻2
= 48.48[𝑀𝑊ℎ𝑒𝑙∕𝑡𝑜𝑛𝐻2

] 𝑚𝐻2

(3.8)
↔ 𝑚𝐻2

=
𝑚𝐻2,𝑚𝑎𝑥

𝑃𝑛𝑜𝑚
𝑃𝑠𝑡𝑎𝑐𝑘 = 20.65[𝑘𝑔𝐻2

∕𝑀𝑊ℎ𝑒𝑙]𝑃𝑠𝑡𝑎𝑐𝑘 (3.9)

and is represented in Fig. 3.3 (dashed gray line).

One of the many advantages of a linear model, is that electrolyzers can be aggregated
together and considered as an equivalent electrolyzer. Indeed, the relation stays linear,
unlike with the quadratic EEC model, electrolyzers have to be considered individually
and cannot be aggregated together because the relation becomes discrete.

3.3 Hydrogen Demand Profile

In this work, the integration of a hydrogen demand is implemented. In order to dis-
tribute an annual hydrogen demand 𝐸𝐻2

among the 8760 hours of the year, different
hourly profiles will be tested and compared. Firstly the hourly hydrogen demand will
be fixed following a day-time, round-the-clock, and wind-correlated profile. Secondly,
the annual hydrogen demand will be distributed in an optimal way.

3.3.1 Fixed Profiles

1. Day-time Profile: The annual demand 𝐸𝐻2
is divided equally through the days

of the year, then an hourly factor distribution 𝑓ℎ (represented by the black line
in Fig. 3.4) is applied:

𝐸𝐻2,ℎ = 𝑓ℎ ∗
𝐸𝐻2

365
[𝑀𝑊ℎ] (3.10)

2. Round-the-Clock Profile: 𝐸𝐻2
is uniformly distributed among the 8760 hours

of the year (see gray line in Fig. 3.4):

𝐸𝐻2,ℎ = 1
24

∗
𝐸𝐻2

365
[𝑀𝑊ℎ] (3.11)
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3. Wind-correlated Profile: The hourly distribution is different for each day of the
year and is correlated to the hourly offshore wind power load factor 𝑙𝑓ℎ:

𝐸𝐻2,ℎ =
𝑙𝑓ℎ

∑8760
ℎ=1 𝑙𝑓ℎ

∗ 𝐸𝐻2
[𝑀𝑊ℎ] (3.12)

Figure 3.4: Hourly distribution during the day of the day-time profile.

3.3.2 Flexible Profile

The annual hydrogen demand is distributed in an optimal way among the hours of the
year. The total hourly production of the 8760 hours of the year will have to equal the
annual hydrogen demand.

3.4 Adequacy Tool

An economic dispatch neglecting network constraints is used to assess the adequacy
of the power system and this optimization problem is looped into a sequential Monte
Carlo (MC) process which samples the outages duration time of the generators. Also,
for every new MC year, another wind power profile is generated. The electrical and
hydrogen demands are fixed inputs and do not vary from one year to another. This
process is depicted in Fig. 3.5.
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Figure 3.5: Adequacy calculation scheme.

3.4.1 Conventional Generating Units

The availability of the conventional generating units is represented using a two-state
model. For each Monte Carlo year, the yearly availability profile of each unit is deter-
mined by a random sample draw from the time-to-failure TTF and time-to-repair TTR
distributions. TTF and TTR have negative exponential distributions

3.4.2 Wind Power Time series

For each Monte Carlo year, an hourly profile is generated thanks to an auto-regressive
and moving average (ARMA) model which is built based on historical data. ARMA
models are used to analyze and generate stationary stochastic time series using autore-
gression and moving average with a polynomial.

3.4.3 Economic Dispatch

The power system optimization consists in a linear optimization representing an
economic dispatch problem. It is used to determine the most cost-effective way
to operate the system while minimizing load shedding, i.e. dispatch electricity
production and storage among the generating and storage units respectively to meet
the electricity demand at lower cost and avoid load shedding while considering the
operational and technical constraints.

The objective function in (3.13) minimizes the operational costs of generators, and
the energy-not-served for both electrical and hydrogen demands, (3.14) represents the
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electrical balance at each hour, (3.15) and (3.16) limit the power of the conventional
units and electrolyzers respectively, (3.17) constrains the energy-not-served for con-
sistency, (3.18)-(3.22) concern the PHS constraints, (3.23) represents the hydrogen
balance at each hour, (3.24) defines the flexibility of the hydrogen production, and
(3.25) constrains the hydrogen-not-served for consistency.

Min
8760
∑

𝑡=1

𝑛𝑔
∑

𝑔=1
𝑐(𝑔) ∗ 𝑃 (𝑔, 𝑡) + 𝑣𝑜𝑙𝑙 ∗ 𝐸𝑛𝑠(𝑡) + 𝑣𝑜𝑙𝑙𝐻2

∗ 𝐸𝑛𝑠𝐻2
(𝑡) (3.13)

subject to :
𝑛𝑔
∑

𝑔=1
𝑃 (𝑔, 𝑡) + 𝑟𝑒𝑠(𝑡) + 𝐸𝑛𝑠(𝑡) + 𝑃𝑝ℎ𝑠,𝑜𝑢𝑡(𝑡) − 𝑃𝑝ℎ𝑠,𝑖𝑛(𝑡)

= 𝑙(𝑡) + 𝐶(𝑡) +
(

1 + 𝑐𝑐
)

𝑛𝑒
∑

𝑒=1
𝑃𝑒𝑙(𝑡) ∀𝑡 (3.14)

𝑃 (𝑔, 𝑡) ≤ 𝛼(𝑔, 𝑡) ∗ 𝑝𝑚𝑎𝑥(𝑔) ∀𝑡,∀𝑔 (3.15)
𝑃𝑒𝑙(𝑒, 𝑡) ≤ 𝑝𝑒𝑙,𝑚𝑎𝑥(𝑒) ∀𝑡,∀𝑒 (3.16)

𝐸𝑛𝑠(𝑡) ≤ 𝑙(𝑡) + (1 + 𝑐𝑐)
𝑛𝑒
∑

𝑒=1
𝑃𝑒𝑙(𝑡) ∀𝑡 (3.17)

𝑃𝑝ℎ𝑠,𝑜𝑢𝑡(𝑡 = 1) = 0 ∀𝑡 (3.18)
𝑆𝑜𝑐𝑝ℎ𝑠(𝑡 = 1) = 𝜂𝑝𝑢𝑚𝑝𝑃𝑝ℎ𝑠,𝑖𝑛(𝑡 = 1) ∀𝑡 (3.19)
𝑆𝑜𝑐𝑝ℎ𝑠(𝑡) = 𝑆𝑜𝑐𝑝ℎ𝑠(𝑡 − 1) + 𝜂𝑝𝑢𝑚𝑝𝑃𝑝ℎ𝑠,𝑖𝑛(𝑡) −

𝑃𝑝ℎ𝑠,𝑜𝑢𝑡(𝑡)
𝜂𝑡𝑢𝑟𝑏

∀𝑡 > 1 ∀𝑡 (3.20)
𝑃𝑝ℎ𝑠,𝑖𝑛∕𝑜𝑢𝑡(𝑡) ≤ 𝑝𝑝ℎ𝑠,𝑚𝑎𝑥 ∀𝑡 (3.21)
𝑆𝑜𝑐𝑝ℎ𝑠(𝑡) ≤ 𝑠𝑜𝑐𝑝ℎ𝑠,𝑚𝑎𝑥 ∀𝑡 (3.22)
𝑛𝑒
∑

𝑒=1
𝑞𝑒𝑙(𝑃𝑒𝑙(𝑒, 𝑡)) + 𝐸𝑛𝑠𝐻2

(𝑡) = 𝑙𝐻2,𝑓 𝑖𝑥𝑒𝑑(𝑡) +𝑄𝐻2,𝑓 𝑙𝑒𝑥(𝑡) ∀𝑡 (3.23)
8760
∑

𝑡=1
𝑄𝐻2,𝑓 𝑙𝑒𝑥(𝑡) = 𝑙𝐻2,𝑓 𝑙𝑒𝑥,𝑦𝑒𝑎𝑟 ∀𝑡 (3.24)

𝐸𝑛𝑠𝐻2
(𝑡) ≤ 𝑙𝐻2,𝑓 𝑖𝑥𝑒𝑑(𝑡) +𝑄𝐻2,𝑓 𝑙𝑒𝑥(𝑡) ∀𝑡 (3.25)

with 𝑃 (𝑔, 𝑡) the hourly production [MWh/h] of generator 𝑔, 𝐸𝑛𝑠(𝑡) the hourly energy-
not-served [MWh/h], 𝑃𝑝ℎ𝑠,𝑜𝑢𝑡(𝑡) and 𝑃𝑝ℎ𝑠,𝑖𝑛(𝑡) the hourly energy [MWh/h] output
and input of the pumped hydro storage (PHS), 𝑆𝑜𝑐𝑝ℎ𝑠(𝑡) the hourly state-of-charge
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[MWh] of the PHS, 𝐶(𝑡) the hourly curtailed energy [MWh/h], 𝑃𝑒𝑙(𝑒, 𝑡) the hourly
consumption [MWh/h] of electrolyzer 𝑒, 𝑄𝐻2,𝑓 𝑙𝑒𝑥(𝑡) the hourly flexible hydrogen
production [MWh𝐻2

/h], and 𝐸𝑛𝑠𝐻2
(𝑡) the hourly hydrogen-not-served [MWh𝐻2

/h],
being the variables of the formulation and 𝑛𝑔 the number of generators, 𝑛𝑒 the number
of electrolyzers, 𝑐(𝑔) the cost [€/MWh] of generator 𝑔, 𝑣𝑜𝑙𝑙 the value of loss load
[€/MWh], 𝑣𝑜𝑙𝑙𝐻2

the value of H2 loss-load [€/MWh𝐻2
], 𝛼(𝑔, 𝑡) ∈ {0, 1} the hourly

availability of generator 𝑔, 𝑝𝑚𝑎𝑥(𝑔) the maximum capacity [MW] of generator 𝑔, 𝑟𝑒𝑠(𝑡)
the hourly renewable power [MWh/h], 𝑙(𝑡) the hourly load [MWh/h], 𝑐𝑐 the hydrogen
compression factor, 𝑞𝐻2,𝑓 𝑖𝑥𝑒𝑑(𝑡) the hourly fixed hydrogen production [MWh𝐻2

/h],
𝑞𝐻2,𝑓 𝑙𝑒𝑥,𝑦𝑒𝑎𝑟 the annual flexible hydrogen demand [MWh𝐻2

/year], 𝜂𝑝𝑢𝑚𝑝 and 𝜂𝑡𝑢𝑟𝑏 the
efficiencies of the PHS pump and turbine respectively, and 𝑠𝑜𝑐𝑝ℎ𝑠,𝑚𝑎𝑥 the maximum
capacity [MWh] of the PHS, being the parameters of the formulation.

3.4.4 Adequacy metrics

From the economic dispatch, the loss-of-load (LOL) and energy-not-served (ENS) of
MC year 𝑦 can be extracted .

𝐿𝑂𝐿𝑦 =
8760
∑

𝑡=1
𝑐𝑡 (3.26)

𝐸𝑁𝑆𝑦 =
8760
∑

𝑡=1
𝐸𝑛𝑠(𝑡) (3.27)

with 𝑐𝑡 a boolean variable that equals 1 if load is curtailed at hour ℎ and 0 if not. To
compute the adequacy metrics, the process is repeated and LOLE and EENS, which
are the average values of LOL, and ENS respectively are calculated.

𝐿𝑂𝐿𝐸 =

∑𝑛𝑦
𝑦=1 𝐿𝑂𝐿𝑦
𝑛𝑦

(3.28)

𝐸𝐸𝑁𝑆 =

∑𝑛𝑦
𝑦=1 𝐸𝑁𝑆𝑦
𝑛𝑦

(3.29)

This is done until the convergence criteria is met, i.e. the coefficient of variation (CV)
of the expected energy-not-served is below a certain threshold 𝜖𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 :
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𝐶𝑉 (𝐸𝐸𝑁𝑆) =
𝜎(𝐸𝐸𝑁𝑆)
𝜇(𝐸𝐸𝑁𝑆)

≤ 𝜖𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 (3.30)

3.5 Belgian Power System: Base Case study

The power system studied in this work is representative of the Belgian Power System
considered as a 1 node system to which a hydrogen demand is added.

3.5.1 Conventional Generating Units

There are 86 conventional generating units in the system ranging from 5 to 425 MW
with a total capacity of 6596.3 MW.

3.5.2 Wind Power Time series

The offshore wind power capacity of Belgium is supposed to be 4.4 GW (forecast value
for 2028). The hourly capacity factors for each Monte Carlo year is generated with the
following ARMA model and whose order are set with the F-criterion method:

𝑦𝑡 = 0.236𝑦𝑡−1 + 1.482𝑦𝑡−2 + 0.167𝑦𝑡−3 + 0.563𝑦𝑡−4
+ 𝜖𝑡 + 0.71𝜖𝑡−1 − 0.86𝜖𝑡−2 − 0.645𝜖𝑡−3. (3.31)

The historical data used to build this model are the hourly capacity factors of the ag-
gregated offshore wind power in Belgium [57] during the years 2017-2020, and repre-
sented in Fig. 3.6.

Figure 3.6: Distribution of capacity factors from offshore wind power production in
Belgium from 2017 to 2020.

48



3.6 Results

3.5.3 Electrical Load

The hourly mean electrical load of the years 2018-2019 seen by Elia the Belgian Trans-
mission Grid Operator [58] is used as the deterministic load profile.

3.5.4 Annual Hydrogen Demand

According to the European Observatory of Clean Hydrogen [59], Belgium consumed
378.2 ktH2 in 2022. This demand is mainly due to refineries (44.5 %), ammonia in-
dustry (36 %), other chemicals (11.2 %), and industrial heat (8.2 %). The majority is
produced locally with methane (CH4). In this work, we study the impact of producing
a certain share (up to 45 %) of this hydrogen consumption locally with electrolyzers,
see Table 3.2.
Table 3.2: Corresponding hydrogen quantity [ktH2/y] for different share of the yearly
demand (378.2 kt/year) satisfied locally with electrolyzers.

Share of yearly H2 consumption [%] 11.25 22.5 33.75 45

[𝑘𝑡𝐻2
∕𝑦] 42.5 85 127.5 170

3.6 Results

Firstly, the EEC model and the linear interpolation model are compared. Secondly, the
impact of a local hydrogen demand satisfied with electrolyzers on the Belgian Power
System is analyzed.

3.6.1 EEC model vs. Linear Interpolation Model

In this section, we evaluate the linearized electrolyzer model by comparing it to the
non-linear EEC model. Both models are integrated into the the economic dispatch one
at a time. Depending on the chosen electrolyzer model, our optimization formulation
is linear or not. Indeed, 𝑞𝑒𝑙(𝑃𝑒𝑙(𝑒, 𝑡)) defined in (3.23) can take either form: (3.32) or
(3.33).
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EEC model :
𝑞𝑒𝑙(𝑃𝑒𝑙(𝑒, 𝑡)) =

1
2𝑅𝑚,𝑠𝑡𝑎𝑐𝑘

𝑛𝑀
𝑧𝐹

(

− 𝑉𝑜𝑐𝑣,𝑠𝑡𝑎𝑐𝑘 +
√

(𝑉𝑜𝑐𝑣,𝑠𝑡𝑎𝑐𝑘)2 + 4𝑅𝑚,𝑠𝑡𝑎𝑐𝑘𝑃𝑒𝑙(𝑒, 𝑡)
)

(3.32)
Linear model :
𝑞𝑒𝑙(𝑃𝑒𝑙(𝑒, 𝑡)) = 𝜂𝑒𝑙 ∗ 𝑃𝑒𝑙(𝑒, 𝑡) (3.33)

The linearized electrolyzer model is evaluated in terms of computational time, and
accuracy. To do so, we run the economic dispatch on the Belgian case study for a
24-hour period, and with a hydrogen demand of 103.6 [tonH2 ] to be satisfied by 432
electrolyzers of 1 MW. This is done 30 times for every hydrogen demand profile (day
time, round-the-clock, wind-correlated, and optimized) while considering no outages
on the generator units.

Accuracy of linearized model

To evaluate the accuracy of the linearized model, we compare the cost (value of the
objective function of economic dispatch), which reflects the operational costs of gen-
erators, and the lack of energy through the value-of-loss-load. The cost comparison
is illustrated in Fig. 3.7a for each electrolyzer model and hydrogen demand profile
combination.

(a) Economic dispatch cost. (b) Economic dispatch computational time.
Figure 3.7: Comparison between EEC and linearized model integrated into an eco-
nomic dispatch for a 24-hour period.
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The errors are summarized in Table 3.3. The hydrogen demand profile influences the
error. Indeed, depending the operating load factor of the electrolyzer, the linearized
model is closer, or not to the EEC model (see curves in Fig. 3.3). However, the error
stays below 1.01 %.
Table 3.3: Accuracy evaluation of the linearized electrolyzer model: comparison of
the mean operational cost [Me] value between EEC model (non-linear) and linearized
model.

Day Time Round-the-Clock Wind-Correlated Optimized
Linear EEC Error Linear EEC Error Linear EEC Error Linear EEC Error
model model [%] model model [%] model model [%] model model [%]
10.142 10.087 0.542 10.116 10.015 1.013 10.070 9.994 0.761 10.067 10.006 0.611

Computational time comparison

The economic dispatch is formulated in the Julia Programming Language. The chosen
solvers are Gurobi1 for the linear formulation and Ipopt for the non-linear formulation,
and the run were perfomed on a Intel®CoreTM i7-10610U CPU @ 1.80-2.30 GHz, 4
cores, 8 threads, 32 Go RAM, and SSD 512 Go.

In Fig. 3.7b, for each electrolyzer model and hydrogen demand profile combination,
the different computational times are plotted. We can visually assess that the linear for-
mulation is clearly advantageous. The ratio between computational times are reported
in Table 3.4. The linearized model can be up to 70 times faster than the EEC model.
For longer time period (e.g. 8760 hours for a year), the gain can be huge. Moreover,
integrated into a sequential Monte Carlo process, the gain can be ultra competitive.
Table 3.4: Time gain evaluation of the linearized electrolyzer model: comparison of
the mean computational time [seconds] value between EEC model (non-linear) and
linearized model.

Day Time Round-the-Clock Wind-Correlated Optimized
Linear EEC Ratio Linear EEC Ratio Linear EEC Ratio Linear EEC Ratio
model model [-] model model [-] model model [-] model model [-]
0.1357 8.2206 60.6 0.1381 9.5696 69.3 0.1816 9.5808 52.7 0.1252 5.0839 40.6

1Acknowledgments for the free academic license
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3.6.2 Sensitivity Analysis of the Hourly Distribution of the Hydrogen De-
mand

The Belgian power system presented in Section 3.5 with different hourly distribution
of a hydrogen demand is optimized within an economic dispatch over a whole year and
its probabilistic adequacy metrics are obtained with a sequential Monte Carlo process.
The LOLE and EENS are represented in Fig. 3.8.

(a) LOLE indicator [hours/y]

(b) EENS indicator [GWh/y]
Figure 3.8: Adequacy indicators of the different scenarios with progressive hydrogen
demand (170 kt/year corresponds to 45% of the annual hydrogen consumption).

All scenarios except the optimized one show an exponential increase of the indicators,
but with different exponents. For each replacement share, Table 3.5 gives the increase
factor of the LOLE and EENS indicators compared to the situation where no hydrogen
demand is added to the system, that is:

LOLE Increase factor = 𝐿𝑂𝐿𝐸𝑠ℎ
𝐿𝑂𝐿𝐸𝑛𝑜𝐻2

(3.34)

EENS Increase factor = 𝐸𝐸𝑁𝑆𝑠ℎ
𝐸𝐸𝑁𝑆𝑛𝑜𝐻2

(3.35)
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where 𝐿𝑂𝐿𝐸𝑠ℎ is the LOLE of the scenario with a specific local 𝐻2 consumption
share 𝑠ℎ and𝐿𝑂𝐿𝐸𝑛𝑜𝐻2 the LOLE of the Belgian Power System without any hydrogen
produced with electrolyzers.
Table 3.5: The increase factor of the LOLE and EENS indicators of scenarios with
different local hydrogen demands.

Local H2 annual demand [kt/year] 42.5 85 127.5 170
Share of yearly H2 consumption [%] 11.25 22.5 33.75 45

Day-time 3.3 8.83 24.17 63.46
LOLE Round-the-Clock 2.32 4.01 8.32 15.52

Wind-correlated 1.13 1.28 1.4 1.4
Optimized 1 1 1 1
Day-time 3.35 10.7 28.86 84.45

EENS Round-the-Clock 2.67 4.34 8.75 17.95
Wind-correlated 1.05 1.32 1.41 1.41

Optimized 1 1 1 1

A first observation is that when the annual hydrogen demand is optimized throughout
the year (flexible H2 demand), no impact is observed on the adequacy until 170
[ktonH2 /year] of local hydrogen demand while for the other scenarios (fixed H2
demand), the impact is more or less significant depending on the scenario.

Already at 42.5 [ktonH2 /year] of local hydrogen demand, the hourly distribution of
hydrogen throughout the year has an impact on the adequacy indicators. Indeed,
the LOLE and EENS of the day-time scenario increase by a factor 3.3 and 3.35
respectively while the LOLE and EENS of the round-the-clock scenario increase by
a factor 2.3 and 2.7 respectively. This difference gets more significant as the local
hydrogen demand share increases. The wind-correlated scenario has a very low
impact on the adequacy indicators and is very close to the optimized scenario. It can
be deduced that both scenarios produce hydrogen at similar moments, i.e. when wind
power is important.

At 85 [ktonH2 /year] of local hydrogen demand, the LOLE of the day-time scenario
is impacted 7 times more than the wind-correlated scenario, and the round-the-clock
scenario, 3 times more than the wind-correlated scenario. At 170 [ktonH2 /year] of
local hydrogen demand, the LOLE of the day-time and round-the-clock scenarios are
respectively 45 and 11 times more impacted than the wind-correlated scenario.

The results show clearly that the hourly profile of the hydrogen demand has a
significant impact on the adequacy of power systems and that optimising the hydrogen
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demand, or correlating it to wind power is relevant.

3.7 Conclusion

This study presents the impact that a local hydrogen demand can have on power systems
adequacy assessments. To do so, a Power-to-Hydrogen (P2H) model is integrated into
an economic dispatch looped into a sequential Monte Carlo process. In this work,
two models i.e a non-linear equivalent electrical circuit and its linear interpolation
counterpart have been tested and compared.
As a first result, it has been observed that the linear interpolation approximation does
not impact the accuracy of the economic dispatch results (less than 1.01% error for
the operational cost) and that it can reduce drastically the computational time. Reduc-
ing computational time is very useful, especially when the economic dispatch is then
integrated within the Monte Carlo process. Then, the probabilistic adequacy tool is
applied to the Belgian power system over a yearly time period and different hydrogen
demands and hourly profiles are analyzed. In this study, the linearized electrolyzer
model is considered. A second important result is that the hourly profile of local H2
demand has a significant impact on the adequacy indicators. Firstly, when optimizing
the local H2 demand, no impact is observed on the adequacy. Secondly, the LOLE of
the power system with day-time and round-the-clock hourly H2 local demand distri-
butions are much more impacted than with an hourly H2 distribution profile correlated
with the offshore wind power production. This clearly shows the relevance to opti-
mize the local H2 demand profile or correlate it to wind power to reduce the hydrogen
demand impact on power systems adequacy.
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CHAPTER 4

Adequacy Assessment Tool with
the integration of the hydrogen

energy vector

Chapter overview

• Core description of the probabilistic adequacy tool integrating hydrogen
and based on sequential Monte Carlo simulations.

• Development of a crucial block of this tool, i.e. the multi-period DC
OPF.

• Validation of the DC OPF on PGLib benchmark.

This chapter is based on a peer-reviewed conference paper and on a non-peer-
reviewed submitted article:

A. Hernandez, F. Vallée and E. De Jaeger, "Integration of Hydrogen in Sequential Monte Carlo
Power Systems Adequacy Assessment," 2023 IEEE Belgrade PowerTech, Belgrade, Serbia, 2023,
pp. 1-6, doi: 10.1109/PowerTech55446.2023.10202671.

Hernandez, Aurélia and De Jaeger, Emmanuel and Vallée, François, Linking Hydrogen to Power
Systems in Adequacy Computations. Available at SSRN: http://dx.doi.org/10.2139/ssrn.4898181.

After an introduction to the general theory of reliability an risk assessments in Chapter
2, we have chosen to work with sequential Monte Carlo simulations. Although this
method can be computationally intensive as it requires a large number of simulations
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for accurate results, it can handle complex systems with many components. In Chapter
3, to illustrate the impact of integrating power-to-hydrogen models into an adequacy
assessment, a first basic adequacy tool was developed: a sequential Monte Carlo
simulation tool to generate yearly states of the system, combined with an economic
dispatch neglecting network constraints to analyze the states of the system.

In this Chapter, we present the core of the final and advanced probabilistic adequacy
tool integrating hydrogen that has been developed. This tool is also based on sequential
Monte Carlo simulations to generate yearly states of the system, but here it is combined
with an economic dispatch that takes into account network constraints, i.e. a DC op-
timal power flow problem to analyze the states of the system over the studied period.
Firstly, we outline each block of the adequacy tool, and then, the main block, i.e the
multi-period DC OPF formulation integrating hydrogen is detailed, and the mathe-
matical equations are formulated and explained. Finally, this main block is tested on
various test systems from the PGLib benchmark.

The Chapter is structured according to the following sections: Section 4.1
introduces the different blocks of the probabilistic adequacy tool integrating
hydrogen. Section 4.2 thoroughly develops the multi-period DC OPF, and
Section 4.3 tests the formulation on a benchmark for verification purposes.

4.1 The probabilistic adequacy tool with hydrogen integra-
tion

To assess the adequacy of a coupled hydrogen-electricity system in a probabilistic
framework:

• a sequential sampling is undertaken to account for uncertain hourly time se-
ries, including potential unit outages and the variability of offshore wind power
throughout the year. These sequential samplings allow for the characterization of
each year’s uniqueness considering both contingencies and climatic conditions.

• a hydrogen-integrated multi-period DC optimal power flow is developed to opti-
mize the system operation, determining the optimal generation schedule fo each
unit to meet the electrical and hydrogen demand while being constrained by
technical limits, e.g maximum power capacity of technologies. This optimiza-
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tion permits to identify energy shortfalls at specific hours and thus define the
adequacy indicators (loss-of-load, energy-not-served).

• a Monte Carlo loop is developed to repeat the two aforementioned steps. This it-
erative process allows testing a large range of possible years, and ensure a robust
evaluation of those adequacy indicators (loss-of-load-expectation, and expected-
energy-not-served).

The methodology is schematized in Fig. 4.1, and each block of the scheme is detailed
in the following subsections.
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Figure 4.1: Schematic of the developped adequacy tool.

4.1.1 Static Input Data

The probabilistic hydrogen-integrated adequacy framework requires some fixed pa-
rameters, that do not vary from one simulation to another. They consist in: electrical
and hydrogen network topology, techno-economic data of the different production/con-
sumption/storage technologies, of the electrical and hydrogen interconnections with
foreign countries, and of the different flexibilities (flexible loads, voluntary shedding,
and smart heat-pumps and electric vehicles). Moreover, electrical and hydrogen de-
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mands, hourly capacity factors 1 of the distributed renewable energy sources (PV, on-
shore wind power, hydro run-of-river power) throughout the year are set as constant
time series although they have a stochastic behavior in reality.

4.1.2 Stochastic Input Data

Offshore Wind Farms Production

A set of 100 annual time series has been generated for each wind farm. For each
Monte-Carlo year, a yearly time series is randomly selected from the existing set.

Technologies Unplanned Outages

The availability of the different technologies is represented using a two-state model.
The first state being available for operation, and the second one, in outage and unavail-
able for operation. The time after which an outage occurs is defined as the time-to-
failure (TTF) [hours], and the time it takes to repair, the time-to-repair (TTR) [hours].
Based on historical data, the behavior of these random variables (TTF,TTR) has been
observed, and it appears that their probability density function follows a negative ex-
ponential distribution:

𝑓 (𝑥; 𝜅) =

{

𝜅𝑒−𝜅𝑥 if 𝑥 ≥ 0,

0 if 𝑥 < 0.

where 𝜅 > 0 is the rate parameter, and represents in our case the failure 𝜆 or the
repair 𝜇 rate. One property of the random variables following this negative exponential
distribution 𝑋 ∼ Exp(𝜅) is that its expected value 𝔼(𝑋) = 1∕𝜅. For 𝑇𝑇𝐹 ∼ Exp(𝜆),
the expected value 𝔼(𝑇𝑇𝐹 ) = MTTF (mean-time-to-failure) and is equal to 1/𝜆. Simi-
larly, 𝑇𝑇𝑅 ∼ Exp(𝜇), the expected value𝔼(𝑇𝑇𝑅)= MTTR (mean-time-to-repair) and
is equal to 1/𝜇. In the literature, the failure/repair rate 𝜆/𝜇, and/or the mean-time-to-
failure/repair MTTF/MTTR of technologies are given and allow thus to construct their
probability density function and draw different TTF/TTR values following a distribu-
tion that is representative of their behavior based on historical data2 . The construction
of the yearly availability profile (vector of 8760 elements taking a value ∈ {0, 1}) of

1In this work, the hourly capacity factor is defined as the hourly average power generated by a unit
divided by its peak or installed capacity.

2A distinction is made between mean-time-to-failure MTTF and mean-time-between-failures MTBF:
MTTF is a metric for outages requiring replacements, whereas MTBF is used for outages that are repairable.
In our case, the outages can be of both nature, and we will keep the MTTF notation.
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each unit is determined by juxtaposing the status of samples drawn from the TTF and
TTR distributions respectively, as depicted in Fig. 4.2. The status is set available (1)
for the TTF durations, and in outage (0) for the TTR durations. TTF and TTR samples
are drawn until their sum ≥ 8760.

Figure 4.2: Construction of the availability profile of a unit.

The inverse transform sampling method allows to draw samples from any non-uniform
probability density functions if the cumulative distribution function is known. This
method is developed hereunder and is applied to samples of negative exponential
probability density functions:

If 𝑓 (𝑡) represents the failure/repair density function,
1. Calculate 𝐹 (𝑡) = ∫ 𝑡−∞ 𝑓 (𝑡

′)𝑑𝑡′ representing the cumulative function of 𝑓 (𝑡), i.e.
𝐹 (𝑡) = 𝑃 [𝑡𝑓𝑎𝑖𝑙𝑢𝑟𝑒 ≤ 𝑡]:

𝐹 (𝑡) = ∫

𝑡

0
𝜅𝑒−𝜅𝑡

′
𝑑𝑡′ = [−𝑒−𝜅𝑡

′
]𝑡0 = 1 − 𝑒−𝜅𝑡

2. Calculate the inverse function 𝐹−1(𝑢).

𝐹−1(𝑢) = − 1
𝜅
ln(1 − 𝑢)

3. Draw a sample 𝑢 from a uniform distribution, and 𝐹−1(𝑢) will give you a sample
from 𝑓 (𝑡).

𝑇𝑇𝐹𝑠𝑎𝑚𝑝𝑙𝑒 = −

𝑀𝑇𝑇𝐹
⏞⏞⏞

1
𝜆

∗ ln(1 − 𝑢) [ℎ𝑜𝑢𝑟𝑠]

𝑇𝑇𝑅𝑠𝑎𝑚𝑝𝑙𝑒 = − 1
𝜇

⏟⏟⏟
𝑀𝑇𝑇𝑅

∗ ln(1 − 𝑢) [ℎ𝑜𝑢𝑟𝑠]
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Technologies can also undergo planned outages. For generators, they occur mainly
during the summer and autumn season but are still present during the autumn/winter
season. To consider them, Elia makes the hypothesis that i) if the maintenance
dates are known and available on the transparency platforms in advance, they are
explicitly taken into account, and ii) if not known, a maintenance rate is used, and
there scheduling is generated before the simulation. In this case, no planned outages
occur during winter and autumn [60].

In this work, planned outages are neglected. It is assumed, that because they are
planned, they will never occur during periods where energy-not-served is close to
happen, and thus does not have an impact on the results obtained in terms of adequacy.

4.1.3 H2-integrated Multi-Period DC-OPF

The model used is a hydrogen-integrated multi-period DC optimal power flow. It has
an hourly resolution and is specifically tailored for horizons of a year. The formulation
is a linear optimization problem and is detailed in Section 4.2.

4.1.4 Outputs

After each Monte Carlo year, the outputs consist in all the variables of the model (see
nomenclature in Section 4.2). Although, all the variables are not saved for each year,
because of space and time constraints, the user is free to change and save precise data
for every year. However, the main outputs are the yearly adequacy indicators: loss-of-
load (LOL), and energy-not-served (ENS):

𝐸𝑁𝑆𝑦 =
8760
∑

𝑡=1
𝐸𝑛𝑠(𝑡) (4.1)

𝐿𝑂𝐿𝑦 =
8760
∑

𝑡=1
[𝐸𝑛𝑠(𝑡) > 0] (4.2)

where 𝐸𝑛𝑠(𝑡) is a variable (output result) from the H2-integarted MP-DC-OPF,
and represents the hourly energy-not-served [MWh].

From these outputs, we can calculate the expected-ENS (EENS), and the LOL-
expectation (LOLE) which are typical adequacy indicators for transmission systems:
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𝐸𝐸𝑁𝑆𝑦 = 𝐸𝑁𝑆𝑦 =

∑𝑦
𝜓=1 𝐸𝑁𝑆

𝑦
(4.3)

𝐿𝑂𝐿𝐸𝑦 = 𝐿𝑂𝐿𝑦 =

∑𝑦
𝜓=1 𝐿𝑂𝐿

𝑦
(4.4)

where 𝑦 = 1 is the first Monte Carlo year, 𝑦 = 2 the second, etc.

4.1.5 Convergence of EENS indicator

The Monte Carlo loop stops whenever the expected-energy-not-served (EENS) has
converged. The convergence of this indicator is defined as the rolling median of the 𝛽′
indicator with a window of 30 samples: 𝛽′𝑦,30

𝛽′𝑦,30 = median of [𝛽′𝑦−29, 𝛽′𝑦−28, ..., 𝛽′𝑦] (4.5)

with 𝛽′𝑦 =
∣ 𝛽𝑦 − 𝛽𝑦−1 ∣

𝛽𝑦−1
(4.6)

and 𝛽𝑦 =
𝜎(𝐸𝐸𝑁𝑆)𝑦
𝜇(𝐸𝐸𝑁𝑆)𝑦

=
𝜎([𝐸𝐸𝑁𝑆1, 𝐸𝐸𝑁𝑆2, ..., 𝐸𝐸𝑁𝑆𝑦])
𝜇([𝐸𝐸𝑁𝑆1, 𝐸𝐸𝑁𝑆2, ..., 𝐸𝐸𝑁𝑆𝑦])

(4.7)

The simulation process stops at year 𝑦 when the convergence indicator 𝛽′𝑦,30 < 0.001.
More details on the choice of this convergence indicator can be found in Appendix A.

4.2 The Multi-Period DC Optimal Power Flow (MP-DC-
OPF) Formulation

A multi-period DC optimal power flow is an optimization problem which consists in
minimizing a certain quantity − usely the cost which depends on the decision variables
of the problem − under several constraints − which translate different realities and
bound the solution. In this formulation, Variables are denoted with an upper case
letter as first letter, and parameters with a lower case letter.

4.2.1 Objective function

The costs related to the operation of conventional generating units 3 𝑃𝑔𝑒𝑛, the electri-
cal and hydrogen imports 𝑃𝑖𝑚𝑝,𝑄𝐻2,𝑖𝑚𝑝, the electrical and hydrogen energy-not-served

3In this manuscript, conventional generating units refer to thermal power plants.
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𝐸𝑛𝑠,𝐸𝑛𝑠𝐻2
, the shifted energy demand 𝑆𝑟𝑒𝑚 and the voluntary load shedding 𝐸𝑣−𝑠ℎ𝑒𝑑

are minimized and detailed in (4.8).

Min
8760
∑

𝑡=1

( 𝑛𝑔
∑

𝑔=1
𝑐𝑔𝑒𝑛(𝑔) ∗ 𝑃𝑔𝑒𝑛(𝑔, 𝑡) +

𝑛𝑖
∑

𝑖=1
𝑐𝑖𝑚𝑝(𝑖) ∗ 𝑃𝑖𝑚𝑝(𝑖, 𝑡) +

𝑛𝑗
∑

𝑗=1
𝑐𝐻2

∗ 𝑄𝐻2,𝑖𝑚𝑝(𝑗, 𝑡)

)

+
8760
∑

𝑡=1

𝑛𝑛
∑

𝑛=1

(

𝑣𝑜𝑙𝑙 ∗ 𝐸𝑛𝑠(𝑛, 𝑡) + 𝑣𝑜𝑙𝑙𝐻2
∗ 𝐸𝑛𝑠𝐻2

(𝑛, 𝑡) + 𝑐𝑠ℎ𝑖𝑓 𝑡 ∗ 𝑆𝑟𝑒𝑚(𝑛, 𝑡)

+ 𝑐𝑣−𝑠ℎ𝑒𝑑 ∗ 𝐸𝑣−𝑠ℎ𝑒𝑑(𝑛, 𝑡)
)

(4.8)

4.2.2 Constraints

Electrical balance

At each hour 𝑡 of the year and at each node 𝑛 of the system, electrical energy has to
comply with the conservation of energy. This constraint is detailed in (4.9). The power
produced - by the conventional generators 𝑃𝑔𝑒𝑛, the offshore wind farms 𝑟𝑒𝑠, the elec-
trical imports 𝑃𝑖𝑚𝑝, and the hydrogen-to-power (H2P) units 𝑃𝐻2𝑃 - has to satisfy the
demand - i.e. the fixed residual electrical load 𝑙𝑟𝑒𝑠𝑖, the consumption of electrolyzers
and their compression needs (1 + 𝜂𝑐) ∗ 𝑃𝑒𝑙 - with the support of flexiblity - such as
storage faclities (i.e. pumped hydro storage 𝑃𝑝ℎ𝑠,𝑖𝑛∕𝑜𝑢𝑡, batteries 𝑃𝑏𝑎𝑡𝑡,𝑖𝑛∕𝑜𝑢𝑡) , voluntary
load shedding𝐸𝑣−𝑠ℎ𝑒𝑑 , load shifting 𝑆𝑟𝑒𝑚∕𝑆𝑎𝑑𝑑 , a flexible heat demand 𝑃𝑓𝑙𝑒𝑥,ℎ𝑒𝑎𝑡, and
a flexible mobility charging demand 𝑃𝑓𝑙𝑒𝑥,𝑚𝑜𝑏. If imbalance occurs, production is cur-
tailed 𝐶 (excess) or energy is not served 𝐸𝑛𝑠 (lack).

∑

𝑔∈𝐺𝑛

𝑃𝑔𝑒𝑛(𝑔, 𝑡) +
∑

𝑟∈𝑅𝑛

𝑟𝑒𝑠(𝑟, 𝑡) +
∑

𝑖∈𝐼𝑛

𝑃𝑖𝑚𝑝(𝑖, 𝑡) +
∑

ℎ∈𝐻𝑛

𝑃𝐻2𝑃 (ℎ, 𝑡)

+
∑

𝑝∈𝑃𝑛

(

𝑃𝑝ℎ𝑠,𝑜𝑢𝑡(𝑝, 𝑡) − 𝑃𝑝ℎ𝑠,𝑖𝑛(𝑝, 𝑡)
)

+
∑

𝑏∈𝐵𝑛

(

𝑃𝑏𝑎𝑡𝑡,𝑜𝑢𝑡(𝑏, 𝑡) − 𝑃𝑏𝑎𝑡𝑡,𝑖𝑛(𝑏, 𝑡)
)

+
∑

𝑙∈𝐿𝑡𝑜,𝑛

𝐹 (𝑙, 𝑡) −
∑

𝑙∈𝐿𝑓𝑟𝑜𝑚,𝑛

𝐹 (𝑙, 𝑡) + 𝐸𝑛𝑠(𝑛, 𝑡) − 𝐶(𝑛, 𝑡) = 𝑙𝑟𝑒𝑠𝑖(𝑛, 𝑡)

+ 𝑃𝑓𝑙𝑒𝑥,ℎ𝑒𝑎𝑡(𝑛, 𝑡) + 𝑃𝑓𝑙𝑒𝑥,𝑚𝑜𝑏(𝑛, 𝑡) + (1 + 𝜂𝑐) ∗
∑

𝑒∈𝐸𝑛

𝑃𝑒𝑙(𝑒, 𝑡)

+ 𝑆𝑎𝑑𝑑(𝑛, 𝑡) − 𝑆𝑟𝑒𝑚(𝑛, 𝑡) − 𝐸𝑣−𝑠ℎ𝑒𝑑(𝑛, 𝑡) ∀𝑛,∀𝑡 (4.9)
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The fixed residual load 𝑙𝑟𝑒𝑠𝑖 consists of the traditional electrical demand 4 𝑙 , and
the non-flexible (fixed) heat 𝑙ℎ𝑝,𝑓 𝑖𝑥𝑒𝑑 and mobility 𝑙𝑒𝑣,𝑓 𝑖𝑥𝑒𝑑 demands, to which the
distributed production - distributed renewable production from photovoltaics 𝑙𝑓𝑝𝑣 ∗
𝑝𝑝𝑣,𝑚𝑎𝑥, onshore wind turbines 𝑙𝑓𝑜𝑛𝑠ℎ ∗ 𝑝𝑜𝑛𝑠ℎ,𝑚𝑎𝑥, hydro run-of-river 𝑙𝑓ℎ𝑦𝑑𝑟𝑜 ∗
𝑝ℎ𝑦𝑑𝑟𝑜,𝑚𝑎𝑥, and distributed conventional units 𝑙𝑓𝑑𝑖𝑠𝑡−𝑔𝑒𝑛 ∗ 𝑝𝑑𝑖𝑠𝑡−𝑔𝑒𝑛,𝑚𝑎𝑥 (e.g. small
CHPs) - is substracted. It represents the load seen at the interface between the 220/380
kV transmission grid and the lower voltage levels i.e. subtransmission and distribution
grids, and is detailed in (4.10).

𝑙𝑟𝑒𝑠𝑖(𝑛, 𝑡) = 𝑑𝑙(𝑛) ∗ 𝑙(𝑡) + 𝑑𝑒𝑣(𝑛) ∗ 𝑙𝑒𝑣,𝑓 𝑖𝑥𝑒𝑑(𝑡) + 𝑑ℎ𝑝(𝑛) ∗ 𝑙ℎ𝑒𝑎𝑡,𝑓 𝑖𝑥𝑒𝑑(𝑡)

− 𝑑𝑑𝑖𝑠𝑡−𝑔𝑒𝑛(𝑛) ∗ 𝑙𝑓𝑑𝑖𝑠𝑡−𝑔𝑒𝑛(𝑡) ∗ 𝑝𝑑𝑖𝑠𝑡−𝑔𝑒𝑛,𝑚𝑎𝑥
− 𝑑𝑝𝑣(𝑛) ∗ 𝑙𝑓𝑝𝑣(𝑡) ∗ 𝑝𝑝𝑣,𝑚𝑎𝑥 − 𝑑𝑜𝑛𝑠ℎ(𝑛) ∗ 𝑙𝑓𝑜𝑛𝑠ℎ(𝑡) ∗ 𝑝𝑜𝑛𝑠ℎ,𝑚𝑎𝑥
− 𝑑ℎ𝑦𝑑𝑟𝑜(𝑛) ∗ 𝑙𝑓ℎ𝑦𝑑𝑟𝑜(𝑡) ∗ 𝑝ℎ𝑦𝑑𝑟𝑜,𝑚𝑎𝑥 ∀𝑛,∀𝑡 (4.10)

Conventional Generators

Production of conventional generators 5 𝑃𝑐𝑜𝑛𝑣 is limited by their minimum/maximum
power capacity 𝑝𝑐𝑜𝑛𝑣,𝑚𝑖𝑛∕𝑚𝑎𝑥, and by their availability 𝛼𝑔𝑒𝑛 ∈ {0, 1} at each time step 𝑡
in (4.11). The unavailbailities represent unplanned forced outages.

𝛼𝑔𝑒𝑛(𝑔, 𝑡) ∗ 𝑝𝑔𝑒𝑛,𝑚𝑖𝑛(𝑔) ≤ 𝑃𝑔𝑒𝑛(𝑔, 𝑡) ≤ 𝛼𝑔𝑒𝑛(𝑔, 𝑡) ∗ 𝑝𝑔𝑒𝑛,𝑚𝑎𝑥(𝑔) ∀𝑔,∀𝑡 (4.11)

Electrical Imports

The interconnections 𝑖 with neighboring regions permit the import of electricity 𝑃𝑖𝑚𝑝.
These imports are of course limited by the capacity of each interconnection 𝑝𝑖𝑚𝑝,𝑚𝑎𝑥,
and the availability of the latter 𝛼𝑖𝑚𝑝 in (4.12). The availability parameter defines if
the interconnection line is available and if the neighboring region has the possibility
to transmit power. The total imports are also limited in power by a certain threshold
𝑝𝑖𝑚𝑝,𝑚𝑎𝑥,𝑡𝑜𝑡 in (4.13) to keep a stable domestic network. Finally in (4.14), the yearly
imports of each interconnection is limited by a certain value 𝑒𝑖𝑚𝑝,𝑚𝑎𝑥,𝑦𝑒𝑎𝑟𝑙𝑦.

4In this manuscript, the traditional electrical demand is referred to lighting, electronics, industrial ap-
pliances, etc., which were traditionally electrified, and excluding any usage for heating or transportation.

5In this manuscript, conventional generators refers to the units producing electrical energy from coal,
oil, or natural gas.
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𝑃𝑖𝑚𝑝(𝑖, 𝑡) ≤ 𝛼𝑖𝑚𝑝(𝑖, 𝑡) ∗ 𝑝𝑖𝑚𝑝,𝑚𝑎𝑥(𝑖) ∀𝑖,∀𝑡 (4.12)
𝑛𝑖
∑

𝑖=1
𝑃𝑖𝑚𝑝(𝑖, 𝑡) ≤ 𝑝𝑖𝑚𝑝,𝑚𝑎𝑥,𝑡𝑜𝑡 ∀𝑡 (4.13)

𝑛𝑡
∑

𝑡=1
𝑃𝑖𝑚𝑝(𝑖, 𝑡) ≤ 𝑒𝑖𝑚𝑝,𝑚𝑎𝑥,𝑦𝑒𝑎𝑟(𝑖) ∀𝑖 (4.14)

Power Load Flow

Electricity flows through electrical lines from generating units to consuming units.
These flows are limited by the maximum capacity of the lines 𝑓𝑚𝑎𝑥 in (4.15).

− 𝑓𝑚𝑎𝑥(𝑙) ≤ 𝐹 (𝑙, 𝑡) ≤ 𝑓𝑚𝑎𝑥(𝑙) ∀𝑙,∀𝑡 (4.15)
Furthermore, these flows are constrained by the physics of the load flow. In this model,
the approximation of a DC load flow is considered 6 , i.e. the power flowing through
a line 𝐹 is directly linked to the susceptance of the line 𝑏𝑝𝑢, and to the phase angle 𝜃
difference between the two nodes bounding the line, as shown in (4.16). Additionally,
the hourly availability of the lines 𝛼𝑙 are considered to constraint the flow to zero if an
outage occurs on that line.
𝐹 (𝑙, 𝑡) = 𝛼𝑙(𝑙, 𝑡) ∗ 𝑠𝑏𝑎𝑠𝑒 ∗ 𝑏𝑝𝑢(𝑙) ∗

(

Θ(𝑛𝑓𝑟𝑜𝑚(𝑙), 𝑡
)

− Θ
(

𝑛𝑡𝑜(𝑙), 𝑡)
)

∀𝑙,∀𝑡 (4.16)
Also, the phase angle difference between two adjacent nodes bounding a line is also
limited by ΔΘ𝑚𝑎𝑥 in (4.17).

− ΔΘ𝑚𝑎𝑥 ≤ Θ
(

𝑛𝑓𝑟𝑜𝑚(𝑙), 𝑡
)

− Θ
(

𝑛𝑡𝑜(𝑙), 𝑡
)

≤ ΔΘ𝑚𝑎𝑥 ∀𝑙, 𝑓𝑜𝑟𝑎𝑙𝑙𝑡 (4.17)
Finally, because only the relative phase angle values matter, and not their absolute
values, a phase angle node 𝑛𝑟𝑒𝑓 is set as the reference node, and its value to zero in
(4.18).

Θ(𝑛𝑟𝑒𝑓 , 𝑡) = 0 ∀𝑡 (4.18)
6The DC-OPF is a linearization of the AC-OPF formulation. This simplification requires the following

assumptions [61]: i) the reactance of the line (X) is much greater than its resistance (R), 𝑋 >> 𝑅, ii) the
voltage magnitude at each bus is considered to be 1.0 per unit, iii) the phase angle difference between two
adjacent buses is small. These hypothesis imply that lines are lossless (R=0), and that reactive power is neg-
ligible. These assumptions apply for high voltage transmission systems. Moreover, the DC approximation
is a game changer in terms of computational time for large systems while maintaining a relatively low error.
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Curtailment

The curtailment 𝐶 , i.e. the excess production of electricity is bounded at each hour 𝑡,
and each node 𝑛 by the local production (centralized/distributed conventional/renew-
able generation). This equation is detailed in (4.19) and makes sure that an excess of
power is curtailed at the location of excess and not elsewhere. This constraint avoids
inconsistencies such as curtailed power at a node with no local production and fed from
a neighbouring node with excess power production.

𝐶(𝑛, 𝑡) ≤
∑

𝑟∈𝑅𝑛

𝑟𝑒𝑠(𝑟, 𝑡) +
∑

𝑔∈𝐺𝑛

𝑃𝑔𝑒𝑛(𝑔, 𝑡) + 𝑑𝑑𝑖𝑠𝑡−𝑔𝑒𝑛(𝑛) ∗ 𝑙𝑓𝑑𝑖𝑠𝑡−𝑔𝑒𝑛(𝑡) ∗ 𝑝𝑑𝑖𝑠𝑡−𝑔𝑒𝑛,𝑚𝑎𝑥

+ 𝑑𝑝𝑣(𝑛) ∗ 𝑙𝑓𝑝𝑣(𝑡) ∗ 𝑝𝑝𝑣,𝑚𝑎𝑥 + 𝑑𝑜𝑛𝑠ℎ(𝑛) ∗ 𝑙𝑓𝑜𝑛𝑠ℎ(𝑡) ∗ 𝑝𝑜𝑛𝑠ℎ,𝑚𝑎𝑥
+ 𝑑ℎ𝑦𝑑𝑟𝑜(𝑛) ∗ 𝑙𝑓ℎ𝑦𝑑𝑟𝑜(𝑡) ∗ 𝑝ℎ𝑦𝑑𝑟𝑜,𝑚𝑎𝑥 ∀𝑛,∀𝑡 (4.19)

Energy-Not-Served

The energy-not-served 𝐸𝑛𝑠, i.e. the energy lacking to serve the load is bounded at
each hour 𝑡 and each node 𝑛 by the local consumption (pure electrical load, flexible
and fixed loads from electric vehicles and heat-pumps) in (4.20).

𝐸𝑛𝑠(𝑛, 𝑡) ≤ 𝑑𝑙(𝑛) ∗ 𝑙(𝑡) + 𝑑𝑒𝑣(𝑛) ∗ 𝑙𝑒𝑣,𝑓 𝑖𝑥𝑒𝑑(𝑡) + 𝑑ℎ𝑝(𝑛) ∗ 𝑙ℎ𝑒𝑎𝑡,𝑓 𝑖𝑥𝑒𝑑(𝑡)

+ 𝑃𝑓𝑙𝑒𝑥,ℎ𝑒𝑎𝑡(𝑛, 𝑡) + 𝑃𝑓𝑙𝑒𝑥,𝑚𝑜𝑏(𝑛, 𝑡) ∀𝑛,∀𝑡 (4.20)

Electrolyzers

Hydrogen can be produced using electrolyzers with a certain efficiency 𝜂𝑒𝑙. The in-
stalled capacity of electrolyzers 𝑝𝑒𝑙,𝑚𝑎𝑥 is fixed, and thus limits the electrical power
consumption of the latter in (4.21).

𝑃𝑒𝑙(𝑒, 𝑡) ≤ 𝛼𝑒𝑙(𝑒, 𝑡) ∗ 𝑝𝑒𝑙,𝑚𝑎𝑥(𝑒) ∀𝑒,∀𝑡 (4.21)

Hydrogen-to-Power units

These units convert hydrogen into electrical power with a certain efficiency 𝜂𝐻2𝑃 . The
installed capacity of hydrogen-to-power units 𝑝𝐻2𝑃 ,𝑚𝑎𝑥 is fixed, and thus limits the
electrical power production of the latter in (4.22).
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𝑃𝐻2𝑃 (ℎ, 𝑡) ≤ 𝛼𝐻2𝑃 (ℎ, 𝑡) ∗ 𝑝𝐻2𝑃 ,𝑚𝑎𝑥(ℎ) ∀ℎ,∀𝑡 (4.22)

Load Shifting

A certain energy quantity can be shifted during the day. This implies that a certain
quantity 𝑆𝑟𝑒𝑚 can be supplied at another time during the day by 𝑆𝑎𝑑𝑑 (see (4.23)). Of
course, the daily amount of shifted energy is limited at each node by a percentage 𝑑𝑠
of the maximum daily shiftable energy 𝑒𝑠ℎ𝑖𝑓 𝑡,𝑚𝑎𝑥,𝑑𝑎𝑖𝑙𝑦 allowed in the system in (4.24).
Also the shifted quantity (removed) is limited at each node and each time step by a
percentage 𝑑𝑠 of the maximum shiftable power 𝑝𝑟𝑒𝑚,𝑚𝑎𝑥 in (4.25).

24𝑑
∑

𝑡=24(𝑑−1)+1
𝑆𝑟𝑒𝑚(𝑛, 𝑡) =

24𝑑
∑

𝑡=24(𝑑−1)+1
𝑆𝑎𝑑𝑑(𝑛, 𝑡) ∀𝑛,∀𝑑 (4.23)

24𝑑
∑

𝑡=24(𝑑−1)+1
𝑆𝑟𝑒𝑚(𝑛, 𝑡) ≤ 𝑑𝑠(𝑛) ∗ 𝑒𝑠ℎ𝑖𝑓 𝑡,𝑚𝑎𝑥,𝑑𝑎𝑦 ∀𝑛,∀𝑑 (4.24)

𝑆𝑟𝑒𝑚(𝑛, 𝑡) ≤ 𝑑𝑠(𝑛) ∗ 𝑝𝑟𝑒𝑚,𝑚𝑎𝑥 ∀𝑛,∀𝑡 (4.25)

Voluntary load shedding

A certain quantity of the electrical demand can also be shed voluntarily𝐸𝑣−𝑠ℎ𝑒𝑑 thanks
to contracts defined in advance. Same here, in (4.26) this daily flexibility is limited at
each node by the maximum daily shedable energy 𝑒𝑣−𝑠ℎ𝑒𝑑,𝑚𝑎𝑥,𝑑𝑎𝑦. Further more, this
voluntary shedding is limited in power by the maximum shedable power 𝑝𝑣−𝑠ℎ𝑒𝑑,𝑚𝑎𝑥
at each node, and each time step in (4.27).

24𝑑
∑

𝑡=24(𝑑−1)+1
𝐸𝑣−𝑠ℎ𝑒𝑑(𝑛, 𝑡) ≤ 𝑑𝑠ℎ(𝑛) ∗ 𝑒𝑣−𝑠ℎ𝑒𝑑,𝑚𝑎𝑥,𝑑𝑎𝑦 ∀𝑛,∀𝑑 (4.26)

𝐸𝑣−𝑠ℎ𝑒𝑑(𝑛, 𝑡) ≤ 𝑑𝑠ℎ(𝑛) ∗ 𝑝𝑣−𝑠ℎ𝑒𝑑,𝑚𝑎𝑥 ∀𝑛,∀𝑡 (4.27)

Flexible demands: mobility, heat, and hydrogen

Part of the hydrogen, heat and mobility demands are set flexible within a day. The
daily quantities to be satisfied are 𝑙𝐻2,𝑓 𝑙𝑒𝑥,𝑑𝑎𝑖𝑙𝑦, 𝑙ℎ𝑒𝑎𝑡,𝑓 𝑙𝑒𝑥,𝑑𝑎𝑖𝑙𝑦, and 𝑙𝑚𝑜𝑏,𝑓 𝑙𝑒𝑥,𝑑𝑎𝑖𝑙𝑦 for
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hydrogen, heat, and mobility demands respectively. Firstly, the hourly and nodal con-
sumptions 𝑄𝐻2,𝑓 𝑙𝑒𝑥, 𝑃ℎ𝑒𝑎𝑡,𝑓 𝑙𝑒𝑥, and 𝑃𝑚𝑜𝑏,𝑓 𝑙𝑒𝑥 are constrained by the daily demands in
(4.28-4.30). The daily flexibility constrains a daily production but allows a flexibility
within the hours of the day. Secondly, the consumption of heat-pumps for flexible heat
demand is constrained by the power of installed heat pumps that operate in a flexi-
ble way in (4.31), , where 𝑛ℎ𝑝 represents the total number of individual heat-pumps,
𝑤ℎ𝑝1𝑚 the share of heat-pumps operating in a flexible way, and 𝑝ℎ𝑝,𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 the capac-
ity of an individual heat-pump. Thirdly, the hourly consumption of electric vehicles
is constrained by the number of electric vehicles that are connected to flexible charg-
ing stations in (4.32) where 𝑛𝑒𝑣 represents the total number of electric vehicles, 𝑤𝑣1𝑚
the share of electric vehicles connected to a flexible charging station, and 𝑝𝑐ℎ𝑎𝑟𝑔𝑒𝑟 the
power of the charging station.

24𝑑
∑

𝑡=24(𝑑−1)+1
𝑄𝐻2,𝑓 𝑙𝑒𝑥(𝑛, 𝑡) = 𝑑𝐻2

(𝑛) ∗
𝑙𝐻2,𝑓 𝑙𝑒𝑥,𝑦𝑒𝑎𝑟

365
∀𝑛,∀𝑑 (4.28)

24𝑑
∑

𝑡=24(𝑑−1)+1
𝑃ℎ𝑒𝑎𝑡,𝑓 𝑙𝑒𝑥(𝑛, 𝑡) = 𝑑ℎ𝑝(𝑛) ∗ 𝑙ℎ𝑒𝑎𝑡,𝑓 𝑙𝑒𝑥,𝑑𝑎𝑦 ∀𝑛,∀𝑑 (4.29)

24𝑑
∑

𝑡=24(𝑑−1)+1
𝑃𝑚𝑜𝑏,𝑓 𝑙𝑒𝑥(𝑛, 𝑡) = 𝑑𝑒𝑣(𝑛) ∗ 𝑙𝑚𝑜𝑏,𝑓 𝑙𝑒𝑥,𝑑𝑎𝑦 ∀𝑛,∀𝑑 (4.30)

𝑃ℎ𝑒𝑎𝑡,𝑓 𝑙𝑒𝑥(𝑛, 𝑡) ≤ 𝑑ℎ𝑝(𝑛) ∗ 𝑛ℎ𝑝 ∗ 𝑤ℎ𝑝1𝑚 ∗ 𝑝ℎ𝑝,𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 ∀𝑛,∀𝑡 (4.31)
𝑃𝑚𝑜𝑏,𝑓 𝑙𝑒𝑥(𝑛, 𝑡) ≤ 𝑑𝑒𝑣(𝑛) ∗ 𝑛𝑒𝑣 ∗ 𝑤𝑣1𝑚 ∗ 𝛼𝑣1𝑚(𝑡) ∗ 𝑝𝑐ℎ𝑎𝑟𝑔𝑒𝑟 ∀𝑛,∀𝑡 (4.32)

Storage management: PHS and batteries

Electricity can be stored thanks to storage systems with a certain round trip efficiency
𝜂𝑖𝑛 ∗ 𝜂𝑜𝑢𝑡. The following equations are detailed for the pumped-hydro storage units,
but apply similarly for batteries. To do so, the phs subscript shall be replaced by batt,
and the indices 𝑝 by 𝑏. It is assumed that the storage units are empty at the beginning of
the year in (4.33)-(4.34). The state-of-charge of the storage system 𝑆𝑜𝑐𝑝ℎ𝑠 is updated
at each time step 𝑡 in (4.36). The storage capacity 𝑆𝑜𝑐𝑝ℎ𝑠 is limited in (4.37) by the
size of the installation 𝑠𝑜𝑐𝑝ℎ𝑠,𝑚𝑎𝑥. The input/output power flows of these facilities are
also limited in (4.39)-(4.38) by the maximum power of the pump 𝑝𝑝ℎ𝑠,𝑖𝑛,𝑚𝑎𝑥 and the
maximum power of the turbine 𝑝𝑝ℎ𝑠,𝑜𝑢𝑡,𝑚𝑎𝑥.
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𝑆𝑜𝑐𝑝ℎ𝑠(𝑝, 𝑡 = 1) = 𝜂𝑝ℎ𝑠,𝑖𝑛(𝑝) ∗ 𝑃𝑝ℎ𝑠,𝑖𝑛(𝑝, 𝑡 = 1) ∀𝑝 (4.33)
𝑃𝑝ℎ𝑠,𝑜𝑢𝑡(𝑝, 𝑡 = 1) = 0 ∀𝑝 (4.34)
𝑆𝑜𝑐𝑝ℎ𝑠(𝑝, 𝑡) = 𝑆𝑜𝑐𝑝ℎ𝑠(𝑝, 𝑡 − 1) + 𝜂𝑝ℎ𝑠,𝑖𝑛(𝑝) ∗ 𝑃𝑝ℎ𝑠,𝑖𝑛(𝑝, 𝑡) (4.35)

− 𝑃𝑝ℎ𝑠,𝑜𝑢𝑡(𝑝, 𝑡)∕𝜂𝑝ℎ𝑠,𝑜𝑢𝑡(𝑝) ∀𝑝,∀𝑡 > 1 (4.36)
𝑆𝑜𝑐𝑝ℎ𝑠(𝑝, 𝑡) ≤ 𝑠𝑜𝑐𝑝ℎ𝑠,𝑚𝑎𝑥(𝑝) ∀𝑝,∀𝑡 (4.37)
𝑃𝑝ℎ𝑠,𝑖𝑛(𝑝, 𝑡) ≤ 𝑝𝑝ℎ𝑠,𝑖𝑛,𝑚𝑎𝑥(𝑝) ∀𝑝,∀𝑡 (4.38)
𝑃𝑝ℎ𝑠,𝑜𝑢𝑡(𝑝, 𝑡) ≤ 𝑝𝑝ℎ𝑠,𝑜𝑢𝑡,𝑚𝑎𝑥(𝑝) ∀𝑝,∀𝑡 (4.39)

Hydrogen balance constraint

Hydrogen also has to comply with the conservation of energy at each hour 𝑡 of the
year and at each node 𝑛 of the system. Hydrogen produced by electrolyzers 𝑃𝑒𝑙 ∗ 𝜂𝑒𝑙,
and imported from outside the system 𝑄𝐻2,𝑖𝑚𝑝 has to feed the hydrogen demand (flex-
ible 𝑄𝐻2,𝑓 𝑙𝑒𝑥 and fixed 𝑙𝐻2,𝑓 𝑖𝑥𝑒𝑑), and the H2P units 𝑃𝐻2𝑃 ∕𝜂𝐻2𝑃 with the support of
hydrogen storage 𝑄𝐻2,𝑠𝑡𝑜,𝑖𝑛∕/𝑄𝐻2,𝑠𝑡𝑜,𝑜𝑢𝑡∕. Hydrogen can also be transported through
pipelines 𝐹𝐻2

. Unserved hydrogen demand 𝐸𝑛𝑠𝐻2
can occur. This constraint is de-

tailed in (4.40).

∑

𝑒∈𝐸𝑛

𝑃𝑒𝑙(𝑒, 𝑡) ∗ 𝜂𝑒𝑙 +
∑

𝑗∈𝐽𝑛

𝑄𝐻2,𝑖𝑚𝑝(𝑗, 𝑡) +
∑

𝑞∈𝑄𝑛

(

𝑄𝐻2,𝑠𝑡𝑜,𝑜𝑢𝑡(𝑞, 𝑡) −𝑄𝐻2,𝑠𝑡𝑜,𝑖𝑛(𝑞, 𝑡)
)

+
∑

𝑗∈𝐾𝑡𝑜,𝑛

𝐹𝐻2
(𝑗, 𝑡) −

∑

𝑗∈𝐾𝑓𝑟𝑜𝑚,𝑛

𝐹𝐻2
(𝑗, 𝑡) = 𝑑𝐻2

(𝑛) ∗ 𝑙𝐻2,𝑓 𝑖𝑥𝑒𝑑(𝑡) +𝑄𝐻2,𝑓 𝑙𝑒𝑥(𝑛, 𝑡)

+
𝑃𝐻2𝑃 (𝑛, 𝑡)
𝜂𝐻2𝑃

− 𝐸𝑛𝑠𝐻2
(𝑛, 𝑡) ∀𝑛,∀𝑡 (4.40)

Hydrogen Pipelines

Hydrogen can be transported through pipelines. Hydrogen flows 𝐹𝐻2
are limited by

the maximum transfer capacity of the pipelines 𝑓𝐻2,𝑚𝑎𝑥 in (4.41).

−𝑓𝐻2,𝑚𝑎𝑥(𝑘) ≤ 𝐹𝐻2
(𝑘, 𝑡) ≤ 𝑓𝐻2,𝑚𝑎𝑥(𝑘) ∀𝑘,∀𝑡 (4.41)
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Hydrogen Imports

Hourly hydrogen imports 𝑄𝐻2,𝑖𝑚𝑝 are limited by a maximum value 𝑞𝐻2,𝑖𝑚𝑝,𝑚𝑎𝑥 at each
interconnection 𝑗 in (4.42).

𝑄𝐻2,𝑖𝑚𝑝(𝑗, 𝑡) ≤ 𝑞𝐻2,𝑖𝑚𝑝,𝑚𝑎𝑥(𝑗) ∀𝑗,∀𝑡 (4.42)

Hydrogen storage management

Hydrogen can be stored under the form of compressed gas. It is assumed that the
hydrogen storage is empty at the beginning of the year in (4.43)-(4.44). The state-of-
charge of the hydrogen storage units 𝑆𝑜𝑐𝐻2

is updated at each time step 𝑡 in (4.45).
The storage capacity is limited in (4.46) by the installed capacity 𝑠𝑜𝑐𝐻2,𝑠𝑡𝑜,𝑚𝑎𝑥.

𝑆𝑜𝑐𝐻2,𝑠𝑡𝑜(𝑞, 𝑡 = 1) = 𝑄𝐻2,𝑠𝑡𝑜,𝑖𝑛(𝑞, 𝑡 = 1) ∀𝑞 (4.43)
𝑄𝐻2,𝑠𝑡𝑜,𝑜𝑢𝑡(𝑞, 𝑡 = 1) = 0 ∀𝑞 (4.44)
𝑆𝑜𝑐𝐻2,𝑠𝑡𝑜(𝑞, 𝑡) = 𝑆𝑜𝑐𝐻2,𝑠𝑡𝑜(𝑞, 𝑡 − 1) +𝑄𝐻2,𝑠𝑡𝑜,𝑖𝑛(𝑞, 𝑡)

−𝑄𝐻2,𝑠𝑡𝑜,𝑜𝑢𝑡(𝑞, 𝑡) ∀𝑞,∀𝑡 > 1 (4.45)
𝑆𝑜𝑐𝐻2,𝑠𝑡𝑜(𝑞, 𝑡) ≤ 𝑠𝑜𝑐𝐻2,𝑠𝑡𝑜,𝑚𝑎𝑥(𝑞) ∀𝑞,∀𝑡 (4.46)

4.2.3 Summary

Figure 4.3 gives a visual support for the two main constraints of this model: the elec-
trical and hydrogen balance and highlights the links between electricity and hydrogen
energy vectors.
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Figure 4.3: Summary of the electricity-hydrogen link in the adequacy tool for a par-
ticular node 𝑛, and time step 𝑡.

4.3 Verification of the model with a benchmark

A benchmark library called "Power Grid Lib - Optimal Power Flow" 7 is available on-
line to verify developed models solving the AC optimal power flow problem. Although
this library’s first objective is the AC-OPF verification, it also permits to compare re-
sults for variants of the OPF formulation, such as the DC-OPF. The developed DC-OPF
of our adequacy tool is compared to all test cases of the library and the results are listed
in Table 4.1 and 4.2. Out of 66 test cases: 40 are verified (error < 0.3%) - 2 cases with
an error between 1-2 % - 11 cases with different results - 13 cases that did not converge
with our DC-OPF.

7managed and maintained by the IEEE PES Task Force on Benchmarks for Validation of Emerging
Power System Algorithms, available on github: : https://github.com/power-grid-lib/pglib-opf

71

https://github.com/power-grid-lib/pglib-opf


Chapter 4: Adequacy Assessment Tool with the integration of the
hydrogen energy vector

Table 4.1: Comparison between developed DC-OPF and the benchmark "Power
Grid Lib - Optimal Power Flow" [1/2] https://github.com/power-grid-lib/
pglib-opf

Test cases # Buses # Edges My DC-OPF Benchmark Diff rel Validation
[$/h] DC-OPF [$/h] [%]

case10000_goc 10000 13193 2.34E+06 1.35E+06 7.38E+01 ✗
case10192_epigrids 10192 17043 1.69E+06 1.67E+06 1.50E+00 ∼

case10480_goc 10480 18559 2.22E+06 2.22E+06 1.16E-03 ✓
case118_ieee 118 186 9.31E+04 9.31E+04 2.90E-04 ✓

case1354_pegase 1354 1991 1.22E+06 1.22E+06 1.47E-03 ✓
case13659_pegase 13659 20467 8.76E+06 8.77E+06 7.75E-02 ✓

case14_ieee 14 20 2.05E+03 2.05E+03 1.28E-03 ✓
case162_ieee_dtc 162 284 1.01E+05 1.01E+05 2.22E-03 ✓

case179_goc 179 263 7.52E+05 7.52E+05 1.35E-04 ✓
case1803_snem 1803 2795 8.77E+04 8.77E+04 1.20E-02 ✓

case1888_rte 1888 2531 1.33E+06 1.35E+06 1.33E+00 ∼
case19402_goc 19402 34704 1.90E+06 1.90E+06 3.25E-04 ✓

case1951_rte 1951 2596 2.03E+06 2.03E+06 2.84E-01 ✓
case197_snem 197 286 1.47E+00 1.47E+00 2.37E-04 ✓
case200_activ 200 245 - 2.75E+04 - -
case2000_goc 2000 3639 3.66E+04 9.43E+05 9.61E+01 ✗

case20758_epigrids 20758 33368 2.58E+06 2.57E+06 1.29E-01 ✓
case2312_goc 2312 3013 - 4.40E+05 - -

case2383wp_k 2383 2896 1.80E+06 1.80E+06 5.33E-04 ✓
case24_ieee_rts 24 38 6.10E+04 6.10E+04 3.94E-04 ✓

case240_pserc 240 448 3.27E+06 3.27E+06 1.14E-03 ✓
case24464_goc 24464 37816 2.51E+06 2.51E+06 4.36E-04 ✓

case2736sp_k 2736 3504 - 1.28E+06 - -
case2737sop_k 2737 3506 - 7.64E+05 - -
case2742_goc 2742 4673 2.60E+05 2.60E+05 1.37E-03 ✓

case2746wop_k 2746 3514 - 1.18E+06 - -
case2746wp_k 2746 3514 1.55E+06 1.58E+06 2.12E+00 ✗

case2848_rte 2848 3776 1.23E+06 1.27E+06 2.99E+00 ✗
case2853_sdet 2853 3921 2.15E+06 2.04E+06 5.72E+00 ✗

case2868_rte 2868 3808 1.97E+06 1.97E+06 2.15E-02 ✓
case2869_pegase 2869 4582 2.39E+06 2.39E+06 1.20E-02 ✓

case3_lmbd 3 3 5.70E+03 5.70E+03 7.20E-05 ✓
case30_as 30 41 7.68E+02 7.68E+02 2.74E-04 ✓

case30_ieee 30 41 7.47E+03 7.47E+03 1.96E-04 ✓
case300_ieee 300 411 5.18E+05 5.18E+05 9.27E-03 ✓

case30000_goc 30000 35393 1.09E+06 1.09E+06 1.07E-03 ✓
case3012wp_k 3012 3572 2.32E+06 2.51E+06 7.54E+00 ✗
case3022_goc 3022 4135 - 5.99E+05 - -
case3120sp_k 3120 3693 1.66E+06 2.09E+06 2.05E+01 ✗

case3375wp_k 3374 4161 7.13E+06 7.32E+06 2.62E+00 ✗
case39_epri 39 46 1.37E+05 1.37E+05 2.25E-04 ✓

case3970_goc 3970 6641 9.34E+05 9.34E+05 7.29E-05 ✓
case4020_goc 4020 6988 7.95E+05 7.95E+05 2.00E-04 ✓
case4601_goc 4601 7199 7.94E+05 7.94E+05 4.77E-04 ✓
case4619_goc 4619 8150 4.57E+05 4.57E+05 8.02E-04 ✓
case4661_sdet 4661 5997 3.46E+06 2.22E+06 5.60E+01 ✗
case4837_goc 4837 7765 8.50E+05 8.50E+05 3.81E-04 ✓
case4917_goc 4917 6726 - 1.38E+06 - -

case5_pjm 5 6 1.75E+04 1.75E+04 5.90E-04 ✓
case500_goc 500 733 - 4.41E+05 - -

case5658_epigrids 5658 9078 1.20E+06 1.20E+06 2.83E-03 ✓
case57_ieee 57 80 3.48E+04 3.48E+04 1.50E-04 ✓
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4.3 Verification of the model with a benchmark

Table 4.2: Comparison between developed DC-OPF and the benchmark "Power
Grid Lib - Optimal Power Flow" [2/2] https://github.com/power-grid-lib/
pglib-opf

Test cases # Buses # Edges My DC-OPF Benchmark Diff rel Validation
[$/h] DC-OPF [$/h] [%]

case588_sdet 588 686 - 3.10E+05 - -
case60_c 60 88 9.07E+04 9.07E+04 1.12E-13 ✓

case6468_rte 6468 9000 - 1.98E+06 - -
case6470_rte 6470 9005 - 2.14E+06 - -
case6495_rte 6495 9019 - 2.56E+06 - -
case6515_rte 6515 9037 - 2.56E+06 - -

case73_ieee_rts 73 120 1.83E+05 1.83E+05 2.03E-03 ✓
case7336_epigrids 7336 11521 1.85E+06 1.86E+06 4.17E-01 ✓

case78484_epigrids 78484 126146 6.10E+07 1.51E+07 3.05E+02 ✗
case793_goc 793 913 7.54E+05 2.58E+05 1.92E+02 ✗

case8387_pegase 8387 14561 2.50E+06 2.50E+06 6.81E-02 ✓
case89_pegase 89 210 1.05E+05 1.05E+05 1.15E-01 ✓

case9241_pegase 9241 16049 6.03E+06 6.03E+06 2.54E-02 ✓
case9591_goc 9591 15915 1.03E+06 1.03E+06 3.79E-03 ✓
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CHAPTER 5

Analysis on test systems

Chapter overview

• Description of the modified Roy Bilinton Test System (RBTS).
• Application of the probabilistic adequacy tool integrating hydrogen on

the RBTS study case.
• Study of the impact of hydrogen on adequacy and system operation.

This chapter is based on a peer-reviewed conference paper:

A. Hernandez, F. Vallée and E. De Jaeger, "Integration of Hydrogen in Sequential Monte Carlo
Power Systems Adequacy Assessment," 2023 IEEE Belgrade PowerTech, Belgrade, Serbia, 2023,
pp. 1-6, doi: 10.1109/PowerTech55446.2023.10202671.

In this Chapter, we apply the probabilistic adequacy tool (previously presented in Chap-
ter 4) to a modified Roy Bilinton Test System (RBTS). While this application uses an
earlier version of the tool, the results and conclusion remain robust and unaffected.
This exercise serves to illustrate the tool’s functionality and to validate its core princi-
ples before moving on to a more intricate study case, i.e the Belgian power system in
2030. Through this simpler study case, we demonstrate the impact that hydrogen can
have in terms of demand, storage, production, and imports.
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The work presented in this Chapter is structured according to the following
sections: Section 5.1 describes the case study. Section 5.2 presents and anal-
yses results for different scenarios, and Section 5.3 concludes the work of this
Chapter.

5.1 Description of the test case

The methodology was first tested on a simple case, i.e. the Roy Billinton Test System
(RBTS) [62] which is modified to represent future transmission power systems, i.e.
high offshore wind penetration level located at the outskirts of the system, with
one remote hydrogen system located near the renewable energy source, and another
centered near the consumers. The system originally consists in 6 buses, 9 lines, a
185 MW peak load, and 11 generators (thermal and hydro) located at Bus 1 and 2
respectively with a total capacity of 240 MW. This test system is modified (see Fig.
5.1) by removing a 40 MW thermal unit at Bus 1, adding a wind farm (WF) at Bus
1, a hydrogen system - consisting of an electrolyzer, a hydrogen storage (H2 Sto.)
unit, and a hydrogen-to-power (H2P) unit - at Buses 1 and 5, and a hydrogen pipeline
linking both hydrogen assets.

The offshore wind power time series are generated as follows: thanks to historical data
of the offshore power capacity (production normalized by the installed capacity), an
ARMA model was built to generate the capacity factors. A set of 100 time series has
been build, and they are multiplied by the considered wind farm power capacity of the
considered scenario. The outages are intrinsically taken into account as historical data
concerns power production, and not wind speeds.
Different sizes of hydrogen systems will be tested, but it will always follow the follow-
ing configuration:

𝑝𝐻2𝑃 ,𝑚𝑎𝑥(𝑒) = 𝑝𝑒𝑙,𝑚𝑎𝑥(𝑒) ∀𝑒

𝑠𝑜𝑐𝐻2,𝑠𝑡𝑜,𝑚𝑎𝑥(𝑒) = 𝑅 ⋅ 𝑝𝑒𝑙,𝑚𝑎𝑥(𝑒) ∀𝑒

with𝑅 refering to the hydrogen storage ratio 1 . The efficiency of the electrolyzers and
H2P units are set to 𝜂𝑒𝑙 = 0.7 and 𝜂𝐻2𝑃 = 0.43 respectively. These values are taken

1In this study, the storage ratio is defined as the value linking the power of the electrolyzer, and the
energy that can be stored in the storage unit. This value expresses the size of the hydrogen storage unit
relative to the power of the electrolyzers.
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arbitrarly from ranges proposed by [63]. The hydrogen pipelines are assumed to have
a 100 MW maximum capacity.

Figure 5.1: Line-diagram of the modified Roy Bilinton Test System (RBTS)

5.2 Results

5.2.1 Impact of H2 storage units

Scenario 1: 100 MW wind farm, 10/20/30 MW electrolyzers, H2 storage ratio 𝑅 = 3,
no H2 demand, no H2 imports.

The empirical probability distribution function of the Loss-of-Load is plotted in
Fig. 5.2. There is a clear correlation between the hydrogen system size and the
LOLE (see vertical line projected on x-axis). When installing 10 MW (2x5 MW: 5
MW at Bus 1 and 5 MW at Bus 5) of electrolyzers, the LOLE decreases by 41%,
and when reaching 20 (2x10 MW) and 30 MW (2x15 MW), it decreases by 48%
and 63% respectively. For the sake of clarity, the x-axis of Fig. 5.2 has been cut
and the figure does not show extreme cases that can reach high values of LOL
and LOE. The same analysis can be made for the LOEE in Fig. 5.2. It decreases
by 29.5, 32.5 and 46% when installing 10, 20 and 30 MW of electrolyzers respectively.

Stating that the adequacy enhances when the electrolyzers’ installed capacity increases
could be misleading. In this case, increasing the installed capacity of the hydrogen
system (electrolyzer, storage, and hydrogen-to-power units) improves the adequacy of
the system. Indeed, this allows a higher power and energy flexibility to the system.
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Figure 5.2: Kernel Distribution Estimate (KDE) a of the LOL and LOE for every elec-
trolyzer capacity - Scenario 1 : modified RBTS with 200 MW conventional generators,
100 MW Wind Farm, 𝑅 = 3, No H2 Demand, No H2 Imports.

a Kernel Distrbution Estimation is a non-parametric method to estimate the probability density
function of a random variable which allows smoothing a histogram.

These results can be put into perspective by observing outputs other than the adequacy
indicators. The yearly curtailment (see Fig. 5.3) decreases when the hydrogen system
capacity increases. Initially around 5 GWh/year, it decreases by 46, 70, and 82% when
installing 10, 20, and 30 MW of electrolyzers respectively.
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Figure 5.3: Distribution of the yearly curtailment for every electrolyzer capacity - Sce-
nario 1: modified RBTS with 200 MW conventional generators, 100 MW Wind Farm,
𝑅 = 3, No H2 Demand, No H2 Imports.

The yearly production of generators increases slightly when adding hydrogen storage
systems. Indeed, it increases by 1% when adding 30 MW of electrolyzers. This is due
to the system trying to reduce its cost by increasing and storing cheap hydro power
in order to use it instead of expensive thermal power plants when hydro plants are
already at their maximum production. However, going through the hydrogen storage
system leads to additional losses (round-trip efficiency of 30%), so this strategy
increases the overall production of conventional generators.

The yearly resume of the operation of hydrogen assets, i.e. the energy consumed and
produced by electrolyzers and H2P plants, as well as the number of equivalent cycles
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in the hydrogen storage facility 𝑞 defined as:

Eq. Nb. Cycles (𝑞) =
∑8760
𝑡=1 𝑄𝐻2,𝑠𝑡𝑜,𝑖𝑛(𝑞, 𝑡)
𝑠𝑜𝑐𝐻2,𝑠𝑡𝑜,𝑚𝑎𝑥(𝑞)

(5.1)

are illustrated in Fig. 5.4. Firstly, electrolyzers and H2P consume/produce more when
the installed capacity of electrolyzers and H2P increases (Fig. 5.4: top-mid row). How-
ever it should be put into perspective with the evolution of their respective utilization
factor. Indeed, the load and capacity factor of the latter can be found in Table 5.1.
They decrease when the installed capacity increases. Secondly, the equivalent number
of cycles of the hydrogen storage (Fig. 5.4: bottom row) gives an insight on the uti-
lization of the hydrogen storage. In this scenario, the mean value lies between 412 and
428 equivalent cycles. When increasing the electrolyzer capacity, the values decrease
a bit due to the fact that the load factor of electrolyzers decreases as well. These rates
could seem quite high for hydrogen storage units. Indeed, they are usually used as sea-
sonal storage. However, in this study a simplified system is analyzed, and hydrogen
storage is the only storage mean. Thus, for this reason, the system has no other shifting
strategy, and hydrogen storage is the only flexibility.
Table 5.1: Evolution of the capacity and load factors [%] of the hydrogen assets when
increasing the electrolyzers installed - Scenario 1: modified RBTS with 200 MW con-
ventional generators, 100 MW Wind Farm, 𝑅 = 3, No H2 Demand, No H2 Imports.

H2 Technology 2x5 MW 2x10 MW 2x15 MW

Electrolyzer Node 1 7.5 6.5 5.8
Electrolyzer Node 5 7.17 5.89 5.06

H2P Node 1 2.52 2.24 2.04
H2P Node 5 1.89 1.5 1.59
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Figure 5.4: Distribution of energy consumption/production of the hydrogen assets for
every electrolyzer capacity. Top row: Electrolyzers at Node 1 and 5. Mid row: H2P at
Node 1 and 5. Bottom row: Equivalent number of cycles of the H2 storage - Scenario 1:
modified RBTS with 200 MW conventional generators, 100 MW Wind Farm, 𝑅 = 3,
No H2 Demand, No H2 Imports.

5.2.2 Impact of wind farm capacity and H2 storage units size

Sensitivity analysis of Scenario 1: 100/200 MW wind farm, 10/20/30 MW electrolyz-
ers, H2 storage ratio 𝑅 = 2∕3∕6, no H2 demand, no H2 imports.

Two scenarios (WF = 100 and 200 MW) with their variants (H2 storage ratio 𝑅 =
2,3,6) are compared and studied in this section. Their adequacy results (LOLE and
LOEE) are plotted and compared in Fig. 5.5. Firstly, the hydrogen system size, the
hydrogen storage ratio, and the wind penetration level are favourable to the adequacy
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of the system. Secondly, these positive effects overlap at some point. Indeed, when
10 MW of electrolyzers are installed, having a 100 MW or a 200 MW wind farm can
be equivalent in terms of adequacy if the hydrogen storage is increased by a factor 3,
i.e. from 20 MWh (𝑅 = 2), to 60 MWh (𝑅 = 6). The same analysis is made when 20
MW of electrolyzers are installed, having a 100 MW or a 200 MW wind farm can be
equivalent in terms of adequacy if the hydrogen storage is increased by a factor 2, i.e.
from 60 MWh (𝑅= 3), to 120 MWh (𝑅= 6). Moreover, above 20 MW of electrolyzers
installation, the test system with a 100 MW wind farm can be more reliable than with
a 200 MW wind farm for a certain hydrogen storage capacity.

Ratio 2
Ratio 3
Ratio 6

100 MW WF
200 MW WF

Figure 5.5: LOLE and LOEE evolution when increasing the electrolyzer capacity size
for different scenarios - Scenario 1: modified RBTS with 200 MW conventional gen-
erators, 100 MW Wind Farm, 𝑅 = 3, No H2 Demand, No H2 Imports.

5.2.3 Impact of H2 demand

Scenario 2: 300 MW wind farm, 30/60/90/120 MW electrolyzers, H2 storage ratio
𝑅 = 3, with H2 Demand, no H2 Imports.

The integration of a hydrogen demand is studied in this section. Two cases are com-
pared: a yearly flexible vs. a non-flexible hydrogen demand and the adequacy results
are plotted in Fig. 5.6. For each hydrogen demand (0.75-1.5-2.25-3 kt/year), a differ-
ent electrolyzer capacity (30-60-90-120 MW) is installed to satisfy this demand. The
flexible case is almost not impacted by the integration of a hydrogen demand, while
the non-flexible case increases its LOLE and LOEE by a factor 6 and 6.7 respetively
when integrating a yearly demand of 3 ktons of hydrogen.
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Figure 5.6: LOLE and LOEE evolution when increasing the yearly hydrogen demand -
Scenario 2: modified RBTS with 200 MW of conventional generators, 300 MW Wind
Farm, Varying Hydrogen System, With Hydrogen Demand, No H2 Storage, No H2Imports.

5.2.4 Impact of H2 storage with H2 imports

Scenario 3: removal of 40 conventional generators, 100 MW wind farm, 10 MW
electrolyzers, H2 storage ratio 𝑅 = 3, no H2 demand, with H2 imports.

In this section, hydrogen imports are permitted and integrated into the test system.
Two cases are compared: the modified RBTS with 200 MW vs. 160 MW (removal of
an extra 40 MW thermal unit) of conventional power units. Firstly, it can be observed
in Fig. 5.7 that for both cases, allowing hydrogen imports enhances adequacy. The
LOLE and LOEE can be reduced up to 46 and 55% for RBTS 160 and RBTS 200 MW
respectively when allowing 15 MWh/h of hydrogen imports. Secondly, the distribution
of the yearly hydrogen imports for the different cases is depicted in Fig. 5.8. Their is
an order of magnitude between both cases. Indeed, RBTS 200 MW is already highly
reliable (LOLE ∼ 2.5 hours) and thus only imports when lacking energy which is rare
while the case RBTS 160 MW is not reliable (LOLE ∼ 65 hours) and thus imports
much more hydrogen to produce electricity with the H2P units.
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Figure 5.7: LOLE and LOEE evolution when increasing the hydrogen importation
limit - Scenario 3.
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Figure 5.8: Distribution of the yearly H2 imports - Scenario 3.

5.3 Conclusion

This study presents the impact that hydrogen can have on power system adequacy
assessments. To do so, a novel sequential Monte Carlo adequacy tool based on a
multi-period DC optimal power flow model is developed. In this model, the hydrogen
energy carrier is integrated, as well as the assets that link hydrogen to the power
system, i.e. electrolyzers, and hydrogen-to-power units, and hydrogen storage units.
The methodology is applied to a modified Roy Billinton Test System and different
scenarios are analysed.

The first scenario highlighted the positive effect of different hydrogen system assets on
the systems adequacy and operation: hydrogen systems with a power capacity of 10-
20-30 MW and a hydrogen storage of 30-60-90 MWh could reduce the LOLE by 41-48-
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63 % and the LOEE by 29.5-32.5-46 % respectively, and reduce the curtailment by 46-
70-82 %. The results also showed that though consumption/production of electricity
from electrolyzers, and H2P units increase with the capacity installed, their respective
load/capacity factor decreases. Moreover, the effect of wind farm capacity, hydrogen
storage ratio, and hydrogen system size was also analysed. This sensitivity analysis
underlines the importance of a compromise between different installed capacity of the
assets and highlights the relevance of optimising these capacities in further studies.
The second scenario analysed the effect of introducing a certain hydrogen demand, and
showed that allowing some flexibility can help the system cope with this additional
indirect electrical demand.
The third scenario integrated hydrogen imports. It is clearly beneficial for the power
system and especially if the system does not have sufficient conventional generators,
and relies on hydrogen-to-power units and hydrogen imports.
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CHAPTER 6

Analysis of the Belgium 2030
case

Chapter overview

• Description of the Belgium 2030 study case with its variants.
• Application of the probabilistic adequacy tool integrating hydrogen on

the Belgium 2030 study case.
• Insights on performances and challenges of the future power system.

This chapter is based on a non-peer-reviewed submitted article:

Hernandez, Aurélia and De Jaeger, Emmanuel and Vallée, François, Linking
Hydrogen to Power Systems in Adequacy Computations. Available at SSRN:
http://dx.doi.org/10.2139/ssrn.4898181.

In this Chapter, we apply the probabilistic adequacy tool (previously presented in Chap-
ter 4) to the Belgium 2030 study case, exploring a range of future conditions. We
analyze scenarios with and without grid extensions, as well as those featuring full ver-
sus reduced offshore wind farm developments. Additionally, we evaluate the impact
of incorporating flexibility and the implications of setting a minimum local hydro-
gen production. Each scenario is assessed and compared to one another in terms of
adequacy indicators and system operation, including production (from conventional
units, offshore wind farms, and imports), production curtailment, hydrogen production
(from local electrolyzers and imports), and line loadings to identify potential conges-
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tion points. By applying the tool to this future scenario, we gain detailed insights into
the performances and challenges of the Belgian power system.

The Chapter is structured according to the following sections: Section 6.1 de-
scribes the study case of Belgium in 2030 and its variants that are analyzed.
Section 6.2 gives some pre-results, obtained from input data directly, without
using the tool and enables to gain some insights on the results. Section 6.3
presents extensive results both from an adequacy and system operation per-
spective. Finally, the main conclusions are exposed in Section 6.4.

6.1 Input Data and scenarios

The probabilistic adequacy framework is applied to a realistic and complex study case,
i.e. the Belgian hydrogen-electricity system in 2030. The construction of this study
case is both comprehensive and intricate. To ensure clarity and avoid disrupting the
flow of the main text, the complete description, including all hypotheses and detailed
steps, is provided in Appendix B. This appendix serves as an essential resource, of-
fering in-depth understanding of the methodology used to develop the final Belgian
study case. Additionally, all related data can be accessed through the following GitHub
repository: aurelhern/Data4Belgium2030. The main aspects of the study case are
summarized in the following subsections.

6.1.1 Topology

Electricity and hydrogen networks are represented in Fig. 6.1, as well as the potential
extension 1 of the transmission grid: Boucle du Hainaut and Ventilus (BHV) projects.
This system consists in 47 nodes, 93 electrical branches, and 6 hydrogen branches
(pipelines). The 380 and 220 kV level of the transmission grid is considered when
analyzing Belgium. The lower voltage level 150 KV (and even lower levels down to
30 kV) are neglected. Indeed, taking into account the 150 kV level could explode the
computational time as it represents a very wide system. Moreover, the 150 kV level
lines have limited lengths and transmission capacity which highlights their regional
and local purposes of electricity transport. The system is also connected to neighboring
countries with HVDC, and HVAC transmission lines.

1This supposes the reinforcement of the Belgian high-voltage grid at two locations: 1) between Avelgem
and Courcelles: Boucle du Hainaut project, and 2) between Slijkens and Izegem: Ventilus project. Both
reinforcement, consist in 6 GW connection at 380 kV.
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Figure 6.1: Topology of the hydrogen-electricity system in 2030.

6.1.2 Large conventional production units

The system consists in 76 large-scale conventional units. Two nuclear power units
(Doel 4: 1038 MW, Tihange 3: 1038 MW) are supposed to remain in operation, and
two new CCGTs (non-existing today, Seraing: 885 MW and Flémalle: 890 MW) ap-
pear in the region of Liège. Their nodal distribution is illustrated in Fig. 6.2, and their
sizes depicted in Fig. 6.3. All together, they have a power capacity of 9665.1 MW.
Nuclear units, as well as biomass and waste units are constrained to work at 100% of
their maximum capacity, and CHPs at minimum 60% of their maximum capacity at all
hours of the year, except when undergoing an outage.
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Figure 6.2: Spatial distribution of large-scale conventional generating units.
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Figure 6.3: Large-scale conventional generating units sorted by types and size. Leg-
end: CCGT (Combined Cycle Gas Turbine) - CL (Classical) - GT (Gas-Turbine) - IS
(Incinerator) - NU (Nuclear) - OCGT (Open Cycle Gas Turbine) - ST (Steam Turbine)
- TJ (Turbojet).

6.1.3 Offshore wind farms

In the Belgian waters, 9 wind farms next to one another (see Fig. 6.4b) are present
today, with a total amount of 2262 MW of installed capacity [64].
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(a) Zone A: existing - Zone B: Princess Elisa-
beth Zone (PEZ), to be constructed.

(b) Zoom on existing wind farms (Zone A)

Figure 6.4: The planned belgian offshore wind farms for 2030.

New wind farms are planned for installation in a new area called Princess Elisabeth
Zone (PEZ), as shown in Fig. 6.4a [65]. It is assumed that this new zone will consist
of 15 MW wind turbines, totaling 3500 MW: a first zone with 728 MW (49 turbines),
and a second and third zone with a combined total of 2782 MW (185 turbines). This
will increase the existing offshore wind power capacity to 5710 MW.

Time series of offshore wind farms production are generated thanks to a machine
learning-based model that accounts for aerodynamic effects (turbulence and wake ef-
fects) developed by Nguyen et al. [66]. Time series are generated for each wind farm
with this methodology.

6.1.4 Imports

Belgium is studied as an isolated system and neighboring countries are not considered.
It has been stated that for this study case, Belgium could import from all interconnec-
tions, at any hour during the year, except when the latter were undergoing an unplanned
outage. However, annual imports [TWh], the hourly aggregated imports entering the
Belgian grid [GW], and hourly imports at each interconnection [GW] are limited in
energy and power respectively as detailed in the description of the equations of the
adequacy tool in Section 4.2.
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6.1.5 Distributed renewable energy sources

The forecast installed capacities for 2030 are 14.1 GW for photovoltaic, 5.3 GW for
onshore wind turbines, and 0.151 GW for run-of-the-river hydro units according to
Elia [67]. The capacity factors time series are plotted in Fig. 6.5. The annual capacity
factors considered are 11.8% for photovoltaic, 24.3 % for onshore wind turbines, and
48.4 % for run-of-the-river hydroelectricity units.

(a) Time distribution: hourly profile. (b) Monotonic curve.
Figure 6.5: Capacity factors representations for distributed renewable energy
sources.

Also the spatial distribution is considered similar as today, and is illustrated in Fig.
6.6.

(a) Onshore wind turbines. (b) Photovoltaic.
Figure 6.6: Spatial distribution of distributed renewable energy sources per
province in Belgium in 2024.
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6.1.6 Distributed small-scale conventional units

These are considered in an aggregated manner, and not individually. Small gas CHPs
represent 1379 MW, small biomass units 503 MW, and small waste units 46 MW.
Their production is not optimized in the model and is fixed to 60% of their installed
capacity for each hour of the year.

Also, their spatial distribution is considered identical as the traditional electrical load.

6.1.7 Storage units

Two pumped-hydro storage units. Coo with a power of 1161 MW, and storage capacity
of 5600 MWh. Plate-Taille, a smaller one, with a power of 144 MW, and a storage
capacity of 700 MWh. The round-trip efficiency of both units is supposed to be 75%.

6.1.8 Electrolyzers

Their installed capacity is supposed 447 MW , distributed equally among the shore
(Zeebrugge) , and the industrial hub: Ghent, Antwerpen, Brussels, Liège, and Hainaut
(74.5 MW at each hub). They have an efficiency of 70%, and are equipped with a
hydrogen storage system capable of storing 10 hours of full-load production.

74.5
Power [MW]

Figure 6.7: Spatial distribution of electrolyzers per node.

6.1.9 Electrical demand

The future load will consist in the traditional load (104.2 TWh/year), electric vehicles
(5.1 TWh/year), and heat-pumps (2.9 TWh/year).
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Traditional Load

The spatial and time distribution of the load is depicted in Fig. 6.8.

Share [%]
1
5
10

(a) Spatial distribution. (b) Time distribution: hourly profile nor-
malized by the annual demand.

Figure 6.8: Electrical Load excluding heat-pumps and electric vehicles.

Electric vehicles

This annual demand is distributed equally among the days of the year (∼14 GWh/day).
However the distribution among the hours of the day is not uniform, and depends on
the EV type.

Four types of electric vehicles can co-exist depending on their charging behavior :
1. V0: natural charging profile (pre-defined time series) with a peak in the evening

(plain line in Fig. 6.9)
2. V1H: delayed charging profile (pre-defined time series) with a peak in the middle

of the night (dashed line in Fig. 6.9)
3. V2H: bi-directional charging profile (pre-defined time series) where the EV has

a battery behavior, charging during the night and restituting during the evening
(dashdotted line in Fig. 6.9)

4. V1M: smart charging profile (result of the optimisation) concerning EVs that are
flexible and produce optimally during the day. The share of the smart EV fleet
connected to a flexible charger during the day is not constant and represented in
Fig. 6.10.

Their nodal distribution is considered to be similar to the photovoltaic distribution.
Also, flexible chargers are supposed to have a power of 7 kW.
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Figure 6.9: V0 (classical) and V1H
(smart) charging profiles [67].

Figure 6.10: Share of the flexi-
ble EV fleet connected to a flexible
charger during the day [67].

Heat-pumps

This annual demand is distributed among the different months as shown in Fig. 6.11
and the distribution among the hours of the day depends on the HP type.

They are splitted into 3 categories depending on their behaviors:
1. HP0: natural profile (pre-defined time series) with a peak in the morning, and

in the evening (plain line in Fig. 6.12)
2. HP1H: pre-heated profile (pre-defined time series) with an additional peak (com-

pared to HP0) during the day, which reduces the evening peak (dashed line in
Fig. 6.12)

3. HP1M: smart profile (result of optimisation) concerning HPs that are flexible
and produce optimally during the day.
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Figure 6.11: Monthly distribution
of annual heat-pump demand in-
spired by [67] (simplification ap-
plied)

Figure 6.12: HP0 (classical) and
HP1H (smart) charging profiles
[67].

Their nodal distribution is considered to be similar to the photovoltaic distribution.

6.1.10 Hydrogen demand

The yearly demand is set to 800 [kt/year] = 26.6 [TWhH2/year]. Its spatial distribution
is illustrated in Fig. 6.13.

Share [%]
20

Figure 6.13: Spatial distribution of hydrogen load per node.

6.1.11 Hydrogen imports

Hydrogen imports are unlimited and the different interconnections are shown in Fig.
6.14.
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Figure 6.14: H2 pipeline network with its corresponding clusters.

6.1.12 Additional flexibility

Three different types of flexibility means will be tested in this study case: batteries,
load shifting, and flexible heat-pumps and electric-vehicles.

• Batteries: A total installed power capacity of 2982 MW, being able to charge
3.5 hours at full-load (10 464 MWh) and distributed among the six industrial
hubs.

• Load shifting: A daily quantity of 18 630 MWh can be shifted daily with a
power of 1000 MW maximum.

• Flexible EVs: A share of 30 % has a fixed natural charging profile (V0: peak
in the evening), 45 % has a fixed delayed charging profile (V1H: peak in the
middle of the night), 20% has a charging profile optimized by the model (V1M:
constraint on daily demand), and 5% has a fixed bi-directional charging pro-
file (V2H: battery behavior, charging during the night and restituting during the
evening).

• Flexible HPs: A share of 59 % has a fixed natural charging profile (HP0: peak
in the morning and in the evening), 31 % has a fixed delayed charging profile
(HP1H: peak in the morning, middle of the day, and in the evening), and 10% has
a charging profile optimized by the model (HP1M: constraint on daily demand).

6.1.13 Scenarios

Two main uncertainties are present in this study case: the transmission grid and off-
shore wind farm potential extensions. For this reason, we choose to analyze the three
following scenarios:
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1. no BHV - w2800: Reduced offshore wind farm extension of 2800 MW, and no
grid extension.

2. no BHV - w3500: Full offshore wind farm extension of 3500 MW, and no grid
extension.

3. BHV - w3500: Full offshore wind farm extension of 3500 MW, with the grid
extension.

Moreover, for each scenario a variant is studied with/without additional flexibility (de-
scribed in Section 6.1.12).

6.2 Pre-results

Analyzing pre-results is a good way to generate insights on the results that are obtained
after simulating a scenario. These pre-results are an estimation of the maximum yearly
available production and a comparison with the yearly demand. In Fig. 6.15 the avail-
able yearly production is shown next to the yearly demand. Although, in both cases,
the production is a little greater than the demand, it can be observed in Fig. 6.16
that imbalance appears which will imply the intervention of flexibility and imports to
match the hourly demand. Moreover, it is to be noted that network constraints are not
considered and might cause difficulties.
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Figure 6.15: Yearly potential production vs. yearly demand. Legend: Large
conventional units - Distributed small conventional units - Offshore
wind power - Onshore wind power - PV - Traditional load - EVs

- HPs . Note: the offshore production is the only difference between
both scenarios in this figure. Hypothesis: yearly equivalent availability of
large conventional units = 82 %, of offshore wind farms = 77.6 % - yearly
capacity factor of offshore wind farms = 44 %, of onshore wind farms = 23.3
%, of photovoltaic panels = 11.8 %, of distributed small conventional units =
60 %.

97



Chapter 6: Analysis of the Belgium 2030 case

0 2000 4000 6000 8000
Hours

-15
-10
-5
0
5

10
15
20

[G
W]

Load
without HPs & EVs
Residual Load
Balance

(a) Offshore wind power extension = 2800
MW

0 2000 4000 6000 8000
Hours

-15
-10
-5
0
5

10
15
20

[G
W]

(b) Offshore wind power extension = 3500
MW

Figure 6.16: Monotonic curve of the electrical balance. Notes: Residual Load
= Load - PV - Onshore/Offshore Wind Power - Hydro Power - Distributed
Generation from small conventional units, Balance = Residual Load - Pro-
duction from large conventional units available. Imbalance will have to be
fulfilled thanks to imports and flexibility.

6.3 Results

6.3.1 Adequacy indicators

In Fig.6.17, it is clear that allowing for flexibility into the system for each scenario
enhances its adequacy. The mean values, i.e. EENS, and LOLE are summarized in
Table 6.1. When adding flexibility, the EENS drops in all scenarios, reaching values
between 0.002 and 0.03 [GWh]. When observing the LOLE, and having in mind the
adequacy threshold for Belgium of 3 hours, we can conclude that adding flexibilities,
can for all three scenarios, make the system adequate (LOLE < 3 hours), droping
from 4.71-4.98 [hours] to 0.05-0.09 [hours].

Although flexibility enhances the adequacy indicators (the smaller the better), the size
of the offshore wind farm extension in the range of 2800-3500 (+700) MW does not
affect the adequacy indicator. The reason is that hours with unserved demand (ENS)
are usually characterized by a very low renewable production (offshore wind and
irradiation being very low), and a high load. During these hours, no matter the size of
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the offshore wind farm, the production is often close to zero.

It could have been a possibility that the grid and wind expansion had an impact on the
adequacy indicators. When observing the scenarios that consider additional flexibili-
ties, 𝐸𝐸𝑁𝑆𝐵𝐻𝑉 −𝑤3500 < 𝐸𝐸𝑁𝑆𝑛𝑜𝐵𝐻𝑉 −𝑤3500 < 𝐸𝐸𝑁𝑆𝑛𝑜𝐵𝐻𝑉 −𝑤2800 which might
lead us to believe that grid and wind expansion have very little impact. However, when
observing the scenarios that do not consider additional flexibilities, the indicators do
not follow the expected order in terms of value. This leads us to refute the hypothe-
sis that grid and wind expansions have (very little) impact. It can be concluded that
the differences in EENS between scenarios are due to the randomness of outages that
occurred more or less frequently, or were more or less severe, even though the conver-
gence threshold was reached.
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Figure 6.17: Distribution of the energy-not-served (a) and loss-of-load (b) for
each scenario comparing cases without flexibility [ ], and with flexibility
[ ].

Table 6.1: Adequacy indicators fo each scenario.
LOLE EENS

Scenario Flexibility [hours/year] [GWh/year]
no BHV - w2800 No 4.98 1.864

Yes 0.08 0.021
no BHV - w3500 No 4.71 1.781

Yes 0.07 0.003
BHV - w3500 No 4.88 1.941

Yes 0.05 0.002
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The correlation between the LOL, and ENS is plotted in Fig. 6.18. A Pearson correla-
tion coefficient of 0.859 is observed. In this figure, it is clear that, for the same ENS,
different LOL can be obtained. Moreover, the objective function of the MP-DC-OPF
minimizes the ENS. For this reason, the Monte Carlo loop is based on the convergence
of the average of the ENS indicator.

Figure 6.18: Correlation between the loss-of-load and loss-of-energy for every Monte
Carlo year of every scenario. The Pearson correlation coefficient is 0.859.

6.3.2 Electrical Production

Figure 6.19 plots the distribution of the annual production of the conventional gener-
ators, and the corresponding capacity factors. With flexibility, the total production of
generators reduces by 1.3-1.4 TWh in average (-2.3-2.5%). Indeed, flexibility permits
to maximize the use of renewable production by shifting the production/demand to
more convenient hours, and thus reduce a little the production of conventional units.
This leads to a general decrease of the overall capacity factor of the generators of 1-
2 %. Moreover, allowing a full extension of the offshore wind farms, reduces again
the production of generators by 1.1-1.2 TWh, and if allowing the grid extension, an
additional 0.3-0.4 TWh can be saved.
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Figure 6.19: Distribution of the total production of conventional generators
(a), and the corresponding equivalent capacity factor (b) for each scenario
comparing cases without flexibility [ ], and with flexibility [ ].

Table 6.2: Average production of large conventional units for each scenario
Scenario Flexibility Production

[TWh/year]
no BHV - w2800 No 56.7

Yes 55.4
no BHV - w3500 No 55.6

Yes 54.2
BHV - w3500 No 55.2

Yes 53.9

The operation of individual generators can also be analyzed. For the sake of clarity,
and because all scenarios are quite similar in terms of individual behavior, only the
scenario with grid extension (BHV), a wind farm extension of 3500 MW (w3500),
and with the integration of flexibilities is illustrated.
The distribution of their yearly capacity factor is represented in Fig 6.20. Some
units work very close to 100% on average, such as the nuclear units (13: Doel, 65:
Tihange), the incinerators (5,6,8-10,29,39-42,56,32), and one classical biomass CHP
unit (60). Nuclear units and units fueled by waste and biomass are constrained in
the model to operate at their maximum power (𝑃𝑚𝑖𝑛 = 𝑃𝑚𝑎𝑥) except when an outage
occurs. Also the operation of CCGTs (that are not CHPs) varies from one unit
to another and reaches between 31.5% and 79% on average. The higher capacity
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factors (2: Amercoeur, 27: New Seraing, 30: New Flémalle, 66: T-Power) have
higher efficiencies (58-61%). The classical unit which burns blast furnace gas, and
converter gas operates at a low rate of 4% because its efficiency is lower (42%). Also,
CHPs are constrained in the model to operate at minimum 60% of their max power
(𝑃𝑚𝑖𝑛 = 0.6𝑃𝑚𝑎𝑥). For this reason, they tend to have an average capacity factor around
60 % and no more except for four of them: either because they are CCGTs with great
efficiencies (36,70), or because they are units fueled with biomass or waste (32,60)
constrained by the model to operate at their maximum value. Finally, turbojets do
not operate during the year in this scenario, and OCGTs operate during a negligeable
amount of hours (<17 hours for 17: Angleur, and <288 hours for 21: Ham), except
for Seraing which operates at 22% as it has a good efficiency (52 %).

The yearly energy production can also be observed in Fig. 6.21, and is complementary
to the Fig. 6.20 because it outlines the importance of a unit and illustrates well which
units are the big producers. The nuclear power plants (13: Doel, 65: Tihange), and the
two new CCGTs in Liège (27: New Seraing, 30: New Flémalle) produce on average 29
TWh of electricity. The other CCGTs produce individually on average between 1 and
3 TWh. Although CHPs are numerous and operate over 60 % on average, due to their
limited size, they produce a limited amount of electricity. On average, they individually
produce less than 1 TWh except for Zandvliet (70) which produces on average almost
4 TWh because it is a big unit with a high capacity factor. All together, CHPs produce
9 TWh. Although incinerators run at 100%, they produce only a small part of the
electricity: 2.4 TWh (non-chps) and 0.2 (CHPs). Finally, turbojets do not produce and
OCGTs produce 0.6 TWh. The aggregated production by type of units is represented
in Fig. 6.22. The figure illustrates also the scenario with a reduced offshore wind
farm extension of 2800 MW. In both cases, the majority of the production is assured
by CCGTs, and nuclear power. And contrary to what one might think (due to the
large number of relatively small units), IS and CHPs represent as well a non-negligible
production. The major difference between scenarios is that with a reduced wind farm
extension of 2800 MW, the CCGTs compensate for that energy production.
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Figure 6.20: Capacity Factors of the generator in the future Belgium 2030 system
resulting from the optimization. They are sorted by type: CCGT (Combined Cycle
Gas Turbine) - CL (Classical) - GT (Gas-Turbine) - IS (Incinerator) - NU (Nuclear) -
OCGT (Open Cycle Gas Turbine) - ST (Steam Turbine) - TJ (Turbojet).
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Figure 6.21: Production of conventional generators in the future Belgium 2030 system
resulting from the optimization.

104



6.3 Results

CCGT NU CCGT
(CHP)

IS OCGT
(CHP)

OCGT CL
(CHP)

IS
(CHP)

CL TJ
0

5

10

15

20

25
[TW

h]

2800 MW
Offshore Wind Farm Extensionr

3500 MW

Figure 6.22: Production of conventional generators by type of units. Comparison of
two scenarios: no grid extension (no BHV) - with flexibilities (all flex) - offshore wind
farm extension of 2800 MW (w2800) vs. grid extension (BHV) - with flexibilities
(all flex) - offshore wind farm extension of 3500 MW (w3500) .

6.3.3 Imports

In all scenarios, imports are solicited to their maximum value, i.e 12.36 TWh/year (see
Fig. 6.23). The cost of imports are interesting for the system. However, it still has to
decide when to import, as the annual and hourly quantities are limited. The system
mainly imports when irradiation is low, storages are empty, and load is high.

6.3.4 Offshore wind farms

The production of offshore wind farms is 15.8 TWh and 17.5 TWh with the 2800
and 3500 MW extension respectively and represented in Fig. 6.24. Knowing that
the total offshore wind farm is 5010 MW (2800 MW extension), or 5710 MW (3500
MW extension), the overall power factor, taking into account turbine outages, and
the variability of wind speed, is of 35-36%. And knowing that the power factor of
the offshore wind farms without outages, is 44.5 %, considering turbines outages, can
decrease the estimated production by 22.4 %.
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Figure 6.23: Distribution of the
total imports for each scenario
comparing cases without flexibil-
ity [ ], and with flexibility [ ].
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Figure 6.24: Distribution of the
total production of offshore wind
farms for each scenario comparing
cases without flexibility [ ], and
with flexibility [ ].

6.3.5 Curtailment

Curtailment usually occurs when the renewable production is high (especially PVs),
and demand is low. When integrating flexibility, renewable-based production curtail-
ment is decreased (see Fig. 6.25) for all scenarios. The peak curtailment (see Fig.
6.26) also decreases when introducing flexibility. While grid extension has an impact
on the yearly curtailment, it does not seem to have an impact on the peak curtailment.
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Figure 6.25: Distribution of the to-
tal production curtailment for each
scenario comparing cases without
flexibility [ ], and with flexibility
[ ].
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Figure 6.26: Distribution of the
peak production curtailment for
each scenario comparing cases
without flexibility [ ], and with
flexibility [ ].

6.3.6 Hydrogen

The system has a hydrogen demand of 800 kt/year (26.7 TWhH2 ). The majority is
imported. Imports are represented in Fig. 6.27, and slightly lower when flexibility is
introduced, and the extension of the grid is established. In all scenarios, the imported
share represents between 96.4 and 97.1 %.
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Figure 6.27: Distribution of the hydrogen imports for each scenario comparing cases
without flexibility [ ], and with flexibility [ ].

The rest of the hydrogen demand (2.9-3.6 % depending on the scenario), is produced
by electrolyzers. They tend to produce a higher share when allowing flexibility in the
system and when integrating the grid extension. Their utilization factor is between 28
and 35 %.
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Figure 6.28: Distribution of the hy-
drogen production from electrolyz-
ers for each scenario comparing
cases without flexibility [ ], and
with flexibility [ ].
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Figure 6.29: Distribution of the
electrolyzers load factor for each
scenario comparing cases without
flexibility [ ], and with flexibility
[ ].
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The behavior of electrolyzers can be observed in detail for a random Monte Carlo
year in Fig. 6.30. It can be observed that hydrogen production mainly happens when
renewable energy sources is high, i.e. during mid-day, and during the warmer seasons,
or when a lower load is observed, i.e. at night with wind power production. The mid-
day, and seasonal pattern is due to solar production, and is clearly observable in Fig.
6.30.
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(b) Production of renwable energy sources
Figure 6.30: Hourly results of a random Monte Carlo year. Scenario: Grid extension
(BHV) - with flexibilities - offshore wind farm extension (w3500).

In a more distant future like 2050, a deeper integration of RES is foreseen to be
installed in order to support a carbon-neutral system. Table 6.3 summarizes the
projected and optimal deployments for the Belgian system in 2050, based on three
studies, and their respective scenarios. Although all scenarios indicate an increase
in capacity, the expansion of photovoltaic is expected to be particularly significantly
exceeding that of both onshore and offshore wind. This is primarily due to Belgium’s
geographic limitations, which restrict the installation of wind turbines.

As a result, the share of PV production in the aggregated renewable energy sources
profile is likely to be dominant, way-more than it is for the 2030 scenario. Very high
midday power peaks are expected, and the system will try to maximize the operation of
electrolyzers during these high-irradiation periods. It is important to note that although
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for the 2030 scenarios, electrolyzers operation seem to align both with solar (midday)
and wind (night) generation, it is very likely that in 2050, due to the overwhelming
integration of PV, electrolyzers operation align solely with PV production.
Table 6.3: Deployments of renewable energy sources for 2050 - installed capacity
[GW]

Study Scenario Wind Wind PV
offshore onshore

Elia - Roadmap BAU x 1.5 5 6 30
to Net-zero BAU x 3 6 8 40

2050 [3] BAU x 4 8 9 50
Elia - Belgian low 5.8 7.6 29.5

electricity system central 8 9.6 41.5
blueprint for high - 13.6 65.5
2035-2050 [68] very high - - 97.5
X. Rixhon [6] REF 6 10 59.2

SMRa 6 10 59.2
Minimum 2050 5 6 29.5
Maximum 2050 8 13.6 97.5

2024 2.3 [67] 3.5 [67] 10.4 [69]

6.3.7 Line loadings

Depending on the scenario, the line loadings can vary quite a lot. The average annual
loading differs mainly due to the extension of the grid and not due to the wind farms
extension. Thus, for the sake of clarity, only the scenarios with an offshore wind farm
extension of 3500 MW are illustrated in Fig. 6.31.
Moreover, from Fig. 6.31, it can be observed that in both scenarios, the lines in the
eastern part of the country (Liège area) are highly used. The other parts of the grid do
not seem to be as congested but the indicator used is an average line loading and does
not show if a line is highly loaded during contingencies, or during a certain period of
the year. Indeed, those event are hidden behind the average, and a further look on a
particular year could give more insights on how lines are used from an hour resolution.
The main differences in the average annual loadings between both scenarios is depicted
in Fig. 6.32. A blue line means that the average annual line loading decreases when
extending the grid and if red, it increases. The lines in dots are the extension of the
grid. It is clear that the existing lines at the shore are relieved when extending the
grid. The extension of the grid will bring a new path for wind power transport from
the shore.
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Figure 6.31: Average annual line loading.
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Figure 6.32: Difference in annual line loading when extending the grid (with flexibil-
ities and offshore wind farm extension of 3500 MW.)

To grasp some insights on what is behind an annual line loading factor, let’s take a
closer look at the results of a random Monte Carlo year. In Fig. 6.33, the congestions
are illustrated. In this analysis, a congestion is considered to be a loading > 90%, and
on this figure, the lines who have more than 50 hours of congestion are plotted for
sake of clarity. The names of the concerned branches are referenced in Table 6.4. In
Fig. 6.34 are highlighted for each scenario, the lines where congestions appear during
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the year. In the scenario without the extension, we observe congestions on the lines
close to the shore. This line is a set of 4 lines 4x1076MW=4304 MW and knowing
that the offshore wind farm has a installed power of 5710 MW, and that this line is the
only path to the internal grid, it seems logical to see overloadings appear. Congestions
re-appear a bit further near Gent. Looking at the scenario with the grid extension, all
these overloadings near the shore disappear. The remaining overloadings are similar
in both scenarios. Liège area is highly overloaded. And some lines which connect our
country to our neighbors are highly used as well: the one to the Netherlands (via Van
Eyck), to France (via Achene), and to Luxemburg (via Aubange).
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(a) Scenario: No grid extension (no BHV)
- with flexibilities - offshore wind farm ex-
tension of 3500 MW.
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(b) Scenario: Grid extension (BHV) - with
flexibilities - offshore wind farm extension
of 3500 MW.

Figure 6.33: Hourly line loading of a random Monte Carlo year. Legend: black → >
90%, and white → < 90%.
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(b) Scenario: Grid extension (BHV) - with
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of 3500 MW.

Figure 6.34: Highlight of lines that experiment congestions (defined in this analysis as
an hourly loading > 90% ) during a random Monte Carlo year.

Table 6.4: References of the branches experiencing high line loadings.
Branch Branch Name

1 ACHENE-GRAMME
9 BRUEGEL-BUGGENHOUT

15 BUGGENHOUT-MERCATOR
25 DOEL-ZANDVLIET
33 GEZELLE-MAERLANT
39 GEZELLE-NEMO
50 HORTA-RODENHUIZE
57 MEERHOUT-VAN EYCK
58 MERCATOR-RODENHUIZE
60 AUBANGE 220-VILLEROUX
62 AWIRS-RIMIRE 220
63 JUPILLE-RIMIERE 220
68 ROMSEE-SERAING
77 LIXHE 380-LIXHE 220
79 RIMIERE 380-RIMIERE 220

6.3.8 Impact of hydrogen on the system

In the previous studies, there were no constraints on the operation of electrolyzers,
and hydrogen imports were unlimited. The system thus had the choice between
importing or locally producing hydrogen to satisfy the annual demand at the lowest
cost. Depending on the scenario, the system was producing a small part of the annual
demand locally (2.9-3.6 %), operating the 447 MW electrolyzers at an annual load
factor of 28-35 %. Analyzing the previous results, one might ask, is this decision
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made to avoid energy-not-served and maintain reliability, or because importing
is cheaper than producing locally during the rest of the time? In this section, we
study inter alia the impact of setting a minimum annual load factor for the electrolyzers.

This study is performed on the scenario with grid and offshore extension, consider-
ing all flexibilities (BHV - w3500 - all flex). Four variants of this original scenario
will be studied: one where hydrogen demand is removed, and three others where elec-
trolyzers have a minimum annual load factor set to: 70, 80, and 90 %. The three
last variants result in imposing an additional electrical demand of 2.74, 3.13, 3.52
[TWh/year] respectively corresponding to the following hydrogen production: 1.92,
2.19, 2.47 [TWhH2 /year]. For the scenarios that have a minimum annual load factor
set to the electrolyzers, the following constraint has to be added to the optimization
problem:

∑8760
𝑡=1

∑𝑛𝑒
𝑒=1 𝑃𝑒𝑙(𝑒, 𝑡)

8760 ∗
∑𝑛𝑒
𝑒=1 𝑝𝑒𝑙,𝑚𝑎𝑥(𝑒)

≥ 𝑙𝑓𝑒𝑙,𝑚𝑖𝑛,𝑦𝑒𝑎𝑟 ∗ 𝛼𝑒𝑙,𝑡𝑜𝑡,𝑦𝑒𝑎𝑟 (6.1)

with

𝛼𝑒𝑙,𝑡𝑜𝑡,𝑦𝑒𝑎𝑟 = 𝛼𝑒𝑙(𝑒, 𝑡) =
∑8760
𝑡=1

∑𝑛𝑒
𝑒=1 𝛼𝑒𝑙(𝑒, 𝑡)

8760 ∗ 𝑛𝑒𝑙
(6.2)

being the average availability over the year of electrolyzers. The inequality in (6.1)
constrains the electrolyzers to operate at a minimum annual load factor of 𝑙𝑓𝑒𝑙,𝑚𝑖𝑛,𝑦𝑒𝑎𝑟
considering that electrolyzers can undergo outages.

The impact of adding hydrogen on the power system is examined in terms of adequacy
assessment and system operation. The results show that in terms of adequacy, remov-
ing the hydrogen demand or constraining the electrolyzers to operate at a rate between
70 and 90 % does not impact the LOLE, or the EENS compared to the original scenario.
This is illustrated in Fig. 6.35a and 6.35b. Two conclusions can be drawn. Firstly, be-
cause the original system was only producing hydrogen locally when convenient, and
would never put itself in difficulties, removing the hydrogen demand does not enhance
the adequacy. Secondly, the original scenario was quite reliable, as when imposing a
certain local production, the system is not affected in terms of adequacy. It can be thus
stated that the low rate operation of electrolyzers in the original scenario is a choice to
lower the costs rather than due to insufficient resources.
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Figure 6.35: Distribution of (a) the energy-not-served and (b) the loss-of-load for vari-
ants of the scenario with grid and offshore wind farm extensions, and considering
flexibility. The variants: (i) no H2: no hydrogen demand, (ii-iv) minimum annual load
factor of electrolyzers set to 70, 80, and 90 %.

In terms of operation of the system, the main changes are observable in the production
of conventional units. This is illustrated in Fig. 6.36. When removing the hydrogen
demand, their production decreases by ∼ 1 TWh. Indeed, in the original scenario
integrating a hydrogen demand, local production was occurring when: there was excess
of must-run production, or when it was more economical to increase a slightly the
conventional production, rather than pay the import price of hydrogen. Thus, when
removing the hydrogen demand, this additional production disappears and the yearly
production decreases. In the three other variants where a local production is imposed,
conventional production increases by ∼ 1-2 TWh.
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Figure 6.36: Distribution of (a) the total production of conventional generators and (b)
the corresponding equivalent capacity factor for variants of the scenario with grid and
offshore wind farm extensions, and considering flexibility. The variants: (i) no H2: no
hydrogen demand, (ii-iv) minimum annual load factor of electrolyzers set to 70, 80,
and 90 %.

Apart from that, imports are kept at their maximum for all variants and the original
scenario itself. Small changes appear in the curtailment, when removing the hydrogen
demand. This is illustrated in Fig. 6.37. Indeed, when removing the hydrogen demand,
excess production is no longer absorbed by the electrolyzers. The curtailment is not
impacted by the fact that electrolyzers have a minimum annual load factor. Indeed, this
characteristic does not affect the flexibility that electrolyzers can bring to the system.
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Figure 6.37: Distribution of (a) the yearly production curtailment and (b) the peak
production curtailment for variants of the scenario with grid and offshore wind farm
extensions, and considering flexibility. The variants: (i) no H2: no hydrogen demand,
(ii-iv) minimum annual load factor of electrolyzers set to 70, 80, and 90 %.

The operation of electrolyzers can be observed in detail for a random Monte Carlo
year in Fig. 6.38. A seasonal pattern appears clearly: electrolyzers operate at high
rate between March and September, without a clear daily trend, and a constant hourly
operation. However, during colder months of October to February, with usually higher
electrical demand, a daily trend appears: electrolyzers operate during the night, and
at mid-day. The system prefers producing during summer days as irradiation lasts
longer, and the load is generally lower, which makes the residual load way lower at
those periods, and ideal to produce hydrogen. During colder seasons, the system will
operate electrolyzers mainly when the residual load low, i.e. when irradiation occurs,
and at night when wind produces and the load is lower.
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Figure 6.38: Hourly operation of electrolyzers during a random Monte Carlo year for
variants of the scenario with grid and offshore wind farm extensions, and considering
flexibility. The variants: minimum annual load factor of electrolyzers set to 70, 80,
and 90 %.

6.3.9 Computational Time

The tool was run on a machine dating from 2015 with the following characteristics:
CPU: Intel E5-2637 (3.5GHz) - RAM: 128GB DDR4 @ 2133MHz - OS: Ubuntu
20.04. The system operation optimization of each Monte Carlo year have been
recorded and are plotted in Fig. 6.39. The values vary within a scenario, and from
a scenario to the other. For each scenario, three Monte Caro years were run in parallel,
but the optimization was not parallelized itself. It should be noted that these run times
represent the optimization of each Monte Carlo year which is the most time consuming
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Figure 6.39: Histogram and KDE plot of the run time [minutes] for system operation
optimization of a Monte Carlo year.

task, and do not consider the time required to read the input data and build the model
at the beginning of each simulation, update parameters and constraint between each
MC years, and save data in .txt files for each Monte Carlo year, as well as the global
results at the end of the simulation.

6.4 Conclusion

The objective of this Chapter was to apply the previously detailed novel probabilistic
adequacy tool including hydrogen to a realistic and complex study case, i.e. Belgium
for the 2030 horizon. Different scenarios, illustrating current uncertainties, such as the
grid extension, or the offshore wind farm extension were analyzed in this study. The
integration of additional flexibility was also studied.
The study provided insights into the Belgian system for 2030. Flexibility (load shifting
and batteries) plays a crucial role and significantly reduces the adequacy indicators
in each scenario. The full offshore wind farm extension and flexibility integration
have the same impact in terms of reducing electrical production of conventional units,
mainly the CCGTs. The installed capacity of electrolyzer might seem oversized at
first, observing that their annual load factor is 28-35% depending on the scenario
and that the system prefers to import. However, when imposing a minimum annual
load factor of 70, 80, and 90 % to the scenario with grid and offshore extension
and integrating flexiblities, the system is not impacted in terms of adequacy. This
means that operating electrolyzers at a low rate is a strategy to lower the costs rather
than to avoid energy-not-served. However, it is important to bear in mind that this
low rate strategy is highly dependent on the import cost of hydrogen. Although
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integrating flexibility and 447 MW of electrolyzers reduces the energy curtailed and
the curtailment peaks, the latter still reach high values, such as 6-7 GW. These are
thus not sufficient to absorb very high renewable energy peaks.

Finally, it is important to state that this study considered Belgium as an isolated system,
and that neighboring countries were always capable to export to Belgium which is a
very optimistic and unrealistic hypothesis. This choice of imports modeling is clearly
favorable for the system and results are surely impacted by this decision. Indeed, the
power import limit at each hour is a very impacting parameter on the adequacy results,
especially for a study case that has a a limited amount of reliable and controllable
generating units.

120



Conclusions and perspectives

Chapter overview

• Conclusion
• Limitations
• Perspectives

Conclusion

Numerous studies indicate that hydrogen will play a significant role in our future
energy system, with a substantial portion of this hydrogen expected to be produced
using electrolyzers. This technology transforms water into hydrogen and oxygen
using electrical energy, thereby linking the electrical power system with the hydrogen
system. However, the additional load from electrolyzers on the electrical grid is not
well-understood. The goal is to produce green hydrogen, which means electrolyzer
consumption must align with renewable energy production. Consequently, electrolyz-
ers may exhibit variable behavior in response to fluctuations in renewable energy
production. This work aimed to quantify the impact of hydrogen production through
electrolyzer consumption on the power system, specifically focusing on adequacy
studies. To accurately model the future behavior of electrolyzers, we coupled the
whole hydrogen energy system with the power system, encompassing electrolyzers,
hydrogen storage units, hydrogen pipelines, and hydrogen-to-power units. This
approach enabled a comprehensive understanding of electrolyzers’ behavior within
the broader system.
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The objective was to develop a novel probabilistic adequacy tool incorporating
hydrogen, tailored for realistic and complex cases such as Belgium. The tool can
analyze various time periods, but was specifically designed for a yearly horizon.
It evaluates the power system using an economic dispatch approach that optimizes
operational costs, and heavily penalizes energy-not-served to minimize load shedding.
This formulation considers network constraints through a multi-period DC optimal
power flow model, allowing for the extraction of adequacy indicators on a yearly
basis. The probabilistic nature is achieved by repeating the process numerous
times through Monte Carlo simulations, with indicators being averaged across these
simulations. Inputs are varied each year, including the availability timeseries of
different technologies (e.g., conventional generators, transmission lines, transform-
ers, imports, electrolyzers, offshore wind turbines) and offshore wind farm production.

After testing the tool on smaller systems, it was applied to a coupled electricity-
hydrogen system representative of Belgium in 2030. Various scenarios reflecting
current uncertainties, such as grid and offshore wind farm extensions, were analyzed.
The economic dispatch formulation included flexibility modeling, testing scenarios
with and without various flexibility measures, such as daily load shifting, short-term
battery storage, and different consumption strategies for electric vehicles (EV) and
heat pumps (HP). For the latter, rather than assuming fixed operating profiles, we
explored a range of behaviors: some EVs and HPs maintained their natural charging
patterns, others adopted smart charging to shift daily peaks, and some employed fully
optimized charging strategies.

The study yielded several key insights for the Belgian system in 2030. Flexibility
plays a crucial role, significantly reducing adequacy indicators across all scenarios.
Full offshore wind farm extension and flexibility integration similarly reduce the
need for conventional electrical production, particularly from Combined Cycle Gas
Turbines (CCGTs). The installed capacity of electrolyzers (447 MW) may initially
appear oversized, with an annual load factor ranging from 28-35% depending on the
scenario. The system tends to prefer imports. However, imposing a minimum annual
load factor of 70%, 80%, and 90% in the scenario with grid and offshore extensions,
and integrating flexibility, does not impact adequacy. This suggests that operating
electrolyzers at a low rate is a cost-saving strategy rather than a necessity for avoiding
energy-not-served. It is important to note that this strategy is highly dependent on
hydrogen import costs. Despite integrating flexibility and 447 MW of electrolyzers,
curtailment peaks remain high, reaching values of 6-7 GW. This indicates that the

122



system is not fully capable of absorbing very high renewable energy peaks.

The results suggest that flexibility must be considered in adequacy studies, especially
when intermittent energy sources constitute a significant portion of production as
it can enhance adequacy. Given the model’s ability to import unlimited quantities
of hydrogen to meet the demand, the system will never incur energy-not-served due
to a hydrogen demand integration. As long as large-scale imports are permitted,
even if both systems are linked, hydrogen will not impact negatively the adequacy of
the power system. At best, it improves it with large-scale hydrogen storage but this
has challenges. First, the round-trip efficiency of hydrogen storage is low, meaning
that a substantial amount of energy is lost during storage and retrieval, and thus to
compensate for these losses, a large amount of renewable energy is required which
can be not achievable in a country with high-density population, and a limited surface.
Secondly, large-scale hydrogen storage requires a suitable environment and cannot
be installed everywhere. To assess the impact of a constraining hydrogen demand,
constraints on local production and electrolyzer share must be set. In our scenario,
a local hydrogen production, if managed flexibly, does not negatively impact system
adequacy, though the nature of electricity will need careful consideration to ensure
green hydrogen certification.

While the tool effectively accomplishes its intended purpose, there is potential for fur-
ther enhancement to tackle existing limitations.

Limitations and perspectives

• Soft-Link with an investment planning model considering multiple energy
careers Evaluating the adequacy of power systems for future horizons is chal-
lenging due to uncertainties about future installed capacities. Typically, in-
vestment planning models are used to design power systems, including infras-
tructure topology, and conversion technologies (generating units, storage units,
and consumption units). As electrification grows, technologies from other sec-
tors—such as heating, industry, and mobility—are increasingly integrated into
power systems. These investment planning models are crucial for envisioning
the future composition of power systems, including the technologies and net-
work structures involved. To assess the adequacy of future power systems, it
is essential to incorporate the outputs from these investment models as inputs.
Therefore, coupling our model with these investment planning models could
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be valuable for evaluating different far-future power system designs in a quasi-
automated manner.

• Integration of V2G in the model To study and evaluate future scenarios beyond
2030, such as 2040 or 2050, integrating vehicle-to-grid (V2G) optimization into
the model is crucial. By then, the number of EVs could be significantly higher,
and it is important to assess the flexibility they can provide, as they essentially
function as moving batteries. Although the current model includes a basic form
of V2G (Vehicle-to-Home V2H: a fixed time series with nighttime energy re-
trieval), an optimized version would be more desirable. This cannot be achieved
by considering them as classical storage units. Indeed, each cannot be consid-
ered individually due to the large number of vehicles which is infeasible due to
the excessive time and computational resources required; they are not always
connected to the grid; and they move. All these characteristics are significant
challenges for V2G integration into power system studies.

• Modeling of Imports from Neighboring Countries A code is always a work
in progress and can be continuously improved. Certainly, the imports formu-
lation presented in this work could be further refined. Two approaches have
been proposed for modeling electrical imports. The first approach uses a single
price with limited import windows, allowing imports only at predefined times
and capping the import to 25 % of the time. This method is conservative and
rigid. The second approach, employed in the Belgium 2030 study, allows for
continuous imports (except during interconnection outages) with prices varying
throughout the year. While this model provides more flexibility, it may be some-
what optimistic. During scarcity periods, imports are critical, so improving the
accuracy of import modeling could enhance the reliability of the analysis. A
precise method could involve considering neighboring countries as a complex
power system, but may be computationally complicated. Instead, simplifying
these neighboring countries to a single node with aggregated technologies and
demands for both electricity and hydrogen could ensure they are able to export
energy when required. Regarding hydrogen imports, which are currently mod-
eled as unlimited, introducing constraints would be more realistic. Differenti-
ating between hydrogen imports from neighboring countries via pipelines and
those transported from farther locations by boat would allow for more accurate
modeling, as different constraints may apply based on the source and transporta-
tion method.
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• Reduction of the optimization period for system operation The proposed tool
is specifically designed for annual studies (8760 hours), with an optimization pe-
riod of 8760 hours. However, this decision is questionable. Time computation
is a critical and very constraining factor in adequacy studies for large systems.
This often leads to the need for simplifications, such as using the DC power flow
approximation, and neglecting the unit commitment formulation in this work.
While studying a system over a yearly horizon is logical in adequacy studies,
considering the entire year as the optimization period might not be necessary.
Time steps are inter-linked because of storage units, and flexibility. However,
flexibility is usually daily flexibility, and storage units are not seasonal storage
units. A more efficient approach could involve breaking the problem into smaller
periods, such as weekly optimizations, and linking the final state of one week to
the initial conditions of the next one to assure continuity. Computational time
could be drastically reduced, as long as the optimization problem scales more
than linearly with the cardinality of its input space, which clearly appears to be
the case in practice.
Though this approach would yield a suboptimal solution, it is justifiable for sev-
eral reasons. First, weekly forecasts for renewable energy production are realis-
tic, whereas forecasting hourly data for an entire year is impractical. Secondly,
optimizing over shorter periods, such as a week, better aligns with operational
realities. This makes the weekly optimization strategy more relevant and man-
ageable, both in terms of forecast accuracy and operational planning.

• Application to future hydrogen exporter countries and perform reliability-
based location optimization of electrolyzers It would be interesting to test
this adequacy tool on a country that forecasts to be a hydrogen exporter, and to
do some reliability-based optimization on the location of electrolyzers. Indeed,
Belgium has too few electrolyzers installed to really have interest in the location
optimization. Countries like Chile, and Australia for example could be great
candidates. However, these countries are also quite big, and it should be assessed
if simulating the whole high voltage grid is possible, or parts of it. Indeed,
the number of nodes in the grid highly impacts the computational time of the
simulation.

• Model Computational Time While, it was a concern to have a model that is
rather fast, the code has not been optimized for computational efficiency. This
presents an opportunity for further improvement. As a first step, conducting a de-
tailed analysis of the model’s time-consuming components—such as the number
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of lines, generators, and flexibility—could provide valuable insights for reduc-
ing computation time. Additionally, exploring advanced sampling techniques to
address the computational demands of Monte Carlo simulations could be bene-
ficial. Indeed, reducing the number of simulated Monte Carlo years may also be
an option to decrease computational time.
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APPENDIX A

Convergence criteria of Monte
Carlo simulations

The value of interest when simulating one Monte Carlo year is the energy-not-served
(ENS) which is minimized in the objective function of the economic dispatch.
However, in adequacy computations, the value of interest is the expected value, i.e.
the expected energy-not-served.

In probabilistic adequacy studies using Monte Carlo simulations, the relative standard
deviation (RSD), also called the coefficient of variation (CV) of the interest value𝑍 is
usually the criteria of convergence, i.e. when RSD(Z) reaches a certain threshold (e.g.
1 or 0.1 %), the number of samples are considered sufficient to evaluate the expected
value with a certain confidence interval. However, this criterion can be highly
dependent on the magnitude of 𝑍. Therefore, we examine the relative difference of
RSD(Z) as a convergence criterion 1.

Six convergence indicators are considered and will be compared.
1The concept of relative difference of the RSD is inspired by the methodology defined by the European

Resource Adequacy Assessment (ERAA).
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𝛼 =
𝜎(𝑋)
𝜇(𝑋)

=
𝜎(ENS)
𝜇(ENS) = 𝑅𝑆𝐷(ENS) 𝛼′ =

∣ 𝛼𝑛 − 𝛼𝑛−1 ∣
𝛼𝑛−1

𝛽 =
𝜎(𝑌 )
𝜇(𝑌 )

=
𝜎(EENS)
𝜇(EENS) = 𝑅𝑆𝐷(EENS) 𝛽′ =

∣ 𝛽𝑛 − 𝛽𝑛−1 ∣
𝛽𝑛−1

𝛾 =
𝜎(𝑋)

√

𝑛𝜇(𝑌 )
=

𝜎(ENS)
√

𝑛𝜇(EENS) ∼ 𝑅𝑆𝐷(ENS) 𝛾 ′ =
∣ 𝛾𝑛 − 𝛾𝑛−1 ∣

𝛾𝑛−1

where 𝑋 is the observed value (ENS) and 𝑌 = 𝑋̄ is the average of the observed
value (EENS).

Among these indicators, 𝛼, 𝛽, 𝛾 represent RSD and 𝛼′, 𝛽′, 𝛾 ′ represent the relative dif-
ferences of these RSD. While 𝛼, and 𝛽 represent the RSD of the ENS, and the EENS re-
spctively, 𝛾 represents the RSD of EENS (after a certain number of samples), similarly
to 𝛽 but considering the Central Limit Theorem, i.e. 𝜎(𝑋̄) = 𝜎(𝑋)∕𝑛 when 𝑛→ ∞.

A.1 Illustration with example

A.1.1 Data set

The data set consists of the ENS value of 1000 Monte Carlo years. Two variants of
this data set are also analyzed: one with an offset = 2, and another with an offset =
100. The three data set are presented in Fig. A.1.
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(c) Data set with offset = 100
Figure A.1: Variants of the data set for a 1000 year Monte Carlo simulation.

A.1.2 RSD vs. relative difference of RSD: convergence comparison

In Fig. A.2, the evolution of the different indicators is plotted for the original data set,
as well as the variants with the offsets. In Fig. A.2a, the different indicators based on
the RSD (𝛼, 𝛽, 𝛾) evolve rapidly at the beginning, and then very slowly for the rest of
the simulation. However, they do not drop similarly at the start. Indeed, with an offset
of 100, the threshold of 0.001 is reached very rapidly, while the others never reach
that threshold. This graph clearly shows that depending on the data set, the indicators
cannot all reach the same threshold.

In Fig. A.2a, the different indicators based on the relative difference of the RSD (𝛼’,
𝛽’, 𝛾’) evolve in a similar way. Their evolutions seem independent of the offset, and
they can all reach the threshold of 0.001.
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(b) Evolution of the relative difference of the different RSD [-]: 𝛼′, 𝛽′, 𝛾 ′.

Figure A.2: Convergence evolution based on different values. Legend: 𝛼∕𝛼′ ( ) -
𝛽∕𝛽′ ( ) - 𝛾∕𝛾 ′ ( ) - Original data set ( ) - Data set with offset = 2 ( ) - Data
set with offset = 100 ( )

Because the relative difference of the RSD is independent of the absolute value of ob-
served value, convergence based on that criteria is chosen. However, spikes occur in
the evolution of the relative difference of the RSD. Negative spikes are problematic be-
cause they reach the threshold suddenly while the criterion is not converging globally.
In the following section, different smoothing techniques are applied.

A.1.3 Relative difference of the RSD

A detailed overview of the 𝛼’, 𝛽’, and 𝛾’ indicators is illustrated in Fig. A.3 with
different smoothing filters. Two methods are applied: rolling mean and rolling median,
both with a window of 30 samples. It can be observed that the rolling median smoothes
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A.1 Illustration with example

better the spikes than the rolling mean for 𝛼’ and 𝑔𝑎𝑚𝑚𝑎’. The 𝛾’ indicator has a
somewhat different behavior than the others: while 𝛼’ and 𝛾’ have sudden spikes which
are relatively easy to smooth, the 𝛽’ indicator exhibits broader fluctuations making it
harder to smooth with a similar window.
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Figure A.3: Relative difference of the RSD [-] with smoothing filters.

A.1.4 Choice of the convergence indicator

Because the average observations are the values of interest in adequacy studies, the
𝛼′ is dropped. Additionally, since 𝛾 ′ is a good approximation of 𝛽′ when 𝑛 → ∞ but
may not be at the beginning, we choose 𝛽′ as our convergence indicator with a rolling
median smoothing on a 30-sample window. Moreover, as a precaution to avoid an
premature convergence, a minimum number of Monte Carlo years can be set. In our
study, it will be set to 400.
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APPENDIX B

Data for Belgium 2030 case

B.1 Construction of the transmission grid topology: buses,
branches, and interconnections on 220/380 kV voltage
level.

The Belgian high voltage transmission grid is composed of 380 and 220 kV lines.
Historically, the high voltage network was composed of 150 kV lines, except for lines
connecting the south of the country and covering long distances, which were of 220
kV. When nuclear power plants were built, the 380 kV network begun to be deployed.
This is why, in Belgium two level of high voltage lines coexist: 220 and 380 kV.

B.1.1 Database used

• [77]: 20181231-grid-statc-data-.xslx The grid topology can be found on Elia
website. The excel file gives information about lines, interconnections with
neighboring countries, and transformers. Hereunder are listed the parameters
given in this excel file:

– Lines parameters: Voltage U [kV], length [km], nominal current Inom [A],
line resistance R [ohm], line reactance X [ohm], shunt admittance wC [µC].

– Interconnections parameters: Voltage U [kV], length [km], nominal cur-
rent Inom [A], line resistance R [ohm], line reactance X [ohm], shunt ad-
mittance wC [µC].

– Transformers parameters: Voltage U [kV], primary voltage V1 [kV], sec-
ondary voltage V2 [kV], tertiary voltage V3 [kV] (optionnal), primary
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Chapter B: Data for Belgium 2030 case

nominal power P1 [MVA], secondary nominal power P2 [MVA], tertiary
nominal power P3 [MVA] (optional), primary short-circuit impedance
Zcc1 [%], secondary short-circuit impedance Zcc2 [%], tertiary short-
circuit impedance Zcc3 [%] (optional), minimum tap [#], nominal tap [#],
max tap [#].

This database enumerates 93 lines, 12 interconnections, and 67 transformers.
• [78]: The Elia High Voltage Grid Map 2022 This map allows to visualize the

existing lines, substations, and generators.

Figure B.1: The Elia High Voltage Grid Map 2022

From the databases listed above, a realistic Belgian transmission network was built.

B.1.2 Buses of the network

The buses have been defined from the lines data [77]: from buses and to buses. More-
over, the following modifications have been brought:

• Duplicate the nodes that are at the 220/380 kV networks interface :
– Aubange (AUBAN) has been split into Aubange 220 kV (AUBAN220), and

Aubange 380 kV (AUBAN380).
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B.1 Construction of the transmission grid topology: buses, branches, and
interconnections on 220/380 kV voltage level.

– Lixhe (LIXHE) has been split in Lixhe 220 kV (LIXHE220), and Lixhe 380
kV (LIXHE380).

– Rimière (RIMIE) has been split in Rimière 220 kV (RIMIE220), and Rim-
ière 380 kV (RIMIE380).

• Merge nodes
– All Tihange substations (TIBIS, TIHA1, TIHA2, TIHA3) have been merged

into one bus: TIHA1
– Achene SNCB (ACHES) has been aggregated to Achène (ACHEN)
– André Dumont has been aggregated to the Zutendaal (ZUTE+) station.
– Drogenbos (DROGE) has been aggregated to Mekingen (MEKI+).
– RODEN substation has been merged with to RODE+
– Tergnée (TERGN) has been aggregated to St-Amand STAM+
– Heinsh (HEINS) aggregated to Aubange (AUBAN220)
– Houffalize (HOUFF, and HOUF+) substations to Brume (BRUME).
– Latour (LATOU, LATO+) to Aubange 220 (AUBAN220).
– Marcourt (MARCO, and MARC+) to Aubange 220 (AUBAN220)
– Romssée SNCB (ROMSS) to Romsée (ROMSE)
– Rouvroy (ROUVR) to Aubange 220 (AUBAN220)
– St mard (SMARD, SMARS) to Aubange 220 (AUBAN220).
– La Troque (ATRO) to Seraing (SERAI)
– Le Val (LEVAL) to Seraing (SERAI).

• Add nodes:
– The 220 kV node BERNEAU (BERN) is not in the database [77] but is

present on the grid if we look at the Elia Grid Map [78]. It has thus been
added.

The resulting buses are listed in Table B.1 and B.2.
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Table B.1: Buses 1/2
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B.1 Construction of the transmission grid topology: buses, branches, and
interconnections on 220/380 kV voltage level.

Table B.2: Buses 2/2
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B.1.3 Branches of the network

Branches are defined as assets linking two busbars, i.e. transformers and transmission
lines. The lines listed in [77] are set as branches. However, the following modifications
have been brought.

• Additional lines:
– The double 220 kV line connecting Jupille to Berneau is not in the database

[77] but is present on the grid if we look at the Elia Grid Map [78]. Sup-
posing, the double line is 30 km long, and has the same per length charac-
teristics than the 220 kV line ROMSE-JUPIL, the following characteristics
is set to each line : R = 1.8 [Ω], X = 12 [Ω], Pmax = 381 [MW].

• Removed lines:
– The lines in between nodes that have been merged together are logically

removed.
• Integration of 220/380 kV transformers:

– All 380/220 step-down transformers are considered as branches as well as
they connect 380 and 220 kV lines at one node.

The resulting branches are listed in Table B.3 and B.4.
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B.1 Construction of the transmission grid topology: buses, branches, and
interconnections on 220/380 kV voltage level.

Table B.3: Lines 1/2
Line FromNode ToNode V Length Inom R X Pmax MTTF MTTR

[kV] [km] [A] [ohm] [ohm] [MW] [hours] [hours]
1 ACHEN GRAMM 380 36.9 1999 1.14 12.10 1315.70 73397 26
2 AUBAN380 BRUME 380 104.4 2186 3.55 32.88 1438.78 73397 26
3 AVLGM HORTA 380 39.7 1999 1.23 13.02 1315.70 73397 26
4 AVLGM HORTA 380 39.7 2186 1.25 13.00 1438.78 73397 26
5 AVLGM IZGEM 380 22.8 2186 0.71 7.48 1438.78 73397 26
6 AVLGM IZGEM 380 22.8 2186 0.71 7.48 1438.78 73397 26
7 BRUEG MEKI+ 380 14.0 1999 0.45 4.63 1315.70 73397 26
8 BRUEG COURC 380 47.3 2186 1.47 15.51 1438.78 73397 26
9 BRUEG BUGG+ 380 15.9 1999 0.61 5.11 1315.70 73397 26

10 BRUEG BUGG+ 380 15.9 2186 0.50 5.25 1438.78 73397 26
11 BRUME GRAMM 380 44.3 1999 1.37 14.53 1315.70 73397 26
12 BRUME GRAMM 380 44.3 2322 1.37 14.53 1528.29 73397 26
13 BRUME COO 380 2.0 1999 0.06 0.66 1315.70 73397 26
14 BRUME COO 380 2.0 1999 0.06 0.66 1315.70 73397 26
15 BUGG+ MERCA 380 15.5 1999 0.59 5.00 1315.70 73397 26
16 BUGG+ VERBR 380 21.7 2319 0.66 6.91 1526.32 73397 26
17 BUGG+ MERCA 380 15.5 2186 0.48 5.08 1438.78 73397 26
18 BUGG+ VERBR 380 21.7 2186 0.67 7.12 1438.78 73397 26
19 CHAMP GRAMM 380 32.2 2186 1.00 10.56 1438.78 73397 26
20 CHAMP COURC 380 44.1 2186 1.37 14.46 1438.78 73397 26
21 COURC STAM+ 380 12.6 1999 0.39 4.13 1315.70 73397 26
22 COURC MEKI+ 380 33.4 1999 1.03 10.95 1315.70 73397 26
23 COURC GOUY 380 1.7 1999 0.05 0.56 1315.70 73397 26
24 COURC GOUY 380 1.8 2186 0.06 0.59 1438.78 73397 26
25 DOEL ZANDV 380 6.8 1999 0.24 2.40 1315.70 73397 26
26 DOEL ZANDV 380 7.1 1999 0.07 2.57 1315.70 73397 26
27 DOEL MERCA 380 22.8 1999 0.71 7.48 1315.70 73397 26
28 DOEL MERCA 380 22.8 1999 0.71 7.48 1315.70 73397 26
29 DOEL MERCA 380 22.2 2186 0.80 6.84 1438.78 73397 26
30 DOEL MERCA 380 22.2 2186 0.80 6.84 1438.78 73397 26
31 EEKLN HORTA 380 13.0 4560 0.40 4.26 3001.30 73397 26
32 EEKLN MAERL 380 17.3 4689 0.28 4.07 3086.20 73397 26
33 GEZEL MAERL 380 10.1 1635 0.09 2.24 1076.12 73397 26
34 GEZEL MAERL 380 10.1 1635 0.09 2.23 1076.12 73397 26
35 GEZEL MAERL 380 10.1 1635 0.11 2.21 1076.12 73397 26
36 GEZEL MAERL 380 10.1 1635 0.11 2.21 1076.12 73397 26
37 GEZEL STEVN 380 8.0 4644 0.13 1.90 3056.58 73397 26
38 GEZEL STEVN 380 8.0 4644 0.13 1.90 3056.58 73397 26
39 GEZEL NEMO 380 0.8 1635 0.01 0.07 1076.12 73397 26
40 GRAMM LIXHE380 380 53.4 2051 3.04 20.03 1349.93 73397 26
41 GRAMM ZUTE+ 380 55.6 2000 1.85 17.45 1316.36 73397 26
42 GRAMM TIHA1 380 2.6 2186 0.08 0.85 1438.78 73397 26
43 GRAMM TIHA1 380 3.3 2186 0.10 1.08 1438.78 73397 26
44 GRAMM STAM+ 380 56.4 1999 1.75 18.50 1315.70 73397 26
45 GRAMM TIHA1 380 2.9 1999 0.09 0.95 1315.70 73397 26
46 GRAMM TIHA1 380 2.9 1999 0.09 0.95 1315.70 73397 26
47 GRAMM RIMIE380 380 14.6 1999 0.45 4.79 1315.70 73397 26
48 HORTA MAERL 380 29.0 4689 0.43 7.94 3086.20 73397 26
49 HORTA MERCA 380 48.4 3400 1.58 15.19 2237.81 73397 26
50 HORTA RODE+ 380 14.2 2186 0.44 4.64 1438.78 73397 26
51 LINT MERCA 380 21.1 2186 0.65 6.92 1438.78 73397 26
52 LINT MASSE 380 14.1 2188 0.46 4.56 1440.10 73397 26
53 LINT MERCA 380 21.1 2186 0.65 6.92 1438.78 73397 26
54 LIXHE380 VANYK 380 53.0 1999 2.07 16.53 1315.70 73397 26
55 MASSE MEERH 380 32.5 2186 1.01 10.66 1438.78 73397 26
56 MASSE MERCA 380 35.0 2186 1.09 11.54 1438.78 73397 26
57 MEERH VANYK 380 57.5 2186 1.78 18.86 1438.78 73397 26
58 MERCA RODE+ 380 34.2 1999 1.07 11.21 1315.70 73397 26
59 VANYK ZUTE+ 380 31.1 1999 0.72 9.55 1315.70 73397 26
60 AUBAN220 VILLE 220 47.2 1063 4.01 14.16 405.06 73397 26
61 AWIRS SERAI 220 6.6 1092 0.33 2.64 416.11 73397 26
62 AWIRS RIMIE220 220 7.4 976 0.47 3.13 371.91 73397 26
63 JUPIL RIMIE220 220 20.2 1092 0.61 4.52 416.11 73397 26
64 SERAI RIMIE220 220 13.4 976 0.77 5.29 371.91 73397 26
65 MARC+ RIMIE220 220 38.0 1063 3.23 11.30 405.06 73397 26
66 MARC+ SENO+ 220 26.8 1063 2.28 8.04 405.06 73397 26
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Table B.4: Lines 2/2
Line FromNode ToNode V Length Inom R X Pmax MTTF MTTR

[kV] [km] [A] [ohm] [ohm] [MW] [hours] [hours]
67 RIMIE220 SERAI 220 11.4 1037 0.66 4.63 395.15 73397 26
68 ROMSE SERAI 220 14.3 1037 0.83 5.81 395.15 73397 26
69 SENO+ VILLE 220 2.6 1063 0.63 2.15 405.06 73397 26
70 ROMSE JUPIL 220 10.0 1000 0.60 4.00 381.05 73397 26
71 JUPIL BERN 220 30.0 1000 1.80 12.00 381.05 73397 26
72 JUPIL BERN 220 30.0 1000 1.80 12.00 381.05 73397 26
73 BERN LIXHE220 220 10.0 1000 0.60 4.00 381.05 73397 26
74 BERN LIXHE220 220 10.0 1000 0.60 4.00 381.05 73397 26
75 AUBAN380 AUBAN220 380/220 - - 0.00 82.13 300.00 73397 26
76 AUBAN380 AUBAN220 380/220 - - 0.00 80.53 300.00 73397 26
77 LIXHE380 LIXHE220 380/220 - - 0.00 77.87 300.00 73397 26
78 LIXHE380 LIXHE220 380/220 - - 0.00 77.87 300.00 73397 26
79 RIMIE380 RIMIE220 380/220 - - 0.00 77.87 300.00 73397 26
80 RIMIE380 RIMIE220 380/220 - - 0.00 77.87 300.00 73397 26
81 RIMIE380 RIMIE220 380/220 - - 0.00 77.87 300.00 73397 26
82 GEZEL SLIJKENS 380 18.0 2186 0.55 5.90 1500.00 73397 26
83 GEZEL SLIJKENS 380 18.0 2186 0.55 5.90 1500.00 73397 26
84 GEZEL SLIJKENS 380 18.0 2186 0.55 5.90 1500.00 73397 26
85 GEZEL SLIJKENS 380 18.0 2186 0.55 5.90 1500.00 73397 26
86 SLIJKENS IZGEM 380 20.0 2186 0.62 6.56 1500.00 73397 26
87 SLIJKENS IZGEM 380 20.0 2186 0.62 6.56 1500.00 73397 26
88 SLIJKENS IZGEM 380 20.0 2186 0.62 6.56 1500.00 73397 26
89 SLIJKENS IZGEM 380 20.0 2186 0.62 6.56 1500.00 73397 26
90 AVLGM COURC 380 84.8 2186 2.61 27.81 1500.00 73397 26
91 AVLGM COURC 380 84.8 2186 2.61 27.81 1500.00 73397 26
92 AVLGM COURC 380 84.8 2186 2.61 27.81 1500.00 73397 26
93 AVLGM COURC 380 84.8 2186 2.61 27.81 1500.00 73397 26

B.1.4 Interconnections of the network

Belgium has today, 12 HVAC and 2 HVDC connections with neighboring countries.
In the ERAA 2023 study conducted by ENTSOE, the Net Transfer Capacity (NTC)
1 of the belgian interconnections with its neighbouring countries are listed in Table B.5.

Table B.5: Net Transfer Capacities for Belgium in 2024 [70]
Country Bidding Zone Imports Exports Type

France FR 4300 2800 HVAC
Netherlands NL 3400 2400 HVAC

Luxembourg LUG1+LUB1 180 680 HVAC
Germany DE 1000 1000 HVDC

United Kingdom UK 2400 2400 HVDC

Although we have a single NTC between regions, multiple buses in the system can
connect Belgium to another region, and several import points exist. To allocate the

1defined as NTC = TTC - TRM. Total Transfer Capacty (TTC) is the maximum exchange program
between two adjacent control areas that is compatible with operational security standards applied in each
system if future network conditions, generation and load patterns are perfectly known in advance. Trans-
mission Reliability Margin (TRM) is a security margin that copes with uncertainties on the computed TTC
values.
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B.1 Construction of the transmission grid topology: buses, branches, and
interconnections on 220/380 kV voltage level.

NTC to the different import points linking a particular region , we can distribute it
proportionally based on the line capacities. The parameters of the individual HVAC
lines are given in [77]. For each of these interconnections, we have the voltage level
[kV] and the nominal current [A]. The theoretical maximum loading of these lines can
be obtained by multiplying each nominal current by √

3 ∗ 𝑈𝑛𝑜𝑚. The parameters of
the HVDC lines is not necessary because their nominal power is directly given. The
existing HVDC lines are Alegro (Germany - 1 GW), and NemoLink (UK -1 GW).
New interconnections are planned to be constructed in 2030, like the subsea hybrid
interconnector between Belgium and the UK Nautilus which will interconnect on a first
segment Belgium and the energy island (1.4 GW - HVDC), and on a second segment,
the energy island and the UK (1.4 GW - HVDC). These theoretical maximum loadings
will help us distribute the NTC among the different import points.
This sums up to 15 interconnections with neighboring countries which are identified
and listed in Table B.7. For each connections, additional data is required 2: the import
price, the maximum yearly energy imported at each connection, the mean-time-to-
failure (MTTF), and mean-time-to-repair (MTTR).

Maximum yearly imports

A yearly maximum quantity of electricity is set for each interconnection. By
analyzing the physical flows between Belgium and its neighboring bidding zone
(France, Germany, Luxembourg, Netherlands, United Kingdom) for the last three years
(2021,2022,2023) [71], we can extract the yearly quantity of electricity imported from
each region, see Table B.6. We select the maximum value for each region. How-
ever, multiple interconnections link the same regions, and thus to allocate a maximum
value per interconnection, we can distribute it proportionally based on the line capaci-
ties. Concerning the new HVDC line Nautilus, we will authorize the same quantity as
NemoLink multiplied by 1.4 (pro rata of the installed capacity).

Table B.6: Yearly Imports [TWh] of Belgium with neighboring countries [71]
Imports [TWh]

2021 2022 2023

France 4.35 0.85 7.59
Netherlands 5.24 6.23 6.21

United Kingdom 0.14 2.52 0.98
Luxembourg 0.06 0.11 0.04

Germany 2.57 3.23 2.47
Total 12.35 12.94 17.30

2which has mainly collected by Thuy-hai Nguyen.
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Maximum simultaneous imports

According to the [70] the maximum NTC position for Belgium in 2030 will be 2000
MW for exports and 8272 MW for imports. However, in the study presented in Chapter
6 a value of 7000 MW is considered as a limit of simultaneous imports.

Import price and import availabilities

Thanks to the wholesale day-ahead electricity price data for European countries,
sourced from ENTSO-e and cleaned by [79], hourly prices are available for each re-
gion between 2015 and today 3. Two alternatives of considering imports availabilities
and prices 4 are proposed:

• Variable price : For each interconnection 𝑖, and each hour of the year 𝑡, we
define a price 𝑐𝑖𝑚𝑝 by averaging the prices of the different years of the considered
region:

𝑐𝑖𝑚𝑝(𝑖, 𝑡) =
∑

𝑦∈ℍ𝕐 price(𝑟𝑒(𝑖), 𝑦, 𝑡)
𝑛ℎ𝑦

(B.1)

with price(r,y,t) being the price for region 𝑟𝑒, year 𝑦, and hour 𝑡, and ℍ𝕐 the set
consisting the 𝑛ℎ𝑦 different historical years. This results in a fixed hourly time
series for each interconnection depending on the region of interconnection. For
each Monte Carlo year, we add to this time series a white noise. This white noise
has a normal  (0, 𝜎) with 𝜎 = 6.15 [e/MWh]. Imports are permitted at all time
(price-signal) if the interconnection is available.

• Fixed price: A single price per interconnection (similar for interconnections with
the same region) constant all over the year. This price is the mean value of
averaged day ahead price:

𝑐𝑖𝑚𝑝(𝑖, 𝑡) = 𝑐𝑖𝑚𝑝(𝑖) =
1

8760

8760
∑

𝑡=1

∑

𝑦∈ℍ𝕐 price(𝑟𝑒(𝑖), 𝑦, 𝑡)
𝑛ℎ𝑦

(B.2)

3The studied period is 01/01/2015 00:00:00 to 01/03/2023 00:00:00. Moreover, years 2021 and 2022
are excluded because way different than the others.

4The prices resulting from both methodologies has been proposed by my collegue Thuy-hai Nguyen.
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B.1 Construction of the transmission grid topology: buses, branches, and
interconnections on 220/380 kV voltage level.

In this case, it is supposed that half of the year the interconnection is dedicated
for imports, and the other half for exports. This gives a yearly availability of 50%.
More over, during the available periods, we consider a uniform distribution of
the neighbors available capacity [0,100] %. Thus, it sums to a yearly availability
of 25%. To do so, we generate a random time series of 8760 elements between
-1 and 1. The negative values are set to zero.

The resulting interconnections are listed in Table B.7.
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Table B.7: Imports
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B.2 Large-scale Conventional Production Units

B.2 Large-scale Conventional Production Units

The units that are taken into account in this study are the units that will be operational
in 2030 and listed by Elia in [80].

B.2.1 Database used

• [80]: 20221028_AssumptionsWorkbook_AdFlex_2023_PublicConsult.xlsx
The generators data can be found on Elia website. This excel file gives informa-
tions about the owner, the type of unit (TJ: Turbo-Jet, CCGT: Combined Cycle
Gas Turbine, GT: Gas Turbine, T: Steam Turbine, CHP: Combined Heat and
Power, IS: incinerator, NU: nuclear), the fuel type (Oil, Gas, Biomass, Waste,
Uranium), the net generation capacity [MW], the efficiency [%], the variable op-
erations and maintenance (VOM) costs [€/MWh] and the existence (or not) of
the unit for the next ten years.

• [78]: The Elia High Voltage Grid Map 2022 This map allows to visualize the
existing lines, substations, and generators.

Figure B.2: The Elia High Voltage Grid Map 2022
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B.2.2 Spatial distribution

The distribution of the generation units among the different nodes of the system has
been done manually thanks to the Elia Grid Map [78].

B.2.3 Variable operational cost

The variable operational costs of the large-scale conventional generators modeled in-
dividually is the sum of the fuel cost, the cost of emissions, and the VOM. Although
biomass and waste emit CO2 during combustion, it is supposed that the cost related to
their emissions is not considered in their operational costs.

Variable cost [e/MWhelec] = fuel cost [e/MWhfuel]
efficiency [MWhelec/MWhfuel]

+
carbon price [e/tCO2 ] × CO2 emission factor [tCO2 /MWhfuel]

efficiency [MWhelec/MWhfuel]
+ VOM [e/MWhelec] (B.3)

The fuel costs are defined in Table B.8, their corresponding emission factors in Table
B.9, the VOM of the different units in Table B.10, and the carbon price in Table B.11.

Table B.8: Prediction of fuel costs for 2030.
Fuel Fuel Cost Source

[€/MWh]
Uranium 1.87 Elia AdeFlex 2024-34 [67]

(Light) Oil 70.67 Elia AdeFlex 2024-34 [67]
Natural Gas 26.95 Elia AdeFlex 2024-34 [67]

Biomass 26.64 -
Waste 26.64 -

Table B.9: Emission factors of fuels.
Fuel CO2 Emission Factor Source

[tCO2 /MWhfuel]
Uranium 0 UBA [81]

(Light) Oil 0.2639 UBA [81]
Natural Gas 0.2008 UBA [81]

Biomass 0.3879 UBA [81]
Waste 0.256 UBA [81]
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Table B.10: Prediction of different unit types’ VOM for 2030.
Unit Type VOM Source

[€/MWh]
CCGT 2.4 Elia AdeFlex 2024-34 [67]

OCGT & engines 13.2 Elia AdeFlex 2024-34 [67]
Classic (ST, bio fired. . . ) 3.6 Elia AdeFlex 2024-34 [67]

Oil 4 Elia AdeFlex 2024-34 [67]
Nuclear 10.8 Elia AdeFlex 2024-34 [67]

Table B.11: Prediction of CO2 prices for 2030.
Fuel Fuel Cost Source

[€/tCO2 ]
CO2 125 Elia AdeFlex 2024-34 [67]

The data concerning these large-scale conventional generators is summarized and
listed in Table B.12 and B.13.
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Table B.12: Generators 1/2
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Chapter B: Data for Belgium 2030 case

B.3 Distributed conventional units

Small distributed conventional units are also considered in this study, but in an ag-
gregated manner. Their total installed capacity is defined by [67] and totals 1.9 GW.
Following the same hypothesis as Elia, three types of units are considered: small gas
CHPs (1379 MW), biomass units (503 MW), and waste units (46 MW). They are forced
to operate at a constant load factor of 60 % throughout the year. This corresponds to a
constant production of 1.14 GW in every hour of the year. It is supposed that its nodal
distribution is similar to the load one (see Section B.6.2), and is listed in Table B.1 and
B.2.

B.4 Renewable Energy Sources

B.4.1 Offshore Wind Farms

In the Belgian waters, 9 wind farms next to one another (see Fig. B.3b) are present to-
day, with a total amount of 2262 MW of installed capacity [64]. They are all connected
to the Stevin substation.

(a) Zone A: existing - Zone B: Princess Elisa-
beth Zone (PEZ), to be constructed.

(b) Zoom on existing wind farms (Zone A)

Figure B.3: The planned belgian offshore wind farms for 2030.

New wind farms are planned for installation in a new area called Princess Elisabeth
Zone (PEZ), as shown in Fig. B.3a [65]. It is assumed that this new zone will consist
of 15 MW wind turbines, totaling 3500 MW: a first zone with 728 MW (49 turbines),
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B.4 Renewable Energy Sources

and a second and third zone with a combined total of 2782 MW (185 turbines). These
are detailed and listed in Table B.14.

Table B.14: Offshore wind farms
Name Node Pmax Nb WT MTTF MTTR

[MW] [#] [hours] [hours]
Belwind STEVN 171 56 1059 272
C-Power STEVN 325 54 1059 272
Mermaid STEVN 235 28 1059 272

Nobelwind STEVN 165 50 1059 272
Norther STEVN 370 44 1059 272

Northwester2 STEVN 219 23 1059 272
Northwind STEVN 216 72 1059 272

Rentel STEVN 309 42 1059 272
Seastar STEVN 252 30 1059 272

P1_3500_15 SLIJKENS 728 49 1059 272
P23_3500_15 SLIJKENS 2782 185 1059 272

Distributed Onshore Wind Turbines and Photovoltaic Panels

The forecast installed capacities for 2030 are 14.1 GW for photovoltaic and 5.3 GW
for onshore wind turbines according to Elia [67].

It is assumed that the geographic distribution of future onshore wind turbines and pho-
tovoltaic capacities will be similar to the situation in mid-year 2022. The existing ca-
pacities of onshore wind turbines and photovoltaic are provided by province in [73] and
[72] respectively and summarized in Table B.15. To convert this provincial distribu-
tion to a nodal distribution, we follow this method: the installed capacity of a province
is evenly distributed among each node of the system located within that province, pro-
vided the node is connected to a distribution network (excluding transfer nodes). For
example, if x % of onshore wind turbines are installed in the province of Antwerp, and
there are 4 distribution-connected nodes in that province, each node will be assigned
x/4 % of the wind capacity. The nodal distribution is referenced in Table B.1 and B.2.
Table B.15: Distribution of PV [72] and onshore wind power [73] at mid-year of 2022

Region Abbreviation Onshore Wind Turbines Photovoltaics
Installed Power [MW] [%] Installed Power [MW] [%]

Antwerpen Antw 324.91 10.76 1402 19.51
Brabant wallon BW 95.9 3.18 136 1.89

Hainaut Hain 537.95 17.82 508 7.07
Liège Liège 297.705 9.86 746 10.38

Limburg Limb 313.6 10.39 759 10.56
Luxembourg Lux 104.8 3.47 162 2.25

Namur Nam 345.05 11.43 212 2.95
Oost-Vlaanderen OV 674.05 22.33 1421 19.77
Vlaams-Brabant VB 60.3 2.00 665 9.25

West-Vlaanderen WV 264.86 8.77 1175 16.35
Total 3019.125 100.00 7186 100.00
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Chapter B: Data for Belgium 2030 case

The spatial distribution of onshore wind turbines, and photovoltaic panels are listed in
Table B.1 and B.2.

B.4.2 Distributed Run-of-River Hydroelectric Generation Plant

The forecast installed capacities for 2030 is 0.151 GW for run-of-river hydroelectric
generation plants according to Elia [67]. Its spatial distribution is listed in Table B.1
and B.2.

B.5 Storage units

B.5.1 Pumped-Hydro-Storage

Two pumped-hydro storage are considered for Belgium:
• Coo power station can provide 1080 MW for six hours, with a start-up time of

under two minutes [82]. So a storage capacity of 6*1080 = 6480 MWh. The
round-trip efficency of the power station is 75% meaning that the input/output
efficiency is of 86.6%.

• Plate-Taille power station can provide 144 MW and has a hydro reservoir capac-
ity of 67.8 million m³. [Trouver sources et données pour le potential energie]
[83]. Ces deux données viennet de adequacy fx elia :

The data is grouped in Table B.16.
Table B.16: Pumped-hydro storages

Name Node Pmax Emax eff_pump eff_turb
[MW] [MWh] [-] [-]

Coo COO 1161 5600 0.866 0.866
Plate-Taille GOUY 144 700 0.866 0.866

B.5.2 Batteries

In [67], batteries are divided in two categories: 1) Large-scale batteries (industrial
projects) whose charging/discharging profile is optimised within the formulation and
2) Small-scale batteries, also called residential batteries, which have can either have a
predefined charging/discharging profile depending on the PV production, or an opti-
mized operation just like large-scale batteries. It is assumed that in 2030, all residen-
tial batteries will have a market dispatch. The installed power and energy capacity of
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these two categories are referenced in Table B.17. Also, all of the batteries are consid-
ered to have a round-trip efficiency of 85% which means an input/output efficiency of
√

85 = 92.19%

Large-scale Small-scalle Total
In service Potential New Capacities All All All

Total Power [MW] 330 2140 2470 511.5 2981.5
% of 2-hours duration 66.4 0 8.9 100 24.5
% of 4-hours duration 33.6 100 91.1 0 75.5

Energy [MWh] 881.4 8560.0 9441.4 1023 10464.4

Table B.17: Large-scale and small-scale batteries for Belgium in 2030 - Elia estimation
[67]

It has been assumed that their locations is distributed among all the industrial hubs
(Gent, Antwerpen, Brussels, Hainaut, Liège) and at the shore (Zebrugge) equally. The
details ar provided in Table B.18.

Table B.18: Batteries
Batt Node Pmax Emax eff_batt_in eff_batt_out

[MW] [MWh] [-] [-]
1 STEVN 497 1744 0.9219 0.9219
2 RODE+ 497 1744 0.9219 0.9219
3 MERCA 497 1744 0.9219 0.9219
4 BRUEG 497 1744 0.9219 0.9219
5 GOUY 497 1744 0.9219 0.9219
6 RIMIE220 497 1744 0.9219 0.9219

B.6 Traditional Electrical demand

According to [67], the annual electrical demand in 2030 reaches 112.8 TWh. This "en-
globes" the traditional electrical usage supposing to increase, the additional demand for
industry heat, electric vehicles, heat-pumps, and electrolyzers. Because in the model
used in this work, electric vehicles, heat pumps, and electrolyzers are treated as a dif-
ferent type of demand, they can be substracted from the total annual demand: 112.8
[TWh] - 5.13 [TWh] (EVs) - 2.9 [TWh] (HPS) - 0.6 [TWh] (electrolyzers) = 104.17
[TWh]. This annual electrical demand has to be distributed in the time (among the
hours of the year) and space (among the different nodes of the system) dimensions.

B.6.1 Time distribution methodology

The hourly distribution of the annual demand is based on the total load time series of
2018 available online on Elia’s data platform.
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B.6.2 Space distribution methodology

Three types of transformers 5 connected to the VHV grid are identified and categorized
as follows:

i) Phase shifters: when the high voltage side (380 or 220 kV) is equal to the low
voltage side of the transformer.

ii) Step-down 380/220 transformers: when the high voltage side is 380 kV and the
lower side is 220 kV, the transformer permits the connection of 380 and 220 kV
lines.

iii) Load feeders: when the high voltage side is 380 or 220 kV and the lower side
150 kV or lower, then the transformer is a step-down transformer used to feed a
load.

The load is then distributed to the pro-rata of the installed capacities of load feeders
transformers (iii) at each node. An exception is made for the node Stevin where a
consequent capacity (1260 MW) of <150 kV transformer are installed which are not
load feeders per se. The spatial load distribution is available in Table B.1 and B.2.

B.7 Electric Vehicles

Electric vehicles are taken into account in this study. A total of 1.9 millions of EVS are
planned to be in circulation by 2030 according to [67]. The annual demand from the
EVs is calculated with the following assumptions [67]: cars travel 15000 [km/year],
with a consumption of 18 [kWh/100 km]: 1.9 M x 15000 [km/year] x 0.18 [kWh/km]
= 5.13 [TWh/year]. This annual demand is distributed equally among the days of the
year (∼14 GWh/day).

B.7.1 Time distribution

The distribution among the hours of the day is not uniform, and depends on the EV
type.
Four types of electric vehicles can co-exist depending on their charging behavior :

1. V0: natural charging profile (pre-defined time series) with a peak in the evening
(plain line in Fig. B.4)

2. V1H: delayed charging profile (pre-defined time series) with a peak in the middle
of the night (dashed line in Fig. B.4)

5Transformers can be constituted of 2 or 3 windings. If three windings, the HV side is unique, and there
exist two LV sides.
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3. V2H: bi-directional charging profile (pre-defined time series) where the EV has
a battery behavior, charging during the night and restituting during the evening
(dashdotted line in Fig. B.4)

4. V1M: smart charging profile (result of the optimisation) concerning EVs that are
flexible and produce optimally during the day. The share of the smart EV fleet
connected to a flexible charger during the day is not constant and represented in
Fig. B.5.

Figure B.4: V0 (classical) and
V1H (smart) charging profiles
[67].

Figure B.5: Share of the flexible
EV fleet connected to a flexible
charger during the day [67].

The following share is considered in 2030 according to [67] - V0: 30 % - V1H: 45 %
- V2H: 4% - V1M: 21% 6. Also, flexible chargers are supposed to have a power of 7
kW.

B.7.2 Spatial distribution

Their nodal distribution is considered to be similar to the photovoltaic distribution and
is referenced in Table B.1 and B.2.

B.8 Heat-Pumps

Heat-pumps are taken into account in this study. A total of of 1.2 million heat-pumps
are considered to be in operation by 2030 according to [67]. An annual demand of 2.9
[TWh/year] for the HPs operation is taken from [67].

6In the study [67], smart vehicule-to-grid is also considered (V2M). However, the model used in this
work does not permit V2G. Thus the share of V2M (1%) is given to the V2H category(3% ←→ 4%).
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B.8.1 Time distribution

This annual demand is distributed among the different months as shown in Fig. B.6
and the distribution among the hours of the day depends on the HP type.
They are splitted into 3 categories depending on their behaviors:

1. HP0: natural profile (pre-defined time series) with a peak in the morning, and
in the evening (plain line in Fig. B.7)

2. HP1H: pre-heated profile (pre-defined time series) with an additional peak (com-
pare to HP0) during the day, which reduces the evening peak (dashed line in Fig.
B.7)

3. HP1M: smart profile (result of optimisation) concerning HPs that are flexible
and produce optimally during the day.

The following share is considered in 2030 according to [67] - HP0: 59 % - HP1H: 31
% - HP1M: 10%. Also, flexible HPs are supposed to have a thermal power 10 [kWth],
and a COP of 3 which amounts to an electrical power of 3.33 [kW].The repartition
among the nodes is set identical to the PV distribution.

Figure B.6: Monthly distribution
of annual heat-pump demand in-
spired by [67] (simplification ap-
plied)

Figure B.7: HP0 (classical) and
HP1H (smart) charging profiles
[67].

B.8.2 Spatial distribution

Their nodal distribution is considered to be similar to the photovoltaic distribution and
is referenced in Table B.1 and B.2.
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B.9 Hydrogen Network Topology

B.9.1 Hydrogen Pipelines

The construction of the future hydrogen system is designed based on a document pub-
lished by Fluxys [84] where they propose a first short-term (2030) network deployment
for constructing the European Hydrogen Backbone, as illustrated in Fig. B.8a. This
network has been simplified using the following assumptions:

- Clusters are grouped in one node
- Pipelines joining elsewhere a node location are deviated towards a node
- Eynatten considered in Liège cluster
- Blaregnies considered in Hainaut cluster
and can be visualized in Fig. B.8b.

(a) Short-term option fo the deploy-
ment of the hydrogen backbone from
Fluxys [84]

(b) Simplified hydrogen backbone con-
sidered for this work

Figure B.8: Hydrogen network topology.

The nodes of the hydrogen network are assigned to an existing node of the electrical
system if there is:

- Alveringem: no corresponding node in area thus creation of a new node
- Zeebrugge: connected to Stevin (STEVN) node
- Gent: connected to Rodenhuize (RODE+) node
- Antwerpen: connected to Meractor (MERCA) node
- Bruxelles: connected to Bruegel (BRUEG) node
- Hainaut: connected to Gouy (GOUY) node
- Liège connected to Rimière 220 (RIMIE220) node.
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Moreover, based on the hydrogen pipelines specifications in [74] and summarized in
Table B.19, it assumed that the short-term hydrogen network deployment will consist
in medium repurposed pipelines with a capacity of 3.6 GW.
Table B.19: Hydrogen pipelines specifications for the European Hydrogen Backbone
[74]

Type Capacity Pressure operation
[GW] [bar]

Small new 1.2 50
repurposed 1.2 50

Medium new 4.7 50
repurposed 3.6 50

Large new 13 80
repurposed 13 80

The hydrogen pipelines can be found in Table B.20.
Table B.20: Hydrogen pipelines

Pipeline FromNode ToNode Qmax
[MWH2 ]

1 ALVERINGEM STEVN 3600
2 STEVN RODE+ 3600
3 RODE+ MERCA 3600
4 MERCA BRUEG 3600
5 BRUEG RIMIE220 3600
6 BRUEG GOUY 3600

B.9.2 Hydrogen interconnections

The yearly quantity of imported hydrogen is not limited. However, the hourly quantity
is limited at each interconnection by the pipeline capacity of 3.6 GW. This is detailed
in Table B.21.

Table B.21: Hydrogen imports
H2Imp Name Node Qmax PriceH2Imports

[MW] [€/MWh]
1 Alveringem ALVERINGEM 3600 150
2 Zeebrugge STEVN 3600 150
3 Zelzate RODE+ 3600 150
4 Zandvliet MERCA 3600 150
5 S-Gravenvoeren RIMIE220 3600 150
6 Eynatten RIMIE220 3600 150
7 Blaregnies GOUY 3600 150

Hydrogen Import price

The price is set to 150 [e/MWh𝐻2
], which is equivalent to 5[e/kgH2 ]. The price is

considered similar at all interconnections and is referenced in B.21.
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B.10 Electrolyzers

Their installed capacity sum up to 447 MW according to Elia’s study [67]. The effi-
ciency of electrolyzers is considered to be 70 %, and the energy necessary to compress
the hydrogen is set to 9 % of the electrical consumption of the electrolyzer. These
specificities can be found in Table B.22.

Table B.22: Electrolyzers
Electrolyzer Location Node Pmax Efficiency Compression share MTTF MTTR

[MW] [-] [-] [hours] [hours]
1 Zeebrugge STEVN 74.5 0.7 0.09 2000 50
2 Gent RODE+ 74.5 0.7 0.09 2000 50
3 Antwerpen MERCA 74.5 0.7 0.09 2000 50
4 Bruxelles BRUEG 74.5 0.7 0.09 2000 50
5 Hainaut GOUY 74.5 0.7 0.09 2000 50
6 Liège RIMIE220 74.5 0.7 0.09 2000 50

B.10.1 Spatial distribution

We suppose that they are installed at shore (Zeebrugge), and at industrial hubs (hydro-
gen clusters): Gent, Antwerpen, Brussels, Hainaut, Liège with an even distribution.

B.11 Hydrogen-to-power units

Hydrogen-to-power units: no projects of this type is planned for Belgium in 2030.

B.12 Hydrogen storage units

Hydrogen storage units are located nearby each electrolyzers unit, with the same in-
stalled power, and a storage capacity of 10 hours, i.e. 10*P. The specificities are de-
tailed in Table B.23.

Table B.23: Hydrogen storage
H2Sto Location Node Pmax Emax eff_in eff_out

[MW_H2] [MWh_H2] [-] [-]
1 Zeebrugge STEVN 74.5 745 1 1
2 Gent RODE+ 74.5 745 1 1
3 Antwerpen MERCA 74.5 745 1 1
4 Bruxelles BRUEG 74.5 745 1 1
5 Hainaut GOUY 74.5 745 1 1
6 Liège RIMIE220 74.5 745 1 1
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B.13 Hydrogen demand

Hydrogen demand for 2030 can be derived in multiple ways:
1. End-use demand method: Today, hydrogen is used as a primary feedstock in the

industry sector for the production of end-use demands such as: the high-value
chemicals (HVC), methanol, and ammonia. To derive the hydrogen demand
from these end-use demands, various assumptions about the processes involved
and their efficiencies has to be made.

2. Models method: Future hydrogen demands are derived by several studies for
2050, this including the industrial demands, but also other end-use demands
from the electricity, heat, or mobility sectors that could be satisfied by hydro-
gen in the future. Usually, these reports define a demand for 2050, so a linear
interpolation shall be made for the 2030 demand.

3. Up-bottom approach: In 2022, the Belgian hydrogen consumption was 378.2
[ktH2 ] [59] and a scaling factor can be applied to it for 2030.

4. The hydrogen demand has been estimated for very country in the world for 2050
in [85] based on the Net Zero scenario of IEA in 2050 [86]. Among all the coun-
tries, the predictions for Belgium is 48.2 [TWhH2 /year] (vs. 16 [TWhH2 /year]
in 2020). If we consider a lower-heating value of hydrogen of LHVH2 = 33.33
[MWh/t], this demand is of 1.44 MtH2 /year. To define the demand for 2030,
we can interpolate, and suggest that the consumption will be of 1/3*(48.2-16)
[TWhH2 /year] = 26.7 [TWhH2 /year] = 0.8 [MtH2 /year].

In this study, the fourth manner is used, and the yearly demand is set to 800 [kt/year]
= 26.6 [TWhH2/year].

B.13.1 Time distribution

The yearly demand is evenly distributed among the days of the year, i.e. 73
[GWhH2 /day]. Then, we can define a fixed and a flexible share. The fixed share dis-
tributes this daily demand evenly among the hours of the day. The flexible share does
not impose any hourly demand, the hourly production is optimized, and only the daily
demand is constraining. In this study, the hydrogen demand is set 100 % flexible.
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B.13.2 Spatial distribution

The yearly demand is evenly distributed among the industrial hubs, i.e. Antwerpen,
Ghent, Bruxelles, Hainaut, and Liège, and the nodal distribution is referenced in Table
B.1 and B.2.

B.14 Outages of different components

B.14.1 Branches and interconnections

The outages of branches (transformers and internal lines) and interconnections
(tielines) are considered in this study. Their MTTR and MTTF are defined thanks to
data from Elia [75] and are summarized in Table B.24. The transformers MTTR/MTTF
are based on only 3 components that have failed with a very large spread of outage du-
rations (2 outages of ∼ 3 months): the fact that few data is available and that some
seem extreme, the MTTR/MTTF of the transformers will be based on internal lines
instead.
Table B.24: Outages of 220/380 kV components from Elia database [75] that studies
a period of ∼ 9 years (77344 hours).

a220/380 kV aExisting aFailed Total MTTR bMTTFfailed
cMTTFno failed

dMTTF
components comp. [77] comp. outages [hours] [hours] [hours] [hours]
Internal lines 90 18 27 26 57606 77344 73397
Transformers 67 3 9 547 27838 77344 75128

Tielines (HVAC) 12 6 9 84 44807 77344 61076
Tielines (HVDC) 2 2 18 24 3287 77344 3287

a excludes the lines going from Stévin towards the offshore wind farms.b the mean duration between two failures of an asset (concerns the assets that have failed on the studied period). If
an asset fails only once, the MTTF = studied period.c it is assumed that the assets that haven’t failed have a MTTF = studied period.d The MTTF is a weighted sum of both MTTFfailed , and MTTFno failed .

B.14.2 Generators

From the average forced outage rates (FOR) and the average repair time (MTTR) of
the different units defined by Elia in [67] and detailed in Table B.25, the mean-time-
to-failure (MTTF) can be derived with the following relation: FOR = MTTR

MTTR+MTTF .
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Table B.25: Forced outage rate (FOR), mean-time-to-repair (MTTR) and mean-time-
to-failure (MTTF) of different units.

Average FOR [67] MTTR [67] MTTF
Unit Type [%] [hours] [hours]

Nuclear 4*-20.5** 199 4776-771.73
CCGT 5.5 110 1890
OCGT 8.2 221 2474.12

TJ 9.8 130 1196.53
CHP, waste, biomass 6.4 111 1623.37

*Only considering technical forced outages.
**Also considering long-lasting forced outage..

B.14.3 Offshore Wind Turbines

Offshore wind farms can fail to supply the foreseen production because wind turbines
or another component linking the turbine to the transmission grid (e.g. submarine
cables, transformers) may undergo failures. In this study, only failures concerning
wind turbines are considered. Indeed, it has been supposed that the wind farms
are directly connected to the onshore nodes, neglecting cables and transformers in
between.

The MTTF and MTTR values for each single wind turbine is taken from a study [76].
Table B.26: Failures rates, and mean time-to-repair for offshore wind turbines [76].

Minor Repair Major Repair Major Replacement All

Share - - -
Lambda [/turbine/year] 5.73 0.89 0.13 6.75

Repair time [hours] 16.11 82.16 498.58 34.21
MTTF [hours] 1528.8 9842.7 67384.62 1297.78

The number of failures per year regardless the severity is 𝜆 = 5.73+0.89+0.13 = 6.75
[failures/turbine/year]. The average repair time, considering the occurrence of each
severity, is MTTR = 34.21 [hours]. From this, can be derived the MTTF = 8760

𝜆 =
1297.78 [hours].

B.14.4 Electrolyzers

The MTTF is set to 2000 hours and MTTR to 50 hours.
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