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Samenvatting

Ten gevolge van de dringende klimaatproblematiek zijn ambitieuze plan-
nen opgezet in de voorbije decennia ter ondersteuning van de uitbouw van
hernieuwbare energiebronnen in de energiebevoorrading en de diversifica-
tie van de energiebevoorrading door het financieren van groene technolo-
gieën waaronder waterstofproductie. In de energiesector is de transitie naar
voornamelijk hernieuwbare energiebronnen deel van het traject voor het
bereiken van verlaagde broeikasgasemissies. In België is een aanzienlijk
deel van de elektriciteitsproductie reeds afkomstig van hernieuwbare ener-
giebronnen. De traditionele elektrische energienetten zijn destijds niet ont-
worpen voor dit hoge aandeel aan intermitterende energiestromen. Hier-
door veroorzaakt de toenemende integratie van dergelijke variabele, her-
nieuwbare energiebronnen in het energiesysteem stress bij de conventio-
nele productie-eenheden, die cruciaal zijn voor het in balans houden van
het energienet. Om deze stress op te vangen, vereist het energiesysteem
een toegenomen hoeveelheid flexibiliteit.

De eerste mogelijkheid tot flexibiliteit volgt uit de werking van
productie-eenheden. Netbeheerders en de energiemarkt geven signalen aan
de producenten over wanneer hoeveel elektriciteit geproduceerd dient te
worden ten gevolge van wijzigingen in consumptie. Deze aanbod-volgt-
vraag redenering in de energiesector is historisch gegroeid, maar onder-
vindt moeilijkheden door het toenemende aandeel aan variabele productie-
eenheden. De energiemarkt en markt voor systeemdiensten hebben reeds
een transformatie ondergaan de voorbije decennia, in de hoop zo een gelijk
speelveld te creëren voor alle technologieën en partijen die kunnen bijdra-
gen en voordeel halen uit hun flexibiliteit. Het alternatief voor flexibiliteit
bij elektriciteitsproductie is flexibiliteit van de vraagzijde door gebruik te
maken van opslag en vraagsturing.

Dit werk geeft in de eerste plaats een overzicht van het valoriseren van
elektrische flexibiliteit op zowel een impliciete als expliciete wijze. Im-
pliciete flexibiliteit is de reactie van een marktspeler op een prijssignaal,
terwijl expliciete flexibiliteit het doel is van de markt voor systeemdien-
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sten. Deze laatstgenoemde bespreekt hoeveelheden vanvermogen en ener-
gie met derde partijen, dikwijls de netbeheerders, die dan op hun beurt
verschillende flexibiliteitsmethodes kunnen activeren in tijden van nood.
In deze context kunnen elektrische belastingen, waaronder ook recente
technologieën zoals energie-naar-waterstof-systemen (power-to-hydrogen),
die naast een afname in broeikasgasemissies ook kunnen bijdragen tot
het balanceren van het energienet. Waterstof als indirecte energieopslag
via energie-naar-waterstof kan ook een aantrekkelijke oplossing bieden
voor langdurige opslag dankzij haar grootschalige opslagpotentieel. Wa-
terstofproductie en -opslag in energie-naar-waterstof installaties zijn echter
energie-intensieve processen en de techno-economische haalbaarheid van
dergelijke systemen is nog niet bewezen bij een combinatie van verschil-
lende inkomstenbronnen. Hierdoor is investeren in dergelijke faciliteiten
onzeker en risicovol. Bijgevolg dienen nieuwe strategieën deze uitdagingen
aan te gaan en tegelijkertijd de CO2-emissies van verschillende sectoren te
reduceren. Bovendien dient niet alleen het effect van flexibiliteitsvoorzie-
ning bij de investering in energie-naar-waterstof-systemen deel te zijn van
het onderzoek, maar ook de impact van het voorzien van flexibiliteit door
elektriciteitsconsumenten in het algemeen en hun rationaliteit in de werking
van het energiesysteem.

Om deze aspecten te onderzoeken heeft dit proefschrift de intentie om
de techno-economische haalbaarheid van het balanceren van het energie-
net door middel van energie-naar-waterstof-systemen te bekijken, rekening
houdend met de impact op de werking van flexibiliteit aangeboden door
reactieve consumenten en hun rationaliteit op het energiesysteem. Deze
doelen in acht genomen werden verschillende optimalisatiealgoritmes en
-modellen ontwikkeld: een eerste studie is de flexibele werking van een
energie-naar-waterstof-installatie. Een optimalisatiealgoritme dient om de
impact van het voorzien van frequentiecontrolediensten op het ontwerp en
de werking van een waterstof tankstation te onderzoeken. Het voorgestelde
techno-economische model berekent de totale jaarlijkse winst, investerings-
en werkingskosten in rekening genomen en over verschillende inkomsten-
bronnen zoals de mobiliteit, aardgasmarkt en de markt voor systeemdien-
sten. Resultaten van deze studie tonen aan dat het valoriseren van flexibi-
liteit, de prijzen op de energiemarkt en beperkingen in primaire reserves in
acht genomen, winstgevend is, zeker ten opzichte van het werken aan een
constante belasting.

Terwijl in eerste onderzoeksonderwerp het voorzien van frequentiebe-
grenzingreserves bij energie-naar-waterstof-installaties geanalyseerd wordt
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op vlak van investerings- en operationele strategieën, dienen de gevolgen
van het ondersteunen van de netbeheerders met behulp van frequentiegere-
lateerde systeemdiensten, zoals frequentieherstel via automatische en ma-
nuele activering, nog onderzocht te worden. Bijgevolg is het tweede on-
derzoeksonderwerp de flexibele werking van een energie-naar-waterstof-
installatie om zo verschillende frequentiegerelateerde systeemdiensten aan
te bieden, rekening houdend met de onzekere vraag naar en productieca-
paciteit van waterstof en de energieprijzen. Een probabilistische optimali-
satiemethode dient om een optimale grootte en flexibele werking van het
energie-naar-waterstof-systeem te bepalen. Het onderzochte testsysteem is
gelinkt met een elektriciteits-, gas- en industrieel waterstofnetwerk dat wa-
terstof aanlevert aan de mobiliteitssector. Verschillende strategieën voor
het aanbieden van frequentiegerelateerde systeemdiensten, i.e., frequentie-
begrenzing, frequentieherstel via automatische activering en frequentieher-
stel via manuele activering, bepalen de wijzigingen in vraag naar elektri-
citeit, winst en uiteindelijke break-evenprijs voor waterstof. Het ontwik-
kelde model regelt de werkingspunten van de verschillende subcomponen-
ten op basis van de elektriciteitsprijs, vraag naar waterstof, frequentie van
het energienet en signalen van de netbeheerders.

De bevindingen tonen aan dat de eerste twee voorgestelde strategieën
het voorzien van frequentiegerelateerde systeemdiensten via energie-naar-
waterstof-faciliteiten mogelijk maakt met winstmaximalisatie. Resultaten
van de simulaties tonen aan dat de economische winst kan vergroten door
deelname van de installatie in dergelijke markten voor systeemdiensten ter-
wijl het een stabiele werking voorziet voor het waterstoftankstation.

Zoals hierboven reeds vermeld, wordt bij de eerste twee strategieën de
rol van grootschalige responsieve elektrolysers in het aanbieden van fre-
quentiegerelateerde systeemdiensten onderzocht terwijl de potentiële im-
pact op vlak van investeringen en operationele kenmerken worden bekeken
vanuit het perspectief van de elektriciteitsconsument. Echter dient ook de
rol van vraagsturing en deze potentiële impact op de betrouwbaarheid van
het energiesysteem bekeken te worden. Uit responsieve belastingen kan
men de grootste waarde halen via slimme planning. Hierbij wijzigt de vraag
van dergelijke flexibele belastingen om zo de kost voor zowel consumen-
ten als systeembeheerders te verlagen, een hoger aandeel aan hernieuwbare
energiebronnen te accommoderen en de nadelige impact van nieuwe strate-
gieën en technologieën op het energiesysteem te beperken.

In deze context is het derde onderwerp het onderzoek naar de rol
van verschillende vraagsturende strategieën op de betrouwbaarheid van het
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energiesysteem terwijl de operationele kosten zich tot een minimum be-
perken. Verschillende beperkingen, waaronder deze van het transmissie-
net, productie-eenheden, vraagsturende programma’s en systeemveiligheid,
worden hierbij in rekening genomen. De voorgestelde methodologie intro-
duceert vraagsturende modellen op basis van de elasticiteit van de prijs van
elektriciteit, rekening houdend met consumentencomfort en het niveau van
flexibiliteit. De verkregen resultaten tonen aan dat met een degelijke uitrol
van vraaggestuurde regelingen en de optimale benutting van actuele prijzen
en stimulansen, de operationele kosten verlagen terwijl de betrouwbaarheid
van het systeem blijft behouden.

Kort samengevat, dit proefschrift stelt verschillende operationele en
ontwerpstrategieën voor om de integratie van energie-naar-waterstof en
elektrisch reactieve belastingen in het energienet te faciliteren. De resul-
taten tonen de significantie van de strategieën aan in een optimale deel-
name in de energiemarkt, markt voor systeemdiensten en vraaggestuurde
programma’s. De voorgestelde methodes maken het mogelijk bij te dragen
tot het stroomnet van de toekomst met hoge aandelen aan hernieuwbare
energiebronnen.

Kernwoorden: Betrouwbaarheid, consumentencomfort, consumentenge-
drag, elektrolyse, flexibiliteit, frequentiecontrole, optimale capaciteit, op-
timale planning, productieplanning, systeemdiensten, techno-economische
analyse, vraagsturing, waterstof.



Summary

Following the urgency of climate change issues, ambitious plans have been
set out in the past decade to boost the share of renewables in the energy
mix and diversify the energy supply by financing green technologies such
as hydrogen production facilities. In the electricity sector, shifting towards
primarily renewable power production is among the solutions to decrease
greenhouse gas emissions. In Belgium, for example, a large part of the elec-
tricity is already being generated by non-dispatchable renewable sources.
However, the classical power grids are not designed to accommodate such
a high level of intermittent power. Hence, the increasing integration of non-
dispatchable renewable energy resources into power systems increases the
stress on conventional generation plants, which have the responsibility of
grid balancing. Then, power systems need enhanced flexibility to relieve
this pressure.

The first option for flexibility is looking at the operation of the genera-
tion side. Grid operators or the market send signals to the supply side when
and how much electricity to produce following the changes in consumption
on the demand side. This supply-follows-demand relation in the electricity
sector has been present historically but is being disrupted due to the increas-
ing share of non-dispatchable generation. The energy and ancillary service
markets have experienced a massive transformation over the past decades,
facilitating a level playing opportunity for all technologies and various par-
ties to benefit from their flexibility. Thus, the alternative for generation-side
flexibility is the flexibility of the demand side by using storage or demand
response schemes.

Therefore, this work first gives an overview of the options to valorise
electrical flexibility in implicit and explicit ways. Implicit flexibility is the
reaction of a market party to price signals, while explicit flexibility is pro-
cured via the ancillary services market. For the latter, volumes of power
and energy are contracted with a third party, often the transmission system
operator, which then activates different flexibility options in case of sys-
tem needs. In this context, electrical loads, including novel technologies
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such as power-to-hydrogen systems, are not only able to help reduce green-
house gas emissions, but can also support the power system operators to
balance the power grid. The inclusion of hydrogen for indirect energy stor-
age via power-to-hydrogen might also be attractive for long-term storage
due to its large-scale energy storage potential. However, hydrogen produc-
tion and storage in power-to-hydrogen facilities are energy-intensive, and
the techno-economic viability of such systems is not clear yet when various
sources of income are combined. That is why investment in such plants is
uncertain and risky. Therefore, new strategies are needed to handle these
challenges and accelerate the fast reduction of CO2 emissions in various
sectors. Moreover, not only the effect of flexibility provision on the invest-
ment in power-to-hydrogen systems, but the impact of providing flexibility
by electricity consumers in general and their rationality on the operation of
power systems also need to be examined.

In order to consider these aspects, this dissertation intends to examine
the techno-economic feasibility of grid balancing with power-to-hydrogen
systems, together with the operational impact of the flexibility of responsive
consumers on power systems. Taking into account the above-mentioned
goals, several optimisation algorithms and models are developed:

First, the flexible operation of a power-to-hydrogen facility is studied.
An optimisation algorithm is proposed to investigate the impacts of provid-
ing the Frequency Containment Reserve (FCR) on the design and operation
of a hydrogen refuelling station. The proposed techno-economic model
calculates the total annual profits, considering investment and operational
costs and different revenue streams from the mobility, natural gas and an-
cillary service markets. Results show that valorising flexibility, considering
the energy market prices and primary reserve constraints, is profitable, es-
pecially compared to working at a flat load.

While the first research topic analyses the effects of providing FCR on
the investment and operational strategies in power-to-hydrogen facilities,
the consequences of supporting the transmission system operator with other
frequency ancillary services, including automatic Frequency Restoration
Reserve (aFRR) and manual Frequency Restoration Reserve (mFRR), still
need to be studied. Thus, the second research topic investigates the flex-
ible operation of a power-to-hydrogen plant to provide various frequency
ancillary services considering the uncertainty of hydrogen demand and ca-
pacity and energy prices. A probabilistic optimisation method is suggested
to address the challenges of optimal sizing and the flexible operation of
the power-to-hydrogen system. The examined test system is coupled with
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electricity, natural gas, and industrial hydrogen networks while delivering
hydrogen to the mobility sector. Various scheduling strategies for differ-
ent frequency ancillary services, i.e., the Frequency Containment Reserve,
automatic Frequency Restoration reserve, and manual Frequency Restora-
tion reserve, are compared in terms of electricity demand adjustment, the
influence on profits and the final hydrogen break-even price. The devel-
oped model regulates the setpoints of different subcomponents based on
electricity prices, hydrogen demand, grid frequency and signals from the
transmission system operator.

The findings show that the first two proposed strategies enable the
power-to-hydrogen plants to provide different frequency ancillary services
while maximising the total annual profits. The simulation results reveal
that the economic profits can be increased following participation in the
ancillary service markets while fulfilling its operation specifications and
considering the stable operation of the hydrogen refuelling station.

As mentioned above, the first two strategies explore the role of large re-
sponsive electrolysers to provide frequency ancillary services while looking
at the potential effects on the investment and operational aspects from the
electricity consumers point of view. However, the role of demand response
programs and potential impacts on the reliability of power systems still
must be considered. It is critical to draw the most value from scheduling
responsive loads through so-called smart dispatch. Smart scheduling im-
plies flexibly modifying the consumption of flexible loads to reduce costs
for consumers and power system operators, accommodating higher levels
of renewables and minimising the adverse impact of new strategies and
technologies on the power system.

In this context, the third topic is to analyse the role of different demand
response strategies in assuring power systems reliability while minimising
operating costs. Several constraints, including those related to the trans-
mission system, generation units, demand response programs and system
security, are taken into account. The proposed methodology introduces de-
mand response models based on the price elasticity of demand, considering
consumers comfort and flexibility levels. Obtained results demonstrate that
with proper deployment of demand response schemes and optimal design
of real-time prices and incentives, the operating costs will decrease while
the security of the system is guaranteed.

In summary, various operating and design strategies are proposed in
this thesis to facilitate the integration of power-to-hydrogen technology and
electrical responsive loads into the power grid. The results show the signif-
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icance of the formulated strategies for optimal participation in the energy
and ancillary markets and demand response programs. The proposed meth-
ods are able to contribute to the evolution of the future grid under the high
penetration levels of renewables.

Keywords: Ancillary services, customers behaviour, customers comfort,
demand response, electrolysis, flexibility, frequency control, hydrogen, op-
timal scheduling, reliability, size optimisation, techno-economic analysis,
unit commitment.
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1
Introduction

This chapter introduces the research presented in this disser-
tation. With this introduction, the author intends to give a
general overview of the presented research in this work. Sec-
tion 1.1 provides the context in which this research is embed-
ded. Section 1.2 allows the readers to understand the objec-
tives and challenges followed by the main assumptions and
outline of this thesis in Sections 1.3 and 1.4, respectively.

1.1 Context

The shift to renewable energy sources (RES) in the electrical power, heat-
ing, and transportation sectors has gained lots of attention and is happening
quickly to minimise global warming aftermaths. According to the Fit for
55 program, the European Union (EU) aimed to raise the renewable energy
share by at least 40% and lower greenhouse gas (GHG) emissions by at
least 55% by 2030 compared to 1990 levels. However, in light of the war in
Ukraine and the energy supply crisis, the European Commission adopted a
package of proposals, referred to as the RePowerEU plan, which increases
the EU target of renewables in the energy mix to at least 45% by 2030.

While reducing GHG emissions, such a large-scale deployment of inter-
mittent RES puts the balanced operation and frequency stability of power
systems at risk. Therefore, novel flexibility options, including new tech-
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nologies and operating strategies are necessary for the reliable operation
of energy systems, particularly electrical power systems. Energy storage
systems (ESS), curtailment of available renewable energy and demand side
response can be part of the solution to guarantee the reliability of power
systems. Among various storage options, hydrogen is one of the most
promising choices to support the integration of RES into power systems.
Emerging forms of clean hydrogen produced based on renewable energy
will be a game changer in long-term and economy-wide decarbonisation.

As a feedstock, hydrogen can be used in main industrial processes, in-
cluding the production of chemicals, iron, and steel. As a fuel, hydrogen
can be used in fuel cells in the transportation sector and as a low-carbon way
to supply high-temperature heat needed for industrial processes. Moreover,
hydrogen can act as an energy buffer and help balance the power system
year-round [1]. During times of high wind and solar supply, excess renew-
able energy can produce green hydrogen for long-term energy storage. The
stored hydrogen will then provide a clean energy source to meet demand by
being converted to electricity when renewable supplies are low. Not only
in the long-term, but also in shorter time scales could the timing of the hy-
drogen production be adjustable to the variations of the electricity and hy-
drogen prices. In addition to a longer period for energy storage, hydrogen-
based systems allow lower capital costs compared to batteries [1]. Given
the mentioned benefits, hydrogen can play a fundamental role in future
power systems to provide flexibility, allowing higher integration of RES
and accelerating the reduction of GHG emissions.

Next to ESS, improved flexibility of consumers on the demand side is
another solution to accommodate increased penetration of variable energy
sources in power systems. Next to the continuous evolution in electricity
generation, an extreme shift is happening in the European energy sector and
related principles. Electricity and ancillary service markets are opened up,
letting both energy producers and consumers benefit from the new mecha-
nisms. These situations allow the demand side to provide flexibility in var-
ious shapes. For example, by supplying frequency ancillary services (FAS)
and price- and emergency-based demand response programs (DRP) in case
of contingency events, electricity consumers help transmission system op-
erators (TSOs) to improve the reliability of power systems and minimise
the operating cost. However, changing load patterns of residential, com-
mercial and industrial users to provide flexibility is not only valuable to grid
operators but also lets the responsive consumers minimise their electricity
bills and/or earn financial incentives by adjusting their energy consump-
tion. These mutual benefits are exactly what this thesis intends to cover in
the following chapters.
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1.2 Objectives

From data collection to engineering analyses, this thesis offers
different methods to enable responsive electricity consumers to
reduce their operating costs and maximise their total profits,
considering investment strategies.

As mentioned earlier, the accommodation of more fluctuating renew-
able power demands the more active participation of consumers in DRPs
and the provision of ancillary services. In this context, power-to-hydrogen
(P2H2) systems, equipped with MW-scale electrolysers, are able to provide
new balancing services to the grid operators. This is achieved by their en-
ergy storage potential and manageable electricity consumption capabilities.
While technically beneficial to the grid, the impact of flexibility provision
by electrolysers on the design and operation of the P2H2 plant must be
taken into account. That is why a large part of this work is dedicated to
investigating the potential profits for P2H2 systems that provide FAS. Con-
sidering the TSO point of view, the role of generation-side flexibility and
price-based and emergency-based DRPs in power systems reliability and
operating cost reduction will be examined. Thus, the main goals of this
research are to analyse the feasibility of P2H2 systems to balance the elec-
trical grid and investigate the role of DRPs in power systems reliability
under different constraints. This overall goal can be split into the following
sub-objectives:

• Analysing the techno-economic viability of the flexible operation of
P2H2 systems and assessing the cost/value of hydrogen production;

• Identifying the design requirements of a P2H2 plant and developing
the essential algorithms to convince investors about the necessity of
financing the P2H2 conversion;

• Examining the impact of supply- and demand-side flexibility and
consumers preferences on the reliable operation of power systems.

Given the above-mentioned objectives, the techno-economic challenges
need to be addressed to assure the cost-efficient contribution of responsive
loads in the FAS market and DRPs. Normally, electrolysers are scheduled
to run constantly at their nominal capacities or variable levels based on hy-
drogen demand. Hence, the flexible operation of a P2H2 plant, as a FAS
provider, is usually not considered in the system design. Moreover, the
operation of electrolysers, storage facilities and compressors is subject to
strict constraints concerning components size, operating ranges, injection
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capacities, etc. Ȧny proposed solution should define to which extent the
hydrogen system has to be redesigned to make the plant available for grid
services while at the same time satisfying the hydrogen demand. So, how to
size different subcomponents remains to be answered. The offered models
should also give a clear response on what the consequences of the possi-
ble redesign for the investment and operation costs of the plant are and to
which extent the revenues from grid services will compensate these extra
costs. So, in addition to technical constraints, a suitable investment and
scheduling scheme is needed for the flexible operation of hydrogen sys-
tems to satisfy grid service requirements while maximising profits. This
will solve one of the most influential barriers to convincing investors to fi-
nancially support the P2H2 systems and equip them with demand response
(DR) capabilities.

Moreover, as given in the objectives, customers behaviour and comfort
as fundamental principles must be included in the optimal scheduling of
demand units to improve the reliability of power systems and efficiency of
DRPs. Thus, an accurate model of DR still should be developed considering
customer behaviour and the effect of customers preferences on the power
systems operation.

Given the raised challenges, several investment and scheduling ap-
proaches are suggested in this work to determine the capability of respon-
sive loads, especially the P2H2 plants benefiting from the flexibility mar-
kets. Two investment models are offered and implemented to estimate the
size of required electrolysers, storage facilities, and compressors in an HRS
under different FAS constraints. A hydrogen cost metric is included in the
models to express the value of hydrogen in an energy market. While the
first two optimisation models are developed based on the specific case of an
HRS, they are deemed expandable to other industrial sectors. An overview
of the flexible operation of electrolysers in various FAS with a focus on the
European and Belgian markets shows today and future opportunities.

Next to proposing optimisation algorithms for hydrogen systems, a
novel operational optimisation model, comprising various DRPs and con-
sumer preferences, is developed to analyse the impact of the flexibility of
not electrolysers but the flexible generators and loads in general on the sta-
ble and reliable operation of power systems. A pricing algorithm is de-
veloped to find the optimal electricity prices and incentives to guarantee
network reliability and customers comfort, while minimising system oper-
ation costs in the presence of uncertainties.
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1.3 Scope and main assumptions

Deterministic optimisation models are often used in this research to pro-
vide answers for the objectives outlined before. Except Chapter 5, perfect
foresight of future events, like the magnitude of hourly hydrogen demand
and electricity prices, is assumed, neglecting uncertainty. Although there is
no perfect foresight in real-world scenarios, using such a procedure has the
advantage of delivering transparent results. As stated before, two different
types of optimisation models are developed; two combined investment/op-
erational models and an only-operational model. For the investment mod-
els, an optimisation horizon of 1 year with hourly time steps is considered
(Chapters 4 and 5). The operational model, which includes more technical
details of a power system, is employed with an optimisation horizon of 24
hourly time steps (Chapter 6). It is worth mentioning that Chapters 4 and 5
focus mainly on the role of electrolysers and do not include a detailed dis-
cussion of the possible flexibility that could be offered by hydrogen-fuelled
gas turbines or fuel cells. More detail about the assumptions will be pre-
sented in Chapters 4-6.

1.4 Thesis outline

This dissertation is organised as follows:

Chapter 2 Energy transition and need for flexibility
Chapter 2 gives an overview of the current policy and incentives support-
ing the energy transition globally and the potential consequences. It sum-
marises the plans and actual implementations regarding the increasing share
of RES in the energy mix. The challenges and consequences of deploy-
ing large-scale renewable energy plants will be discussed together with the
flexibility needs and potential solutions to facilitate the integration of a high
share of renewables in the power systems.

Chapter 3 Grid balancing and role of hydrogen
Chapter 3 describes the flexibility in power systems. The grid balancing
principle is explained as applied in Europe with a focus on the Belgian elec-
tricity system. Frequency ancillary services (FAS) and price-based DRPs,
with them linked to explicit and implicit flexibility options, are discussed.
Chapter 3 ends with an overview and the role of hydrogen and DRPs in a
secure power grid.
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Chapter 4 Operation & investment plans of P2H2 systems providing FCR

Chapters 2 and 3 discussed the need for flexibility and the possible role of
hydrogen systems in providing FAS by electrolysers. As electrolysers are
energy-intensive systems with favourable dynamic properties, they are par-
ticularly suitable for frequency support services. In this context, Chapter 4
evaluates the effect of FCR provision by large-scale electrolysers on the
optimal planning and operation of P2H2 systems. First, a system invest-
ment model is presented, which determines the cost-optimal system design
to serve a given hydrogen demand under different grid constraints. Next, an
analysis expands the optimisation of the hydrogen production and storage
scheduling by considering the FAS provision and injection of hydrogen to
the mobility sector and natural gas (NG) grid. At last, the impact of FCR
provision on the hydrogen break-even price and total annual profits (TAP)
is studied. This chapter includes elements from [2].

Chapter 5 Opportunities for P2H2 systems to provide FAS
Chapter 5 studied the flexible operation of electrolysers for the FCR provi-
sion. However, other FAS, such as aFRR and mFRR needs to be analysed
as well. Moreover, electrolysers provide an essential source of hydrogen for
different sectors. Hence, Chapter 5 aims to expand the analysis presented in
Chapter 4 by including different FAS in the optimisation problem, consider-
ing the optimal design for the P2H2 system capacity and deviations in both
the hydrogen demand and price profiles of FAS. These topics are brought
together in Chapter 5 in which novel investment and operation strategies
are presented for an extended P2H2 system supplying various sectors with
hydrogen. This chapter is based on [3, 4].

Chapter 6 Flexible supply- & demand-sides in a reliable power system
Chapters 4 and 5 respectively studied the flexible operation of the demand
side provided by specific loads, in this case, electrolysers, to support the
grid frequency. Chapter 6 introduces a novel strategy for the daily operation
of the whole power transmission system. This model analyses the impact of
DRPs, provided not by a single load such as an electrolyser but via aggre-
gated loads connected to different nodes and voltage levels, on the secure
operation of power systems. This chapter includes elements from [5].

Chapter 7 Conclusions and perspectives
Chapter 7 summarises and concludes the research and provides a view of
potential future works.



INTRODUCTION 7

References

[1] J. B. Von Colbe, J. Ares, J. Barale, M. Baricco, C. Buckley, G. Ca-
purso, N. Gallandat, D. Grant, M. N. Guzik, I. Jacob, et al. Applica-
tion of hydrides in hydrogen storage and compression: Achievements,
outlook and perspectives. International Journal of Hydrogen Energy,
44(15):7780–7808, 2019.

[2] A. Dadkhah, D. Bozalakov, J. D. M. De Kooning, and L. Vandevelde.
On the optimal planning of a hydrogen refuelling station participat-
ing in the electricity and balancing markets. International Journal of
Hydrogen Energy, 46(2):1488–1500, 2021.

[3] A. Dadkhah, D. Bozalakov, J. D. M. De Kooning, and L. Vandevelde.
Techno-Economic Analysis and Optimal Operation of a Hydrogen Re-
fueling Station Providing Frequency Ancillary Services. IEEE Trans-
actions on Industry Applications, 58(4):5171–5183, 2022.

[4] A. Dadkhah, D. Bozalakov, J. D. M. De Kooning, and L. Vandevelde.
Optimal Sizing and Economic Analysis of a Hydrogen Refuelling Sta-
tion Providing Frequency Containment Reserve. In 2020 IEEE Inter-
national Conference on Environment and Electrical Engineering and
2020 IEEE Industrial and Commercial Power Systems Europe (EEE-
IC/I&CPS Europe), 2020.

[5] A. Dadkhah, N. Bayati, M. Shafie-khah, L. Vandevelde, and J. Catalão.
Optimal price-based and emergency demand response programs con-
sidering consumers preferences. International Journal of Electrical
Power & Energy Systems, 138:107890, 2022.





2
Energy transition & need for flexibility

This chapter gives an overview of the current policy and incen-
tives supporting the energy transition around the world and the
potential consequences. Section 2.1 summarises the plans and
actual implementations regarding the increasing share of RES
in the energy mix. The challenges and consequences of de-
ploying large-scale RE plants will be discussed in Section 2.2.
Afterwards, the flexibility needs and potential solutions to fa-
cilitate the integration of a high share of renewables in power
systems will be introduced in Sections 2.3 and 2.4, respectively.
This chapter will be concluded in Section 2.5.

2.1 Increasing share of renewables

The global warming caused by a rise in greenhouse gasses (GHG) emis-
sions has pushed countries to take action. The Paris Agreement was put
into effect in 2016 to decrease emissions with the goal of climate neutrality
by 2050 [1, 2]. Energy use in different sectors has been at the heart of this
shift by delivering huge emission reductions. However, since most of the
energy demand was still covered by fossil fuels, emissions from the energy
sector and industry recovered from the dip in 2020 to reach their highest
annual level in 2021, 36.3 Gt [3].
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In response, the commitments put into effect as a result of the Paris
agreement toward a massive transition from fossil fuels to renewable energy
sources (RES) were renewed in 2021 in Glasgow. Such a transition towards
low carbon energy strategies has triggered a large installation of renewables
in the past decade. Even with rising commodity prices and manufacturing
costs for photovoltaic (PV) panels, PV capacity additions have increased
in 2021 to set an annual record of almost 160 GWp. Back then in 2021,
PV accounted for 60% of all renewable capacity expansions, with nearly
1100 GWp becoming functional. Global onshore wind expansions got an
exceptional level of almost 110 GWp, and by 2026 are foreseen to be almost
25% higher than in the 2015-2020 period. Global offshore wind capacity
proliferation is expected to reach 134 GWp by 2026, thanks to quick devel-
opment in markets outside Europe and China [4]. Fig. 2.1 shows how the
share of renewables in the electricity mix has evolved in the past decades.

2.1.1 Renewables on a European level

On a European level, the EU has decided to reduce their GHG emission
by 55% by 2030 compared to levels in 1990. The EU intends to obtain
40% of their final energy consumption from RES and enhance the energy
efficiency by 32.5% [6]. The war in Ukraine has emphasised the need for
RES to end the dependency of the EU on fossil fuels, which can be used as
economic and political leverage. Now, according to the REPowerEU plan,
the EU Commission has proposed to revise the 2030 target of the EU for
renewables from the current 40% to 45%. The REPowerEU Plan will boost
the total RE generation capacities to 1,236 GW by 2030, compared to the
1,067 GW envisaged under the Fit for 55 plan.

As part of the REPowerEU, the EU Solar Energy Strategy seeks to bring
online over 320 GWp of additional installed solar PV by 2025, and almost
600 GWp new installations by 2030 [7]. The EU energy plan is also propos-
ing to double the wind capacity. Recently, North Sea countries – Germany,
Belgium, the Netherlands, and Denmark – initiated a joint project to expand
offshore wind capacity tenfold to help the security of energy supply in the
region. Fig. 2.2 shows how wind and solar power generation has evolved
in Europe over the last decade.

All pathways to move toward a cleaner energy system entail a crucial
role for the electrical power system in decreasing GHG emissions. The
numbers show a significant increase in global electricity consumption over
the past decades. The 25,027 TWh consumption of 2019 is expected to
rise by 30% until 2040 [3], which necessitates more decarbonisation efforts
and a faster shift to renewables in the electrical power sector. Moreover,
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Figure 2.2: Wind and solar generation in Europe (TWh-monthly) [8]

the needed removal of GHG emissions for heating and in the transportation
sector probably causes a move from fossil-fuelled heating to electric heat
pumps and from fossil fuel-supplied to electricity and hydrogen-powered
vehicles. This makes the role of the electrical power system even more
decisive in the transition toward sustainable energy provision.

Depending on the transition path, RES shares in the European electrical
power sector are planned to grow up to 64-97% by 2050 [9]. The "solar
rooftop initiative" presented by the European Commission will mandate
the installation of solar panels on new public and commercial buildings by
2027 and residential buildings by 2029. It is expected that rooftop PV could
supply almost 25% of the electricity consumption in the EU.

2.1.2 Renewables on a Belgian level

On a country level, from 2011 to 2019, energy-related CO2 emissions de-
clined by only 3.5 million tonnes to reach 90 million tonnes [10]. It is
notable that 71% of all energy in Belgium is supplied by fossil fuels, where
industry and transport are the most considerable consumers. Thus, more
assertive policies are required to decrease fossil fuel reliance and accelerate
emissions reductions in Belgium. Under the EU Renewable Energy Di-
rective, Belgium has set out targets for renewables in energy consumption,
electricity generation, heating, and transport (Fig. 2.3). These targets have
intended to support the goals of EU to achieve a 20% and 40% share of RE
in final energy consumption by 2020 and 2030, respectively [11].
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Belgium has made progress on these goals. The use of oil and solid
fossil fuels has declined enormously (over the last decade −82.4% and
−57.8%, respectively) in favour of renewables. From 2010 to 2020, the
share of RE in the total final energy consumption doubled in Belgium, from
6% to 12%, caused by a boost in renewable electricity production, mainly
from wind and solar PV (Fig. 2.4). In 2020, renewables supplied 25%
of electricity production, 8% of heating and cooling demand, and 11% of
transport consumption [10]. It is planned that 1.5 and 5.7 million EVs will
be on the roads in Belgium by 2030 and 2050, respectively [12]. This will
further impose a demand for electricity, which must come from RES.

Coming to the electricity system, the policy of the Belgian federal gov-
ernment is focused on boosting the share of renewables and cross-border
interconnection capacity, a secure phase-out of nuclear power plants, and
improving the competitiveness of the electricity markets. In 2021, nuclear
energy covered a 52.4% of the electricity generation mix in Belgium [13].
However, the federal government had a plan to phase out most nuclear elec-
tricity production by 2025. In light of the war in Ukraine and objectives to
decrease fossil fuel dependency, the federal government decided in March
2022 to extend 2 GW of nuclear capacity by 2035 [10].

Renewable electricity generation in Belgium shows an increase from
5.4 TWh to 23.4 TWh (Fig. 2.5) from 2010 to 2020. This has been mainly
driven by expanded wind generation, which grew from 1.4% to 14.4% of
total electricity generation, and grown solar PV generation, which increased
from 0.6% to 5.8% of total electricity production [10]. Specifically for
offshore wind, Belgium had 2.23 GW installed in 2020, 2.26 GW in 2021
and plans for 5.7 GW by 2030 [10, 14, 15]. Hydropower plays a limited
role in electricity generation in Belgium, and with almost no growth since
2000, covered only 0.3% of electricity production in 2020.

On the one hand, there is a decrease in conventional thermal power
generation. On the other hand, there is an increase in renewable electricity
generation capacity, mainly solar and wind. Thus, power production from
what has been called a “controllable” energy source will reduce in the com-
ing years and replace solar and wind energy. This shift to green electricity
will bring consequences for the power systems, which will be discussed in
the next section.
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2.2 Challenges

The energy systems of many countries have been able to adapt to rising
shares of RES, and this transition is supported to continue. However, this
trend poses substantial challenges to the existing systems due to the prob-
lem of coping with the variability of RES when these plants dominate pro-
duction portfolios. For example, solar and wind power are intermittent and
highly dependent on weather conditions. While solar fluctuates on a diurnal
and seasonal scale, the wind is much more variable on a weekly basis. Wind
also shows a seasonal component, which could be complementary to solar
infeed with a winter peak and summer valley. Thus, the challenge here will
be the storage of energy at the time of energy surplus or meeting electricity
demand when there is no or lack of wind or sun. This imbalance between
electricity generation and consumption will radically raise the complexity
of the power system reliability [16, 17]. More specifically, the most notable
challenges can broadly be grouped into several categories described below.

2.2.1 Frequency Stability

To have a good understanding of frequency stability issues, first, we have
to introduce inertia as one of the most vital parameters in the operation
of power systems. In power systems, inertia is defined as the kinetic en-
ergy stored in large rotating machines. This energy can stabilise the grid
when a contingency happens due to generator tripping, sudden change
in generation or sudden change in load value. Conventionally, the iner-
tia has been provided by spinning generators, i.e., nuclear, hydroelectric,
and fossil-fuelled power plants. However, RE power plants and converter-
interfaced energy storage systems are isolated from the grid and connected
to the system through voltage-sourced converters. Therefore, after the re-
placement of a large conventional power generation facility with renewable
power plants, directly-connected inertia will decrease.

A lower level of inertia impacts system operation and its balance mar-
gin. Since inertia level determines the rate of frequency change after a dis-
turbance, decreased inertia results in faster frequency dynamics [18]. This
could, in case of a negative imbalance when mechanical driving power is
less than electrical load, even cause critical situations such as a frequency
nadir1 lower than 49 Hz that activates under frequency load shedding [19].
Large power deviations cause the malfunctioning of devices, which eventu-
ally can initiate system-wide severe disturbances or even blackouts. An

1The frequency nadir is defined as the minimum value of frequency reached during the
transient period.
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example is a disturbance on November 4, 2006, caused by the tripping
of several high-voltage lines, which started in Northern Germany. Conse-
quently, the European grid was split into three separate areas (West, North-
East and South-East), with significant power imbalances. Those power
imbalances induced a severe frequency divergence where over 10 million
users in Belgium, France, Germany, Italy, and Spain lost power or were
influenced by the incident [20]. As another example, on January 8, 2021,
the failure of a substation in Croatia triggered an increase in frequency in
south-east Europe and a corresponding frequency drop in the north-west
(see Fig. 2.6). Such a drop will normally result in widespread blackouts
if not fixed within a few seconds. In that case, the immediate ramping up
of generation from flexible hydropower and gas peaking plants, as well as
load shedding in France and Italy, contained the frequency and prevented
another huge blackout. Thus, for the safe function of the power system, the
frequency cannot differ too much from the reference value. More details
on the frequency stability will be given in Section 3.2.

2.2.2 Voltage Stability

In addition to the effect on rotating inertia, power system strength will also
be reduced as a result of the increased penetration of renewables. This may
result in more voltage disturbances [22]. System strength indicates the local
dynamic performance of a power system in response to a voltage disorder.
Practically, system strength is measured through short-circuit power as the
fault current contributed by all production units [23]. Even though RES
contribute to the fault current, their ability is limited compared to conven-
tional generators. Thus, increased penetration levels of renewables may
compromise voltage stability due to the decrease in system strength.

2.2.3 Network congestion

The shift from a classic to a renewables-based power system will affect the
power flows both at the transmission and the distribution levels [24]. In
addition to bidirectional energy flows, large amounts of power from small-
scale RES will be injected into distribution systems. This, together with a
growth in demand caused by the electrification of transport and heat sectors,
will further boost congestion in distribution grids. Regarding transmission
systems, the proliferation of large-scale renewable energy plants, particu-
larly wind, has increased the congestion issues.

For example, in June 2022, the Dutch TSO (TenneT) formally reported
that in the provinces of Limburg and North Brabant there will be a tempo-
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rary stop for new companies and institutions that want a connection to the
electricity grid. This is because the high-voltage grid in both provinces is
almost at maximum capacity due to the rapidly growing demand for elec-
tricity, including industrial electrification, large-scale battery systems, mo-
bility charging stations and heat pumps. To solve the issue in the long term,
TenneT will invest C2 billion to structurally increase the capacity of the
grid [25]. However, the expansion of the networks is taking a lot of time.
Hence, TenneT is also focusing on other solutions to make more intensive
use of the existing grid and to create additional capacity more quickly.

2.2.4 System restoration

While so far, considerable effort has been put into improving the resilience
of power systems against outages, chances for large-scale blackouts still
exist. Historically, system restoration has depended on conventional gener-
ation. Now, the concern is that increasing the share of renewables and the
resulting decommissioning of traditional plants would raise the complexity
of the system restoration. Hence, finding novel solutions to restore future
power systems quickly and effectively after outages is of high importance.

2.3 Need for flexibility

As mentioned above, increasing share of renewables and power fluctuations
affect the optimal operation of power systems [26]. To solve the mentioned
challenges and accommodate the net load and generation changes, TSOs
take advantage of an ability of the power system called flexibility [27].
Researchers and groups proposed different definitions for flexibility [28,
29]. Ref. [30] has explained the flexibility in power systems as the ability
of generators to respond to unanticipated changes in load or the condition
of system components. The authors of [31] have defined flexibility as the
capability of a power system to use its resources to react to net load changes
that are not satisfied by adjustable power production units. Considering the
increasing penetration of variable and barely predictable power generation
sources, the concept of flexibility in power systems has been redefined. So,
next to the demand side uncertainty, the supply side uncertainty should be
taken into account. The International Energy Agency (IEA) sees a power
system as flexible, if it can, within economic limits, react fast to oscillations
in generation and consumption for planned and unexpected events [32, 33].

On a European scale, according to simulated scenarios by Elia for 2050
and before activating the flexibility, the variation of the renewables shows
residual oscillations over 600 GW between day and night in summer [34].
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In winter, with a lower probable solar infeed, some days with a surplus
of solar energy can happen. This might cause a daily spread of up to
400 GW, which highlights the demand for flexibility resources throughout
the year. Therefore, without sufficient flexibility, it becomes more chal-
lenging to cope with mismatches between electricity consumption and gen-
eration arising from their natural deviations in real time. Thus, to deal
with both the shortage and the excess of RE generation and to ensure the
necessary balance between electrical power production and consumption,
flexibility mechanisms in the short, medium and long term are essential.
Ref. [35] emphasised the dependency of the functioning of flexibility types
on time scale. Flexibility types include very fast and improved frequency
response and reserves for seconds to minutes, the capability to ramp up
and down for minutes to hours, planning flexibility for hours to a day, and
generation and transmission planning for years.

2.4 Potential solutions for flexibility

As previously described, improved flexibility is the most important as-
set letting the energy systems be dominated by RES. Flexibility must be
present in all system elements. Flexibility can be provided through ad-
justable production units, strong transmission and distribution lines, cur-
tailment, energy storage systems (ESS), and demand-side management
[36–38]. Fig. 2.7 gives an overview of several options usually considered
for providing flexibility. These flexibility options are already in use today,
and some of them will become much more influential in future electrical
power systems [39, 40]:

• generation side control,

• curtailment of extra renewable electricity production,

• strong electrical transmission and distribution grids,

• demand-side response,

• energy storage systems,

• sector coupling.
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2.4.1 Generation side flexibility

Flexibility in conventional power systems has been ensured by providing
reserves and a power generation schedule. Flexibility on the supply side
considers load following and partial power production of the power plants
connected to the system [35]. For a flexible generation, flexible power
plants can be ramped up and down fast and efficiently and operate at low or
high output levels as required.

2.4.1.1 Natural gas and nuclear power plants

Natural gas power plants can provide flexibility to the system. Combined
cycle gas turbines (CCGT) are the most common as they offer diverse ca-
pacities, high efficiencies, and low energy production costs. The new gener-
ation of CCGTs is much quicker than traditional ones, with 40-min start-up
times [41, 42]. However, the disadvantages of earned flexibility apply to
these generation units as the adjustable operation brings wear to mechani-
cal parts, needs more maintenance, and increases running expenses.

Most of the nuclear power plants are developed to be operated at full
power and to be stopped only for fuel change or routine maintenance. So,

Power system  
flexibility

Sector coupling

H2

Transmission
& distribution

Generation

Storage

Demand side
response

Heat

Mobility

Gas sector

Figure 2.7: Flexibility options
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they are viewed as the most inflexible plants. However, flexibility can be
provided by these units with the necessary modification in configuration
and operation [43]. According to the International Atomic Energy Agency,
the majority of the existing nuclear power production plants have an output
range between 50% and 100% of the reactor thermal capacity and ramp
rates of up to 5%/min. Some countries have the knowledge of operating
and developing nuclear power plants with a wide range of flexibility. For
example, in France, some nuclear power plants can ramp up their output
from 30% to 100% in one hour and from 60% to 100% in 30 min [35].

2.4.1.2 Curtailment of renewables

The curtailment of renewable electricity production can also be introduced
under flexibility provision options. When wind and solar farms cause op-
erational constraints, such as grid congestion, the system operator may de-
cide to inject less wind and solar power than what is available to the grid
and shave the excess available energy [44]. The renewables integration
challenges have increased curtailment levels in recent years. However, cur-
tailment of renewables is not a generally acceptable solution, as it causes
a loss of green energy and economic profits. Thus, the operating strategies
must be adjusted to guarantee safe and cost-effective integration of the vari-
able RES containing the curtailment at acceptable levels in the future. In
recent years, the focus on congestion management has increased, without
which further renewable integration seems to be impeded.

2.4.2 Strong transmission and distribution grids

The advantages of strong transmission and distribution grids and cross-
border interconnections will be influential. In addition to energy transfer
and trading, interconnections can facilitate the exchange of different bal-
ancing services and improve the security of supply by sharing generation
capacity among regions and countries. In this context, flexibility will be at
the core of enabling a resilient and decarbonised pan-European power sys-
tem while meeting end consumers requirements in a cost-optimal manner.

2.4.3 Energy storage systems

ESS offer flexibility as they can both absorb excess electrical power and
supply energy when there is a power deficit. ESS comprise electrical, chem-
ical, electrochemical, and mechanical storage options. Pumped hydroelec-
tric energy storage (PHES) has been used for several decades, covering the



24 CHAPTER 2

majority of the installed storage capacity [45]. With a high storage capac-
ity, a long discharge time and a fast response time below 1 minute [46],
PHES is an option to provide frequency regulation services. However, they
are expensive facilities requiring special geographical conditions. Ref. [47]
concluded that as short-term and medium-term storage, PHES is the most
cost-effective storage technology, while in the long-term, pumped hydro
is the costliest means of energy storage compared to hydrogen as a more
economic option. Capacitors and batteries, which store energy in an elec-
trochemical form, offer advantages such as rapid response and high levels
of efficiency. Home batteries are a great example in this category. They
absorb the peaks of solar panels and release the energy at other time slots
during the day when sufficient renewable energy is not available. Another
storage option is the production of heat and synthetic gases (e.g. hydrogen)
with extra available electricity. Once hydrogen is created through electrol-
ysis it can be used in stationary fuel cells, for power generation, to provide
fuel for hydrogen-powered vehicles, injected into natural gas grids, or even
stored as a compressed gas, cryogenic liquid or wide variety of compounds
for later use. The International Energy Agency predicts that hydrogen gen-
erated from wind will be cheaper than natural gas by 2030 [48]. More de-
tailed information will be provided in the next sections and chapters about
the flexibility potential of hydrogen.

2.4.4 Demand side flexibility

While there are aspects in a power system that will improve flexibility on
the supply side, the demand side can also contribute to the smooth opera-
tion of electrical girds [49, 50]. Considering the electrification of end-use,
consumers such as electric vehicles (EV) and heat pumps do not only offer
the carbon reduction in the final energy demand, but they also offer prac-
tical flexibility to the system. The flexibility of the demand-side can be
achieved through storage and responsive electricity prosumers.

The capability of end-users to manage devices by rescheduling their
energy consumption can be split into classes such as consumption increase,
decrease, or load shifting [51, 52]. With load shifting, electricity demand
does not decrease, but demand is moved to a more suitable time in terms
of network operation. Demand response (DR) is already, in many ways,
an established concept. Historically, the emphasis of DR has been either
on control (e.g. direct control − see Fig. 2.8) or on the value distribu-
tion (e.g. day/night tariffs), leading to respectively dispatchable and non-
dispatchable DR.
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2.4.4.1 Dispatchable (explicit) DR

Dispatchable or explicit DR is dedicated flexibility that concentrates on the
control system [53]. The capability of providers to vary the demand profile
is contracted to a third party. The contract indicates a responsibility to be
ready to respond to signals. This is different from the voluntary charac-
teristic with implicit flexibility. Remuneration can include a part for being
ready (expressed in euro/MW/h) and/or a part for activating energy (usu-
ally expressed in euro/MWh). Failure to comply to be ready or deliver the
flexibility upon demand can lead to penalties.

Direct control of both appliances and industrial processes, like air con-
ditioners and aluminium smelters, has been done for a long time. The pro-
vision of ancillary services by loads is one example of dispatchable DR.
According to the European association for the cooperation of TSOs for
electricity (ENTSO-E), “Ancillary services are measures that TSOs take so
that they can ensure system reliability. The most important ones are black
start, the provision of reactive power, and frequency services” [54, 55]. Dif-
ferent reserves are triggered sequentially to support the frequency after an
imbalance between power generation and demand. The Belgian TSO (Elia)
employs the flexibility provided by balancing service providers (BSP) to
keep the frequency balanced on the electricity grid. Participants in the flex-
ibility market can provide different FAS, depending on the compatibility of
their facilities with the requirements of the respective service. More infor-
mation about FAS will be presented in Chapter 3.
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2.4.4.2 Non-dispatchable (implicit) DR

Non-dispatchable or implicit DR focuses on the value distribution system,
usually depending on the rationality of customers to modify their consump-
tion in reaction to price changes. This response is a voluntary adjustment
of the power consumption, which makes non-dispatchable DR programs
not reliable enough to trust for grid stability. Examples are time-of-use and
emergency peak pricing. The ability to respond to price signals lets market
players reduce costs.

To summarise, Fig. 2.9 illustrates various DR concepts. Each concept
communicates on two of three possible axes: power, value and time. One
missing axis in each idea is the source of its drawbacks. Dispatchable DR
neglects value, while non-dispatchable DR ignores the power and a market
approach misses time, resulting in scheduling challenges.

Traditional dispatchable DR directly regulates power consumption. For
each time slot, the amount of power is managed by the main control system
(as shown in Fig. 2.9-a). In this case, loads (e.g. EVs) are scheduled
at the optimal time to help the system operators and balance responsible
parties. Technically, it is relatively easy to directly control the loads, but it
is not straightforward to evaluate the benefit for the power system and the
respective consumer.

Traditional non-dispatchable DR directly sets the value of power (for
example, time-of-use prices, shown in Fig. 2.9-b). Time-of-use pricing is
somewhat straightforward, and there is a lot of knowledge about day/night
tariffs. In this case, consumers are free to respond to prices, but there would
not be direct control of loads, which causes uncertainty of the reaction and
capability to fine-tune. This could yield probable instability issues if DR
automation is used on a large scale.

One solution to reduce the disadvantage of each method is the integra-
tion of dispatchable and non-dispatchable DR. Such an integration com-
bines two methods in a mechanism resembling a market, where market-
based coordination according to multi-objective optimisation will be con-
ducted (see Fig. 2.9-c). This could bring possible revenues for different
stakeholders. The prices charged to customers closely match either the
underlying wholesale electricity market or the electricity generation cost.
Customers can greatly benefit from variable prices, particularly if they have
the ability to modulate their loads in response to market prices.
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2.5 Summary and conclusions

To achieve the targets for increased penetration of RES into the electricity
mix, the modernisation of electricity networks makes testing and imple-
mentation of new flexibility options more necessary and viable. On the one
hand, voluntary actions and the flexibility of consumers can often be the
most affordable and cleanest way to lower energy demand. On the other
hand, flexibility is essential for the reliable and stable functioning of the
power system. Thus, enhanced flexibility will be key to adapting electricity
systems toward the integration of distributed green electricity while avoid-
ing the expensive expansion of electricity networks.

Among various options, demand-side response is a valuable resource
to improve the reliability and profitability of the system through enhanced
flexibility. Dispatchable and non-dispatchable DR options were introduced
in this chapter. Dispatchable DR concentrates on the control system, usu-
ally simplifying the value distribution system to payment to the providers.
Flexible loads can offer a combination of electrical grid services by load
adjustment when asked to do so by grid operators. This not only provides
the grid operators more choices, but also brings clear business prospects to
the loads. However, it is not easy to modify dispatchable DR plans to the
varying desires of consumers without applying an advanced benefit allo-
cation system. A consumer that does not mind the air-conditioning being
turned off today, might find it uncomfortable tomorrow. Dispatchable DR
thus can feel quite pushy to consumers. That is where non-dispatchable
DR programs could kick in. Responsive customers to real-time electricity
prices can help the TSO to ensure system reliability while decreasing their
electricity procurement costs.

These are exactly the type of solutions given by this thesis focused on
developing various optimisation models allowing consumers to increase
their profits and help the grid operators by procuring flexibility. Given
the efficient regulatory framework and suitable digitalisation of devices
and processes on the demand side, consumers can −without any loss of
comfort− contribute to the flexibility required in a power system and even
benefit from providing FAS and participating in price-based and emergency
DR programs.
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3
Grid balancing & role of hydrogen

As stated in Chapter 2, this thesis intends to develop opti-
misation models allowing consumers to increase their profits
and help the grid operators in grid balancing by providing
different DRPs and frequency ancillary services (FAS). This
chapter gives an overview of grid balancing and the basics
of frequency control, together with the potential role of hy-
drogen systems in the balanced operation of a power system.
Section 3.1 presents the principle of grid balancing. In Sec-
tion 3.2, a summary of the frequency control and services is
given. The role of hydrogen and water electrolysers in the pro-
vision of FAS will be introduced in Section 3.3. This chapter
will be concluded in Section 3.4.

3.1 Principle of balancing in power grids

Each of the ENTSO-E synchronous areas includes several load-frequency
control (LFC) blocks in which the assigned TSO is responsible for keeping
the power balance. However, as a result of deviations in the production
and consumption of electricity, the LFC area can experience a lack or sur-
plus of energy. The area control error (ACE) will show the instantaneous
imbalance between actual and scheduled active power flows minus the pri-
mary frequency control contribution of the control area [1]. Each control



36 CHAPTER 3

area will deploy secondary and tertiary FAS to minimise the real-time ACE
at each time slot. Additional details on the procured FAS are provided in
Section 3.2. The difference between the sum of the volumes of all up- and
downward activated services is taken into account by the net regulation vol-
ume (NRV). Then, the difference between the ACE and the NRV will define
the system imbalance (SI). SI, as an indicator of the quality of the balancing
of the LFC area, has to be minimised by the TSO. In order to minimise the
SI and decrease the need for activation of reserves, TSOs use the imbal-
ance settlement system as a tool to incentivise balance responsible parties
(BRPs) to maintain balance within their portfolio. Then it is up to the BRPs
to provide and deploy all available resources to be balanced in real-time on
a quarter-hourly basis. To achieve balance at a portfolio level, in addition to
internal energy exchanges, a BRP can trade energy with other BRPs for the
following day (day-ahead) or the same day (intra-day). Intra-day energy
transfer lets the BRP update its position when facing unpredictable events,
such as the breakdown of an industrial plant or a generation unit, to avoid
imbalances. An intra-day energy transaction is nevertheless intended as a
correction on an accurate and complete day-ahead position [2].

3.2 Frequency control and FAS

The frequency in a power system is a measure of the rotation rate of the
synchronised generation units and is near but not exactly equal to the nom-
inal value.1 Power system frequency changes as a consequence of imbal-
ance between power supply and demand. At a constant power generation
value, with an increase in the total electricity demand, the frequency will
decrease, while with a decrease in the demand, the frequency shows an in-
crease. The frequency change following such an imbalance depends on the
system inertia and the size of the power variation as presented in (3.1) [3].

df

dt
=

∆P

2H
· f0 +

D

2H
·∆f (3.1)

where f0 is the frequency at the beginning of the imbalance, ∆f is the
frequency deviation, ∆P is the change between the driving electrical power
and the electrical load, H is the system inertia, and D is the load damping
factor of the power system.

In classical systems, inertia H is defined as the amount of kinetic en-
ergy stored in the rotating masses of electrical machines connected to a

1In Europe and most parts of the world, 50 Hz is the nominal frequency, while in some
countries (USA, Canada, parts of Japan, etc.), 60 Hz is the norm.
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power system. However, in systems with high penetration of technolo-
gies, which are connected by converters to the grid, the total system inertia
is the sum of the inertia provided by synchronous machines and the syn-
thetic inertia2 delivered by converter-connected units [4, 5]. Ref. [6] has
presented detailed information on how the system inertia and (3.1) will be
modified in future grids. Linked to system inertia, the rate of change of
frequency (RoCoF) indicates the speed at which the frequency oscillates
following a system disturbance or imbalance. With higher inertia values,
more stored energy in the rotating machines cause a slower frequency de-
viation. While the stored energy is injected into the system following any
under-frequency event, more energy is absorbed from the system following
any over-frequency disturbance.

The load damping factor D models the load response to system fre-
quency variation. This is because the frequency response is not only af-
fected by the change in a generation but also as a result of load variations.
By ignoring the damping factor, (3.1) can be expressed as (3.2).

df

dt
=

∆P

2H
· f0 (3.2)

In order to control the frequency deviations following a disturbance, the
inertial response mechanism is the immediate action taken to limit the fre-
quency divergence. However, as mentioned in Section 2.2.1, it is expected
that the higher penetration levels of nonsynchronous generation from RES
will boost the frequency deviations. Renewable power plants are mostly
connected to the power grid by power electronic devices, which makes them
isolated from the system. Hence, they do not contribute to the directly-
connected inertia except with some extra control loops. With a lower level
of inertia, the system is more sensitive to frequency deviations [7]. Thus,
the power imbalances caused by the unpredictable production of renewable
electricity sources, prediction errors and outage of grid components like
generators cause higher levels of frequency divergence. This calls for the
activation of FAS, next to the inertial response, to stabilise the operation of
the power grid at a frequency of 50 Hz. So, frequency control is designed as
a set of services to ensure that the grid frequency stays within a predefined
range of the reference frequency at any time.

A general characterisation of frequency control, as outlined by
Fig. 3.13, is made where different frequency control services are operated

2The provision of synthetic inertia is covered in Section 3.2.1.
3We note that the pictured frequency incident in Fig. 3.1 is for illustration purposes

only. In real-world scenarios with successive frequency deviations, there is a continuous
activation of services in both up- down-ward directions.
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Figure 3.1: General characterisation of frequency control [9]

consecutively at various time scales [8]. After a power imbalance and
next to the inertia response, the primary or Frequency Containment Re-
serve (FCR) is automatically activated and contains the frequency at a sta-
ble value. Afterwards, the secondary or automatic Frequency Restoration
Reserve (aFRR) will become operational to restore the frequency to its ref-
erence value. The following services are the tertiary or manual Frequency
Restoration Reserve (mFRR) and Replacement Reserve (RR), which are
triggered manually by the TSO. These kick in if there is a frequency devia-
tion even after the aFRR act. RR is available to restore the required level of
FRR to be prepared for further system imbalance. In the following sections,
the frequency-related ancillary services will be further discussed.

3.2.1 Inertia response

The inertial response in a classical situation with directly-connected syn-
chronous machines was explained in the previous section. However, the
increase in non-synchronous production has led to a decrease in rotating
inertia in the grid. Assuming that in the future power systems, all units are
converter-connected, there should be a mechanism to control the frequency,
e.g. in case of power deficit. In such a system, some generation units will
function as voltage sources or in a grid-forming way. Then, an inertial re-
sponse can be implemented by artificially adjusting the velocity of phase
angle (i.e. the frequency) of mentioned units based on their active power
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output. The possibility of deploying synthetic inertia has already been in-
vestigated [10, 11]. The synthetic inertia strategy is able to enhance the
inertial response of a variable RES by mimicking the inertial response be-
haviour of a traditional synchronous generator in case of a disturbance. For
example, in the case of a wind turbine, when the grid frequency drops, the
reference power of the turbine is increased with an inertial response value,
slowing down the turbine and extracting kinetic energy from the rotor. In
this way, the output power of the turbine will be temporarily increased and
let the wind turbine provide a synthetic inertial response. This response is
similar to the behaviour of a synchronous machine where kinetic energy is
extracted from the rotor in response to the frequency drop.

While able to be delivered by wind or solar farms, possibilities for the
provision of synthetic inertia are also present on the demand side. Tech-
nologies like batteries and the combination of electrolysers and fuel cells,
with the ability to adjust their working points, can be controlled to mimic
the behaviour of synchronous machines and provide synthetic inertia.

While rules regarding the procurement of frequency ancillary services
from large RES power parks are already in place in some EU countries,
no real market for inertial response is present. However, in Ireland, the
synchronous inertial response is contracted with market players [12]. Given
a significant share of power generation will be covered by non-synchronous
resources in the future, synthetic inertia markets need to be developed in
other areas as well.

3.2.2 Frequency Containment Reserve (FCR)

If the frequency deviates from 50 Hz, the primary reserve is activated in-
stantly to avoid a further change in frequency and stabilise the system fre-
quency [13]. Currently, a total FCR capacity of 3000 MW is allocated in
the synchronous area of Continental Europe [14, 15]. The FCR market is
already partly harmonised, as a capacity of 1400 MW is auctioned jointly
in a platform comprised of TSOs from Austria, Belgium, France, Germany,
Switzerland, and the Netherlands [16]. In Belgium, until 2020, there were
four different products under the FCR scheme (see Fig. 3.2).

• R1 Sym 200 mHz: suppliers must respond proportionally to a devia-
tion within a frequency range of 200 mHz. This product is activated
between −200 mHz and + 200 mHz deviation from nominal value.

• R1 Sym 100 mHz: suppliers must respond in proportion to the devi-
ation within a frequency range of 100 mHz. This product is activated
between −100 mHz and +100 mHz deviation from nominal value.
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Figure 3.2: FCR products of Elia up until 2020 [13]

• R1 Up: suppliers must reduce their consumption or increase their
injection if the frequency drops below 49.9 Hz.

• R1 Down: providers must increase their consumption or reduce their
injection if the frequency rise above 50.1 Hz.

Yet, the ancillary services provided by Elia have changed a lot in re-
cent years, to have a better correspondence with the European level. For
instance, only one FCR product remains, i.e., the 200 mHz product. A sym-
metric capacity product is requested (i.e. upward and downward regulation
are indivisible), offered in steps of 1 MW and with a minimum bid size of
1 MW. Elia will pay a reservation fee for the service, based on the volume
offered [13]. There is no remuneration foreseen for the energy supplied
(upward or downward). Moreover, to help integrate RE and decentralised
sources, the product procurement of the product has been sped up to 6 hour
blocks, so 4 times a day instead of weekly basis (see Fig. 3.3). Belgium’s
market has a size of 86 MW that must be procured by the Belgian TSO.

In terms of technical requirements, FCR procurement relies on a decen-
tralised linear control able to change the active power output proportionally
to the grid frequency deviation (e.g. droop characteristic) [13]. A maximum
dead band of 10 mHz around 50 Hz is established in the controller. The full
bid has to be activated within 30 seconds for a deviation of 200 mHz or
more, and it needs to be online for a short period (up to 15 minutes). Simi-
larly, for a deviation of ±100 mHz, half of the bid must be activated within
15 seconds. The offered service must be 100% accessible during the sup-
ply period. This obligation can be illustrated on Fig. 3.4 for equipment
contracted for 2 MW FCR-200 mHz.
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Figure 3.3: FCR general overview
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3.2.3 Automatic Frequency Restoration Reserve (aFRR)

After the primary reserve stabilises the frequency, to restore the frequency
to 50 Hz, aFRR is employed continuously. In Belgium, the requested en-
ergy must be activated within 7.5 minutes and remains active as long as nec-
essary. The aFRR service is divided into upward and downward reserves,
often referred to as R2-Up and R2-Down. So, offers can be proposed for
each side separately [17]. Some changes in the procurement of aFRR were
introduced in September 2020. Since then, the aFRR capacity for the con-
tracting time slots of the day D is procured in two short-term auctions: one
arranged on the day D− 2 and the next on the day D− 1. These modifica-
tions aim to improve the competitiveness of the aFRR market by attracting
new sources of flexibility. The aFRR capacity, however, remained fixed at
145 MW in Belgium.

Grid users that provide secondary reserve must have suitable facilities
for communicating in real-time with the control centre of Elia over a ded-
icated SCADA connection, and their units must comply with certain tech-
nical requirements. Fig. 3.6 shows how the power generation of a unit
participating in the aFRR service should be modified according to the sig-
nal sent by the system operator [18]. In case of underproduction, the assets
must supply additional power and energy to the system, and we are speak-
ing about aFRR-Up. In case of overproduction, the equipment must absorb
power (or reduce the power production) and energy, and we are speaking
about aFRR-Down. By delivering both services (down and up), the asset is
a symmetric aFRR provider.

Payment for the reserved capacity and also for the activation of the re-
serve are considered for aFRR providers [18]. The remuneration for the
balancing capacity is the product of the unit price [C/MW/h] for the con-

automatic Frequency Restoration Reserve (aFRR)

complete bid activation within 7.5 minutes.
control by load frequency control signals  

generators

loads

symmetric bid
asymmetric bid
bid ≥ 1 MW
bid ≤ prequalified MW

± 145 MW
day D - 2  auction  
day D - 1  auction

pay-as-bid
marginal pricing

qualification

bidding mechanism capacity market

settlement rule

Figure 3.5: aFRR general overview
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tracted aFRR capacity, the number of contracted aFRR capacity, and the
corresponding hours of the concerned delivery period. The remuneration
for the activation is the product of the delivered energy upward (down-
ward) multiplied by the volume-weighted average price of the aFRR offers
during the concerned delivery period. The delivered aFRR energy is deter-
mined based on the difference between the baseline (reference power) and
the measured power, as represented in Fig. 3.7.

M
W

Time7.5 min

upward secondary
control power

M
W

Time7.5 min

downward secondary
control power

Pref

Pref

Figure 3.6: Reaction of units providing aFRR
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Figure 3.7: Delivered aFRR energy
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3.2.4 Manual Frequency Restoration Reserve (mFRR)

After 15 minutes, if necessary, and when aFRR is not enough to alleviate
the power imbalance (e.g. a severe outage occurs at a large power plant or
long-lasting load changes), aFRR is replaced by the tertiary reserve, acti-
vated manually by the TSO. mFRR enables the TSO to cope with a sig-
nificant or systematic imbalance in the control area and resolve major con-
gestion problems. mFRR could be offered by generation or consumption
units. Both generation and production units can provide the mFRR services
if they pass the pre-qualification tests. Generation units, which have signed
an mFRR contract can inject the extra capacity into the grid, and grid users
who have signed an interruptibility contract will reduce the energy offtake.

Several modifications in the opening of the mFRR capacity market ap-
peared with the latest major change in February 2020. Since then, mFRR
capacity is no longer procured monthly but daily. The volume to be pro-
cured is decided based on daily dimensioning, including limitations on a
minimum share of mFRR Standard capacity.

3.2.5 Replacement Reserve (RR)

As mentioned before, RR is the active power capacity available to restore
the required levels of other services to be ready for additional system imbal-
ances [19]. Thus, RR will be available to free the formerly activated aFRR
and mFRR services so that they are accessible for further activation. The
RR generally is a slow service, meaning the full activation time is more than
the time to restore the frequency.4 Generation and consumption units and
storage systems can all operate to provide the RR. Trans-European Replace-
ment Reserves Exchange (TERRE) is the European project implemented
to exchange the RR in line with the Electricity Balancing guideline [20].
TERRE aims to create the RR Platform and set up the European RR balanc-
ing market to offer a harmonised playing field for the market participants.
Not all TSOs within the ENTSO-E area activate RR, of which Elia is one.

After all, it is noteworthy that the principle of imbalance netting is im-
plemented to optimise the amount of reserves which need to be activated
to counter the ACE. The principal rule is avoiding the activation of FAS
(more specifically, the secondary reserve) in opposite directions by enhanc-
ing communication between neighbouring LFC areas. As a result, an opti-
mal signal is sent by the International Grid Control Cooperation (IGCC)5

to the control centre of TSOs, using it to deploy the services in their area.

4Time to restore the frequency is 15 minutes in the ENTSO-E area
5IGCC is a European platform covering the imbalance netting process since 2016 [21].
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3.3 Role of hydrogen in flexibility

Concurrent with the evolution in the energy systems is another movement,
i.e. the growing interest in hydrogen as an energy carrier. The role of hy-
drogen in the energy transition has become more meaningful in recent years
due to the trend of coupling different sectors [22]. Hydrogen gained even
more interest with the REPowerEU plan. An additional budget of e200
million is granted to accelerate the procedure of turning Europe into a hy-
drogen economy [23]. According to the plan, Europe must reach a domes-
tic production of 10 million tonnes of renewable and 10 million tonnes of
imported hydrogen before 2030. The projected increase in hydrogen pro-
duction is going to be achieved with several MW of electrolysis capacity.

The EU Hydrogen Strategy aims to reach a European electrolyser ca-
pacity of 6 GW and 40 GW in 2024 and 2030, respectively. Such plans
for P2H2 conversion have ignited the announcement of a few commercial
projects on a large scale, like a 13 MW methanation plant in Austria [24], a
10 MW refinery in Germany [25], the 6 MW P2G plant in Mainz [26] or the
6 MW PEMEL at the steel plant in Linz, Austria [27]. In 2018, the 2.5 MW
storage facility near Toronto was the first indoor installation. Afterwards,
the next building block of 5 MW has been developed (HyLYZER-1000
product in 2019, see Fig. 3.8). The first commercial project with this prod-
uct was built for Air Liquide, a 20 MW producing 8,000 kg/day, which was
commissioned end of 2020 [28]. At the country level, the National Re-
covery and Resilience Plan of Belgium has granted funding to support the
installation of at least 150 MW of electrolysis capacity by 2026 [29].

3.3.1 Technical aspects of grid balancing by hydrogen

As a sustainable solution, hydrogen systems have also been integrated with
RES to reduce the stability problems and provide grid balancing [31, 32].
For instance, fleets of electrolysers have been coordinated with large RES
to help mitigate the fluctuations of generated power [33, 34]. Moreover, in
congestion management, large scale electrolysers are able to decrease the
aggregated load in peak hours by reducing their electricity consumption or
even by stopping the operation. In situations that network operator needs to
quickly relieve the congestion, the fast dynamical reaction of electrolysers
is an advantage over other large loads with slower responses. An external
signal is sent by the TSO to the electrolyser operator to modify the setpoint
of the active power. However, location dependency of this service implies
that only a few large-capacity electrolysers located in specific locations can
provide this service.
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Electrolysers should support the reactive power when running at a par-
tial or nominal load to provide voltage control services. By working at
partial load, the remaining capacity of the converter can be utilised to in-
ject or consume reactive power to or from the grid. However, one should
note that the power factor must not be lower than 0.9, regardless of the
active power consumption [35]. This follows the requirements for the pro-
vision of MVAR ancillary service by transmission-connected demand facil-
ities. In this regard, the range for importing and exporting reactive power
shall not be wider than 48% of the maximum import or export capacity
of active power. The provision of voltage control, when the electrolyser
operates at nominal power, requires extra controllers. Thus, the ability of
electrical converters and grid codes impact the potential of electrolysers for
offering voltage control. It should be mentioned that, like congestion man-
agement, voltage control is a very location-dependent service. Given the
above-mentioned points, the techno-economic feasibility of water electrol-
ysers to provide this service is not clear yet.

Coming to FAS, any technology is able to participate given that it passes
the qualification tests. However, each technology has some advantages and
drawbacks to provide FAS. Traditionally, synchronous generators were the
main source of FCR provision. For example, in Belgium, the FCR was pro-
vided by thermal power plants working with a derating (at a power lower
than the base load) to be able to increase their production to stabilise the
network. This situation is rapidly changing due to the increasing pene-
tration of distributed, nonsynchronous converter-interfaced generation and
ESS causing reduction of the total system inertia. Thus, TSOs are looking
for new technologies to counter the challenges of these modifications in the
system fuel mix [36, 37]. Since 2017, most of the Belgian FCR capacity
has been provided by battery energy storage (18 MW owned by Centrica).
Large responsive loads like electrolysers are also able to provide new and
flexible balancing services to the grid. Grid operators could ask large elec-
trolysers to quickly ramp-up their consumption when there is an excess of
renewable energy production. They also can command the electrolysers to
reduce their consumption when the power generation is less than the elec-
tricity consumption of aggregated loads. Previous studies have pointed out
that the use of fast DR with large-scale electrolysers offers a positive effect
on power system frequency balance [38].

Looking at different electrolysis technologies, polymer electrolyte
membrane electrolysers (PEMELs) show more flexibility than the others.
Particularly their cold start-up and shut-down times range from 1 second
to 5 minutes compared to 1–10 minutes for Alkaline (AEL) and less than
60 minutes for solid oxide electrolyser cell (SOEC) [39]. As an example
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and according to the data provided by Cummins, the HYLYZER®-4000-
30 PEMEL with the nominal power of 20 MW is able to ramp up from
the minimum to the nominal power in less than 10 seconds [40]. PEMELs
are also able to adjust their electricity consumption (100 %) from standby
mode to nominal capacity in one second compared to 0.2 – 20 % per second
for AEL. A broad operating range (0 –160 % of the nominal capacity) is
another advantage of PEMEL over AEL (10 –110 %) and SOEC (20 –125
%). It should be mentioned that there is limited information on the flexi-
bility potential of SOEC electrolysers as they are still in development, with
recent demonstration projects reaching 1 MW [39]. So, among diverse elec-
trolysis technologies, PEMELs offer better start-up and dynamic operation,
as well as a compact system design with high power densities [41]. Thus,
the PEMELs have a great potential to contribute to the inertial response and
for the procurement of FAS, and that is why the PEM technology has been
chosen for this study.

Several studies have tested the viability of using PEMELs for provid-
ing different frequency balancing services. The ITM 300 kW PEM plant
was tested for providing FCR and aFRR services [42]. In the H2Future
project, researchers, with the help of the Austrian transmission operator,
worked on the pre-qualification tests of a SIEMENS PEM electrolyser with
6 MW power to provide grid services [43]. In [44], the ability of a 2 MW
PEMEL to provide frequency regulation services has been examined. Out-
comes of [45, 46] show that electrolysers respond to frequency deviations
much faster than the required activation times for primary and secondary
frequency control.

As mentioned above, electrolysers can flexibly produce hydrogen ac-
cording to the availability of RE and grid conditions. However, the flex-
ibility not only from the electricity grid point of view but also the use of
hydrogen as feedstock in industry should be considered [47]. Access to
secure sources of electricity and hydrogen, as an energy carrier or feed-
stock, is crucial for sectors with low flexibility and in activities that need a
baseload of hydrogen to support profitable production. Thus, the optimal
operation of hydrogen systems integrated with renewable sources and hy-
drogen storage, is required. Considering hydrogen as a fuel in gas turbines
(GT) at various blending rates is an innovative flexibility-related research
domain as well. One promising option to supply the electricity demand at
the times of low energy production from renewables, is to replace the whole
or some of the natural gas used at the plant with green hydrogen. In recent
years, development of hydrogen-fuelled GTs has gained attention and com-
panies have started working on commercialisation as it would reduce CO2
from the cycle of industrial processes.
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3.3.2 Economic aspects of grid balancing by hydrogen

While various hydrogen projects have been materialised already around the
world, participation of such systems in the FAS markets comes with some
challenges. For example, after a steep increase in aFRR and mFRR pro-
curement costs seen in 2018, costs have declined in the following years.
Moreover, as a result of expensive materials and the much smaller-scale
production volume of PEMELs, existing investment costs are higher com-
pared to other technologies [48, 49]. So, one might say that considering
the high investment cost of PEMELs and the downtrend of FAS remuner-
ation prices, there will be no business opportunity for a this technology in
balancing markets.

However, it is noteworthy that the availability prices for FCR, aFRR
and mFRR have grown dramatically since the fourth quarter of 2020 (see
Fig. 3.9). The natural gas and carbon prices have had the main influence on
these prices. Next to that, the total procurement cost of balancing capacity
increased in 2021 to 182.4 MC. A 147% increase of the total cost com-
pared to 2018 and a 234% increase compared to 2020 (see Table. 3.1) [51].
The steep boost is attributed to the even more increase in the gas price, es-
pecially since the outbreak of the war in Ukraine. As this drives up the gen-
eration cost of thermal power plants, they need to compensate for the differ-
ence between marginal generation cost and day-ahead price by increasing
their bids for availability on the capacity markets. Also, the settlement rules
for FCR, for example, will possibly be adjusted to marginal pricing, lead-
ing to slightly higher prices. In line with the planned market modifications,
the technical conditions will likely become more strict at some point, either
by shortening the full activation time or by supporting the participation of
quicker technologies, such as PEMELs. Thus, as flexibility will continue to
become more imminent, insights into availability and activation prices are
essential for anyone having flexible equipment or processes.

3.4 Summary and conclusions

This chapter mainly focused on different flexibility options that could sup-
port the reliable operation of electrical grids. The potential of demand-side
response, especially P2H2 systems by using electrolysers to provide an-
cillary services was introduced. According to literature, MW class PEM
electrolysers (PEMELs) are in principle capable of meeting the technical
prerequisites of most existing TSO grid services, particularly for ones re-
quiring merely active power control. Literature and demonstration projects
have shown that the technical characteristics of PEMEL widely fulfil the
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Table 3.1: Procurement costs for each of the balancing reserve types procured in
the LFC Area of Elia (MC)

FCR aFRR mFRR Total
2015 22.1 28.8 18.9 69.8
2016 11.7 33.5 21.5 66.7
2017 10.3 34.7 23.9 69.1
2018 9.6 43.3 71.1 124.0
2019 6.7 25.7 48.5 80.8
2020 7.1 27.1 43.7 78.0
2021 24.2 121.0 37.2 182.4

minimum prequalification requirements of ancillary services for frequency
balancing. Especially, their capability to quickly ramp up or ramp down
to change the consumption set point is remarkably valuable for frequency
support. In this context, P2H2 systems equipped with PEMELs as a type of
adjustable load along with storage facilities, are able to offset the volatile
renewable power generation and offer FAS to the grid operators. Whereas
the operation of a PEMELs to provide FAS may be viable from a tech-
nical point of view, it may be economically unfeasible. Since PEMELs
will compete with other technologies, optimisation of hydrogen production
costs and ancillary service provision has become more critical. Thus, the
next two chapters will investigate the techno-economic aspects of providing
FAS by P2H2 systems.
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4
Operation & investment plans of P2H2

systems providing FCR

As mentioned in previous chapters, hydrogen plays a major
role in mitigating GHG emissions and supporting the secu-
rity and flexibility of future European energy systems. In this
context, P2H2 plants equipped with PEMELs can provide flex-
ibility to the grid by adjusting their electricity consumption
and compensating for supply and demand mismatches. This
chapter investigates the implications of providing primary fre-
quency reserve on the design and operation of P2H2 sys-
tems, specifically for a hydrogen refuelling station. A techno-
economic model is introduced to analyse the total annual prof-
its (TAP) of the plant, considering investment and operational
costs and different revenue streams coming from the mobility,
natural gas and ancillary service markets. The prices on elec-
tricity and ancillary service markets, characteristics of sub-
components in the P2H2 plant, and other technical constraints
are used based on real data of the Belgian energy system.

The rest of this chapter is structured as follows: Section 4.1
reviews the literature and presents the novelty of this chapter
to cover the research gap. Section 4.2 defines the test system
and the proposed method based on the specifications of the
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HRS. Section 4.3 describes the input data and the frameworks
in Belgium that are applied to the model. Then, the results of
the sizing and scheduling method for different scenarios are
presented in Section 4.4. Finally, Section 4.5 draws the con-
clusions. The content of this chapter has been published in [1].
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Abstract: This work presents an optimisation model to assess the techno-
economic feasibility of a hydrogen refuelling station, which purchases
power from the electricity market, supplies the mobility sector with hy-
drogen, and participates in the ancillary service market. The problem is
formed as a mixed-integer nonlinear programming model to investigate the
optimal operational plans considering the nonlinear behaviour of an elec-
trolyser. Obtained results from various scenarios in 2020 and 2030 show
that participation in the reserve market considering optimal sizing and dis-
patch of components increase revenues up to 16%, and as a result, decrease
the hydrogen break-even price by up to 4.7% and 6.4% in 2020 and 2030,
respectively. Exemption from tax and levies for connection to the grid re-
duces the hydrogen break-even price by up to 13%. Plant operators could
benefit from the proposed approach to schedule components reliably while
meeting the hydrogen demand and maximising the annual profits.

4.1 Introduction

Road transportation was responsible for nearly 21% of total CO2 emissions
of the European Union (EU) in 2016. In 2019, the EU set out a new tar-
get of 23% emissions reduction from road transport by 2030 compared to
2005 [2]. To reach this target, the growing use of alternative fuels is indis-
pensable, and hydrogen as one of these alternatives has begun to take its
place in the transportation sector. In recent years, hydrogen-powered vehi-
cles and HRSs have become more available to the public. The major factors
to be considered for the implementation of an HRS are financial issues and
technical operation of the system, which make the techno-economic analy-
sis of an HRS crucial for investors and decision makers.

Many studies have analysed the techno-economic feasibility of hydro-
gen systems and HRSs around the world. The technical potential of hydro-
gen production by placing wind turbines next to the existing fuelling sta-
tions has been studied in [3]. Ref. [4] has examined the techno-economic
viability of small-scale HRSs, which produce hydrogen via alkaline elec-
trolysers. In [5], a strategy has been proposed for the operation of an elec-
trolyser, which consumes energy at times of low electricity prices in the

https://doi.org/10.1016/j.ijhydene.2020.10.130
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spot market. The proposed method has considered the predictions of elec-
tricity prices and wind energy production. However, optimal sizing has not
been included, and electricity grid costs and taxes were assumed as constant
per unit values. Ref. [6] has used an optimisation strategy to minimise the
operation costs of an HRS considering electrolysis process and wind energy
production. However, investment costs were not included in the analysis.
With a focus on reducing design costs, a Simulink model consisted of an
electrolyser, a compressor, storages, and a hydrogen consumer block has
been developed in [7]. While some detailed aspects of an HRS were de-
scribed in this reference, its simulations lack elaborate operational details
such as optimal planning of the electrolyser electricity consumption. More-
over, the authors have not considered sizing of subcomponents, and other
sources of revenue, such as participation in the ancillary service markets.

The reasonable sizing and siting of HRSs both improve the hydrogen
infrastructure and reduce the production cost of hydrogen. In [8], a deploy-
ment plan has been developed to find the optimal location and the required
number of refuelling stations in the Republic of Korea. Ref. [9] has con-
sidered the growing hydrogen demand and offered an optimised design for
an HRS network. The economic feasibility of an HRS network in Romania
considering the annual hydrogen consumption, investments, and net present
value at the end of the period has been studied in [10]. The results showed
that the primary barrier for the expansion of hydrogen infrastructures is the
unfavourable economic issues rather than technical requirements. While
Refs. [9, 10] have done thorough analyses, they made assumptions about
the capacity of the stations, mainly focused on economic evaluation of HRS
rollout plans, and technical aspects and hourly operation of stations were
not taken into account. In [11], an HRS siting optimisation model has been
proposed, highlighting that attention should be paid to all aspects of hydro-
gen cost including the cost of production, transport, storage, and the annual
investment and operational costs.

In addition to siting, the HRS subcomponents should be sized correctly
to meet the hydrogen demand at any given time. If the size of the subcom-
ponents is not optimised, not all produced hydrogen will be used for the
mobility sector and the excess amount will be supplied to the gas grid or
will be vented to atmosphere. Besides, capacity optimisation of each unit at
the planning stage is of vital importance to decrease substantial investment
expenses. Recently, some articles have focused on the techno-economic
analysis of hydrogen systems together with size optimisation. Ref. [12] has
designed a photovoltaic-powered HRS to supply a taxi fleet in a Brazilian
city. Results pointed out that the levelised cost of hydrogen is inversely pro-
portional to the hydrogen production volume. However, the authors have
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only considered a topology for supplying cars, but not heavy-duty vehi-
cles. Besides, a constant value for the efficiency of the electrolyser was
assumed, and injection to the gas grid and grid costs were not included in
the analysis. In [13], a method has been proposed to find the optimal size
of the electrolysers in a system consisting of wind turbines, electrolysers,
and hydrogen fuel cells. The authors studied the trade-offs between selling
the hydrogen to consumers or store it at times when the electricity price is
high. In [14], the authors have determined the optimal location, size, and
the number of wind turbines, electrolysers, compressors, storages, and fuel
cells in a test system. This source has mainly dealt with the excess wind
power through the electrolysis process, while the interaction between the
power grid and hydrogen production and consumption has not been taken
into account. Moreover, hydrogen demand has not been considered for the
mobility sector, or authors assumed a constant value for the daily demand
based on the nominal capacity of the electrolyser in [13, 14].

The authors have analysed different HRS architectures from the eco-
nomic point of view for 2015 and 2050 in [15]. They have dimensioned
compressor and high-pressure hydrogen storage to minimise capital and
electricity costs. However, costs and energy consumption scheduling asso-
ciated with the electrolyser were not considered, and therefore, grid con-
nection costs excluded the electrolyser. Ref. [16] has introduced a siting
and sizing method to achieve the optimal cost for hydrogen consumers.
While the proposed model covers various techniques of hydrogen produc-
tion, transportation, and storage, the authors have mainly focused on the
economic features of a group of stations, and the technical aspects and op-
erational scheduling of electrolysers, storages and compressors in an HRS
were not taken into account. Ref. [17] has presented a model to evaluate the
HRS profitability and to find the optimal size of the electrolyser and stor-
age for different car-sharing fleets. However, operational aspects, such as
electrolyser scheduling and the model of grid costs have not been included.

In addition to sizing, it is also important to explore possible markets
that are properly suited for HRS. The first clear business model relies on
trading between the markets for selling hydrogen and the electricity market
during times of low electricity price. For example, [18] has designed an
HRS in which hydrogen is produced by a proton exchange membrane elec-
trolyser (PEMEL) using electricity from a photovoltaic plant and the power
grid. The authors have evaluated the feasibility of case studies with several
objective functions. However, they have studied a topology for supplying
cars, but not heavy-duty vehicles, and assumed an amount for the capacity
of subcomponents such as hydrogen storage.
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Other business models that provide added incomes aim at the provision
of ancillary services to guarantee the reliable performance of power sys-
tems [19, 20]. Contribution of water electrolysers in providing ancillary
services has already been investigated in some papers. Ref. [21] has stud-
ied the economic profitability of an electrolyser participating in the French
primary reserve market. The authors concluded that the provision of the
primary reserve with the current requirements is an unattractive option as
it increases hydrogen production cost. A model was developed in [22] to
study the performance of an HRS. While the authors have considered par-
ticipation in the reserve market, their research lacks the optimal sizing of
the primary reserve capacities, the nonlinear model of the electrolyser, and
simulation of electricity grid costs. Participation in the secondary reserve
market has also been taken into account in detail in [23, 24]. An overview
of a 6 MW power to gas plant in which a part of the produced hydrogen
is delivered to an HRS has been given in [23]. Providing secondary re-
serve was among the different operating modes. They found 1 e/kg as the
production costs because they did not include either taxes and grid costs
on purchased electricity or investment costs of compressors and storages.
Furthermore, hydrogen demand has not been included as a limitation in the
study. Ref. [24] has proposed a model to evaluate the economic feasibility
of hydrogen plants that provide secondary frequency service in addition to
supplying hydrogen for different markets. Instead of sizing HRS compo-
nents, the authors have determined the minimum demand expected from the
hydrogen-powered vehicles so that an electrolysis facility with 5 MW size
and the assumed hydrogen selling price returns enough profits. They have
considered a constant efficiency for the electrolyser, and hourly operation
of the electrolyser and other subcomponents has not been presented.

4.1.1 Gap and contribution

Various parameters such as refuelling pressure make the design of an HRS
complex. Heavy- and light-duty vehicles refuel at 350 bar and cars at 700
bar, respectively. The estimated daily and hourly refuelling demand should
be considered in the HRS design as well. Considering the above-mentioned
factors and the notable impact of investment and operation costs of equip-
ment on the hydrogen production costs, the authors were inspired to de-
velop a model to identify the optimum size and hourly working points of
subcomponents. The introduced method optimises the operation of an HRS
to be compatible with the power and balancing markets and provides the
lowest hydrogen break-even price while meeting the hydrogen demand for
the mobility sector.
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While the aforementioned research set a precious foundation for this
study, they have not analysed the size optimisation of an HRS together with
optimal hourly provision of FCR to get the minimum hydrogen break-even
price. They also have not employed a detailed model for calculating grid
costs; instead, they have assumed a constant price for each MWh energy
consumption. This work considers a more detailed model of an HRS that
supplies hydrogen vehicles at both 350 and 700 bar combined with the
possibility of injection into the gas grid. The proposed approach considers
FCR provision, and employs exact models of the electrolyser and grid costs
components including taxes, levies, public service obligations, etc.

4.2 Test system and methodology

In this chapter, an onsite grid-connected HRS, which buys electricity on the
electricity market was analysed. Fig. 4.1 shows the HRS system configu-
ration, which serves both light and heavy-duty vehicles with tanks at 350
bar and cars with tanks at 700 bar. The HRS design considers a refuelling
plan in which two compressors feed the medium and high-pressure stor-
ages. The first compressor supplies the medium pressure (450 bar) storage
with hydrogen coming from the electrolyser and the second compressor
supplies the high-pressure (900 bar) storage with hydrogen coming from
the medium-pressure storage. Both 350 and 700 bar types of dispensers as
an interface with the customers are considered [25]. It is assumed that the
produced hydrogen with an output pressure of 30 bar could also be injected
to the natural gas network using the third compressor with a pressure up to
70 bar [26].

The proposed method finds the optimal size of components and FCR
capacities, and accordingly, the resulting optimal electrolyser electricity
demand, the amount of produced and stored hydrogen, and the injected hy-
drogen to the gas grid are determined at every hour over one year. A mixed-
integer nonlinear programming (MINLP) model was employed as the given
strategy uses nonlinear models of the electrolyser. To consider uncertain-
ties in future electricity and reserve markets and investment costs [27], the
impact of change in energy and FCR prices and the efficiency improvement
and potential cost reduction of subcomponents on the economic feasibility
of the HRS design in different scenarios for 2020 and 2030 were analysed.
Moreover, the hydrogen break-even price ρbeab (e/kg), which is the hydro-
gen selling price required to match revenues and costs where the benefits
become zero was also introduced as an indicator.
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Figure 4.1: The HRS system evaluated in the scenarios

Fig. 4.2 gives a summary of the simulation method. Although the prob-
lem consists of sizing and scheduling, the proposed method solves both in
one run. The optimisation problem was solved for all hours over a year.

The model attempts to maximise TAP by optimal sizing of subcom-
ponents and flexible electrolyser operation. The annual profit TAP is rep-
resented as the difference between annual revenues TAR and annual costs
TAC. TAR includes the revenues from selling hydrogen to the mobility sec-
tor and the natural gas system, selling O2 as a by-product, and the revenue
obtained from the provision of frequency containment reserve (FCR). The
following equation defines the TAR:

TAR =

8760∑
h=1

{
(H b

h +H a
h ) · ρab +H g

h · ρg

+CFCR
h · ρFCR

h +Hp
h ·KO2

} (4.1)
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Figure 4.2: Schematic diagram of the proposed approach

Revenue from the mobility sector depends on the hydrogen price ρab
and demand. Hb

h and Ha
h are the hourly hydrogen demand for light and

heavy-duty vehicles and cars, respectively. FCR revenue depends on hourly
FCR capacity CFCR

h and hourly availability payments ρFCR
h , in e per MW

per hour allocated each hour for providing the FCR service. Revenue from
selling hydrogen to the gas grid is related to the hydrogen price in the gas
sector ρg and the amount of hydrogen injected to the gas grid Hg

h . Revenue
from selling oxygen was calculated by multiplying the produced hydrogen
and KO2 = 0.0123 e/kg as the O2 revenue factor. The O2 revenue factor
was obtained according to theO2 selling price and the information provided
by Cummins related to the amount of produced O2 per kg produced H2.

The total annual cost TAC is represented as the sum of the equipment
costs, bought electricity expenses, water costs WC, electricity grid costs
GC, and the cost for connection to the gas grid ICg. Equipment costs cov-
ers the annual investment ICu

pu and operation costs OCu
pu of subcomponent

u and annual stack replacement costs ARC. The model also considers other
expenses, such as construction costs and costs of control and energy man-
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agement systems, which are estimated based on a fixed percentage (10%)
of total annual investment costs of the HRS system (see (4.2)). The instal-
lation costs are reported in the order of 5-15% of the capital costs [28, 29].

TAC =

8760∑
h=1

Ph · ρeh + WC + GC+

1.1 ·
[
ICg + CE · RCpu +

8∑
s=1

Cu · ICu
pu

]
+

8∑
u=1

Cu · OCu
pu

(4.2)

Ph is the electrolyser hourly electricity demand, ρeh is the electricity price,
CE is the electrolyser capacity, and Cu is the capacity of subcomponent u.

The simulation of grid costs (GC) shows how the costs related to the
access to the grid are computed. The region in which the access point is
located and the infrastructure level were also taken into account. Grid costs
were calculated according to the tariffs applicable for the given access point
linked to the terms for access to the grid, public service obligations and
taxes and levies. Eq. (4.3) shows the breakdown of the GC:

GC = MDC+MEC+ PRC+MIC + PSC + TLC (4.3)

where MDC represents the costs of the management and the development
of the grid infrastructure, MEC defines the costs of the management of the
electric system, PRC represents the costs of power reserves and black-start,
MIC defines the market integration costs, PSC considers public service
obligations costs, and TLC represents tax and levies. The abovementioned
parts depend on the monthly and yearly energy consumption, monthly and
yearly power peaks, and the power put at disposal. So, the size of the elec-
trolyser, its hourly working points, and FCR hourly capacities affect the
grid costs.

The net present cost (NPC) method was used to perform the investment
cost-related calculations:

NPCu
pu =

ICu
pu

CRF
(4.4)

CRF =
d · (1 + d)y

(1 + d)y − 1
(4.5)
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where ICu
pu is the annualised cost per unit capacity, CRF is the capital re-

covery factor, y is the number of years, and d is the real discount rate. The
annual real discount rate is calculated as given in (4.6):

d =
d′ − i

1 + i
(4.6)

d′ is the nominal discount rate (assumed 5%) and i is the expected inflation
rate (assumed 2%). Here, the economic analysis of the considered system
was performed assuming 20 years as the lifetime of the project.

The model employed in this work considers some constraints shown in
(4.7)-(4.26) to ensure the desired operation of the HRS system. Eq. (4.7)
and (4.8) ensure that the power consumption of the electrolyser remains in
its operating range. The electrolyser is capable of operating between 5 and
100% of its nominal power (see (4.7)). Eq. (4.8) shows that the electricity
load of the electrolyser is limited by CEG, the capacity of the feeder that
electrolyser is connected to via the AC/DC converter.

0.05 · CE ≤ Ph ≤ CE (4.7)

Ph ≤ CEG (4.8)

4.2.1 Power specifications for FCR

As stated before, the Belgian TSO (Elia) has balance responsible parties
(BRP) in order to keep the balance between generation and consumption. If
BRPs are incapable to balance their customer portfolio, Elia itself takes the
essential steps and asks power system players to provide FAS [30]. FAS in
Belgium has changed recently, to have a better correspondence with the Eu-
ropean level. For instance, for providing primary reserve, only the 200 mHz
FCR product has remained. The loads intending to participate in the FCR
market with a power amount of CFCR MW (in 1 MW integer steps), should
prove that they can adjust their baseline power P 0 over the (P 0−CFCR) to
(P 0 + CFCR) power range in maximum 30 s [31]. The CFCR is delivered
proportionally to the grid frequency variation, and the total CFCR amount
is delivered for a frequency change of 200 mHz. Eq. (4.9) and Fig. 4.3 illus-
trate the amount of power to be delivered according to the grid frequency.

The dead band, which is specified as the minimum magnitude of change
in the frequency that causes a change in power consumption is 10 mHz.
FCR regulation is a dynamic process in which the instant setpoints are pro-
vided by the grid operator. Let ∆Ph be the power difference between the
setpoint power Ph, and the baseline power of the equipment P 0

h . ∆Ph is a
function of CFCR

h and of the grid frequency fh.
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Figure 4.3: The description of FCR product.

∆Ph =


0, |∆fh| ≤ 0.01Hz

(∆fh − 0.01) · CFCR
h

0.2 , 0.01Hz < |∆fh| ≤ 0.2Hz

CFCR
h , |∆fh| > 0.2Hz

(4.9)

Ph = P 0
h +∆Ph (4.10)

∆fh = fh − 50 (4.11)

Participation in FCR would require operation at an optimal baseline
load P 0

h , which enables the load to increase or decrease the consumption
(see (4.12)). Transient states of load operation can be neglected in this
thesis due to their low duration in the order of seconds.

0.05 · CE + CFCR
h ≤ P 0

h ≤ CE − CFCR
h (4.12)

The hydrogen produced in a particular hour h was calculated by (4.13)
as a function of the electrolyser consumption and the relative power Pn,h.
Eq. (4.13) was obtained from a calculation to estimate the amount of hy-
drogen production based on the efficiency of the electrolyser and the higher
heating values. The efficiency of the electrolyser is modelled as a second
order polynomial curve in the function of the relative power on experimen-
tal data for a PEMEL provided by Cummins.
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Hp
h = [−5.9 · P 2

n,h + 5.07 · Pn,h + 20.17] · Ph (4.13)

Pn,h =
Ph

CE
(4.14)

The following equations consider the balance of hydrogen flows in the
HRS. Eq. (4.15) divides the hydrogen coming from the electrolyser into
HC3

h and HC1
h . The HC1

h is the share of produced hydrogen that goes to
the medium-pressure compressor, while the HC3

h represents the amount of
hydrogen that goes to the third compressor for injection to the gas pipeline.

Hp
h = HC3

h +HC1
h (4.15)

Eq. (4.16) defines the amount of injected hydrogen into the gas grid,
while (4.17) works as a constraint that limits the amount of hydrogen in-
jection into the gas system in a way that hydrogen concentration does not
surpass the gas grid limits. ηC3 is the efficiency of the third compressor.

Hg
h = HC3

h · ηC3 (4.16)

Hg
h ≤ CG (4.17)

Eq. (4.18) calculates the amount of compressed hydrogen by the first
compressor C1,h, where ηC1 is the efficiency of the first compressor.

C1,h = HC1
h · ηC1 (4.18)

The amount of hydrogen within the first storage at a particular hour
h is obtained by (4.19). Assuming 5% leakage for the hydrogen storages
according to the results of [32, 33], the term 0.95 · S1,h−1 expresses the
amount of hydrogen present in the storage at the beginning of each hour.
The stream −Hb

h/ηD1 −HC2
h , divides the hydrogen coming from the first

storage into Hb
h/ηD1 and HC2

h . The HC2
h is the share of hydrogen that goes

to the high-pressure compressor, while the Hb
h/ηD1 represents the amount

of hydrogen that goes to the dispenser for light and heavy-duty vehicles.

S1,h = 0.95 · S1,h−1 + C1,h · ηS1 −Hb
h/ηD1 −HC2

h (4.19)

Eq. (4.20) calculates the amount of compressed hydrogen by the second
compressor C2,h, where ηC2 is the efficiency of the compressor.

C2,h = HC2
h · ηC2 (4.20)
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The amount of hydrogen within the second storage at a particular hour
h is obtained by (4.21). The term 0.95 · S2,h−1 represents the amount of
existing hydrogen in the storage at the beginning of each hour. The stream
Ha

h/ηD2 gets the hydrogen coming from the second storage to the second
dispenser for cars.

S2,h = 0.95 · S2,h−1 + C2,h · ηS2 −Ha
h/ηD2 (4.21)

The model finds the optimal volume of hydrogen that needs to be pro-
duced and then stored such that the hydrogen demand of vehicles is satisfied
(see (4.22)-(4.24)).

8760∑
h=1

Ha
h

ηC2
·ηS2

·ηD2
+

Hb
h

ηD1

ηC1 · ηS1

+
Hg

h

ηC3

≤
8760∑
h=1

Hp
h (4.22)

8760∑
h=1

S1,h ≥
8760∑
h=1

Hb
h

ηD1

+
Ha

h

ηC2 · ηS2 · ηD2

(4.23)

8760∑
h=1

S1,h ≥
8760∑
h=1

Ha
h

ηD2

(4.24)

The maximum amount of compressed and stored hydrogen by com-
pressors and in storages depend on the decision variables CC1 , CC2 , CC3 ,
CS1 , and CS2 . Eq. (4.25) and (4.26) were considered as constraints in the
model, as the state of compressors and storages at each hour should be less
than the size of the respective component.

C1,h ≤ CC1 , C2,h ≤ CC2 , C3,h ≤ CC3 (4.25)

S1,h ≤ CS1 , S2,h ≤ CS2 (4.26)

4.3 Simulation inputs

The current investigation was conducted based on the regulatory situation
in Belgium, and therefore all electricity-related input data, including en-
ergy prices, grid tariffs and taxes, and FCR remuneration scheme were
chosen for Belgium. Table 4.1 provides up-to-date techno-economic data
gathered in projects from suppliers or obtained from companies around Eu-
rope. Specifically, given data for the electrolyser, cell stacks, and power
electronic equipment, which are provided by Cummins, are close to the in-
formation in the references mentioned in Table 4.1. CAPEX and OPEX
introduce capital and operational expenditure, respectively.
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4.3.1 Electricity market data

The costs related to the electricity consumption were integrated into the
model based on electricity price and the grid costs simulator provided by
Elia (TSO in Belgium and Germany) for 2019, since those were the most
up-to-date data of a whole year accessible to the author [37]. The potential
revenue of FCR was also evaluated based on the capacity payments for all
weeks of 2019. Frequency values are extracted from Elia platform [38].

4.3.2 Hydrogen demand data

Including the hydrogen demand in the objective function lets the impact
of increasing hydrogen demand to be considered. The normalised time
series of the hydrogen demand for vehicles were obtained from a fuel sta-
tion profile and adjusted according to the hydrogen demand for mobility
in Belgium [39]. The demand varies within hours and weekdays, which
forms recurrent arrays of one week for the hydrogen consumption over one
year. Hourly demand in 2020 amounts to 75 kg on average, a maximum
of 273 kg, and for the year 2030, was modified and scaled up based on
plans for HRSs in Belgium. The distribution of hydrogen demand will be
given in Section 4.4 to be compared with produced and stored hydrogen. It
is noteworthy that different assumptions for hydrogen demand lead to dif-
ferent results, and they all need to be compared to produce useful outputs
for decision makers. Considering that Belgium is still lagging the national
plans in terms of hydrogen refuelling infrastructure, the author compared
the obtained results using the data presented in [40] as the current situa-
tion in Belgium in 2020 with the results considering the hydrogen targets.
For hydrogen injection into the natural gas system, it was assumed that
the hydrogen injection tariff and natural gas price are the same (based on
the caloric value) for the corresponding scenario, i.e. hydrogen price of
1.5 e/kg in 2020 and 1.7 e/kg in 2030, which is not competitive with price
in the mobility market.

4.4 Results

Simulations are run for two situations according to the hydrogen targets
[39] and according to the current conditions in Belgium [40]. Sections 4.4.1
and 4.4.2 discuss the simulation outputs in more detail.
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4.4.1 Results considering the hydrogen targets

For this situation, the introduced method is implemented in two cases, in-
cluding eight scenarios in total. The first case consists of three scenar-
ios and evaluates the techno-economic feasibility of an HRS considering
techno-economic conditions and an FCR compensation scheme. Since in-
vestment in an HRS can last for years, the growth of energy prices during
the HRS lifetime should be covered in the feasibility studies [41]. Be-
sides, in the coming years, the capital and operation costs of components
are expected to decrease because of technological improvements [28]. So,
the second case consists of five scenarios, which consider the operation of
the HRS in 2030 and evaluate the results following the change in some
techno-economic data displayed in Table 4.1. Changes in input parameters
include reduction of investment and operation costs of subcomponents and
increase in cell stack lifetime and efficiency of the electrolyser and com-
pressors. Moreover, the effect of change in energy prices and FCR remu-
neration were examined. After performing the first round of simulations,
the maximum amount of optimised hourly FCR capacities were calculated
3 MW and 8 MW for 2020 and 2030, respectively. With increased FCR
prices, this reached 10 MW. So, the following scenarios are presented:

(1) Case 1: 2020

• Scenario 1: Operation without FCR provision

• Scenario 2: Operation with optimal hourly FCR

• Scenario 3: Operation with constant FCR reserve, CFCR = 3 MW

(2) Case 2: 2030

• Scenario 4: Operation without FCR provision

• Scenario 5: Optimal FCR reserves, 10% reduced FCR prices

• Scenario 6: Operation with optimal hourly FCR

• Scenario 7: Optimal FCR reserves, 10% increased FCR prices

• Scenario 8: Operation with constant FCR reserve, CFCR = 8 MW

Considering the abovementioned scenarios, the electrolyser and other com-
ponents were dimensioned, and HRS hourly operation was optimised to
maximise the benefit by providing the hydrogen for the mobility sector,
injecting the extra produced hydrogen into the natural gas system, and par-
ticipating in the FCR market. The first part of the results focuses on the
operational aspects of the HRS in various scenarios. The outputs of the
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Figure 4.4: Optimised capacity of components and annual injected hydrogen to
the gas grid.

simulation are the size of subcomponents, hourly FCR capacities, electrol-
yser dispatch, and hydrogen injection into the gas grid.

Fig. 4.4 shows the optimal sizes of the electrolyser, medium and high-
pressure compressors, and storages for eight scenarios. All of the capacities
were scaled to kg to be comparable with each other. Results prove that par-
ticipation in the FCR market with higher reserve needs the higher size of the
electrolyser, and as a result, more hydrogen will be injected into the gas grid
compared to the scenarios with smaller capacities of the electrolyser. In the
first and fourth scenarios, where the system does not participate in the FCR
market, the lowest sizes of electrolyser 6.2 MW and 15.1 MW were ob-
tained for 2020 and 2030, respectively. This increase in size (243%) reflects
the increase in the amount of hydrogen demand. The maximum capacity of
the electrolyser was obtained for scenario 8 (23.1 MW). The sizing of the
hydrogen storages enables the possibility of storing excess produced hy-
drogen when electricity prices and/or hydrogen demand are low and using
some amount of stored hydrogen when electricity prices or/and hydrogen
demand are high so that the electrolyser operates at a lower electricity de-
mand. Employing hydrogen storage enables the electrolyser to participate
in the FCR provision with high availability as well. However, it should be
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noted that there is a trade-off between the availability for the provision of
grid services and storage capacity: an increase in the sizes of the storage
and the electrolyser will improve availability but also increase HRS costs.
Hence, the optimal size of components does not follow the same trend, as
the model tries to minimise the investment costs, which increase for larger
subcomponents. Hence, whereas from scenario 4 to scenarios 5 and 7, a
larger electrolyser is required to deliver higher FCR capacities, a smaller
storage ensures the minimum investment costs.

The excess hydrogen that was not used for the mobility sector, and
could not be stored, was injected into the gas grid by the third compressor.
The size of the third compressor follows the same trend as the electrolyser
and hydrogen injection to the gas grid: from 119 kg capacity for scenario
1 to 415 kg for scenario 8. Comparing scenario 7 to scenarios 5 and 6
shows a strong difference for the injected hydrogen to the natural gas grid.
That sharp rise after a +10% FCR price change could be explained by the
fact that the optimum FCR capacity increases from 8 MW to 10 MW and
also the number of hours that the electrolyser works at the maximum FCR
capacity increases as a result of the FCR price increase, whereas with a
−10% change in FCR price, the number of hours working at the maximum
of 8 MW FCR capacity is decreased. Hence, following the larger FCR
capacity and working more hours to provide the maximum FCR capacity,
the size of the electrolyser and consequently the hydrogen production will
increase. This will cause more hydrogen injection to the natural gas grid
while the hydrogen demand from the mobility is not changed.

In a situation where there is no strict hydrogen demand, the electrol-
yser runs at nominal power as long as the difference between the price of
electricity and equivalent price of selling hydrogen is high enough to cover
equipment losses and investment costs. But for the proposed system in
this study that should meet hourly hydrogen demand, the situation is differ-
ent. In addition to the price of electricity and hydrogen, hourly hydrogen
demand, the size of storages, FCR prices, and hourly FCR capacities af-
fect the optimal dispatch of the electrolyser and hydrogen production. All
these parameters form a multi-dimensional optimisation problem, in which
even at some hours with low electricity price the electrolyser works at low
power levels because the hydrogen demand is low or the storages are full,
or the electricity price is lower at next hours and the operator prefers to fill
the storages at lower electricity prices. It should also be considered that at
some hours, the revenue from consumption adjustment for FCR provisions
exceeds the benefit of arbitrage trading.

Based on the electricity price time series, grid frequency, and hydrogen
demand and its price, the optimal electrolyser dispatch considering cross-
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Figure 4.5: Scenario 2- Electrolyser dispatch, hydrogen demand and storage state

commodity arbitrage trading and FCR provision were obtained. The hy-
drogen production curves are revealed as the orange line in Fig. 4.5 (a)
and Fig. 4.6 (a), while the electricity price data can be found as the blue
line. The stored hydrogen is shown by the orange line in Fig. 4.5 (b) and
Fig. 4.6 (b), while the hydrogen demand (demand from mobility sector plus
injection to the gas grid) can be found as the blue line. Figures are given
for the fourth week of 2020 and 2030.

The optimal sizing of the hydrogen storages and compressors along-
side the electrolyser forms a multi-period MINLP problem and allows the
electrolyser to participate in the FCR market with high availability. The
HRS operator uses the spare capacity for FCR provision in hours that are
not profitable for cross-commodity arbitrage trading. As stated before, the
electrolyser produces a higher volume of hydrogen and part of the extra
amount is stored in the storages when the electricity tariff is low, or benefit
of up-FCR is higher than the costs of electricity purchase. This, in turn,
allows the electrolyser to operate at lower power when the electricity tariff
increases or the benefit of down-FCR is high enough to cover the revenue
of cross-commodity arbitrage trading. At these hours, dispensers withdraw
part of the hydrogen that was previously stored in the storages. Compar-
ing subfigures (a) and (b) in Fig. 4.5 and 4.6 clearly shows that when the
hydrogen demand is lower than hydrogen production, the system fills the
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Figure 4.6: Scenario 6- Electrolyser dispatch, hydrogen demand and storage state

storages to withdraw hydrogen at hours with lower hydrogen production
than hydrogen consumption.

For scenarios with constant FCR size in the whole year, the method
focuses on an electrolyser employing cross-commodity arbitrage trading
strategy while offering 3 MW and 8 MW reserve, either upward or down-
ward. But, for scenarios considering FCR capacity optimisation, the FCR
reserve is optimised on an hourly basis during the year. The optimal
FCR hourly capacities are revealed as the orange line in Fig. 4.7 (a) and
Fig. 4.8 (a) while the grid frequency can be found as the dashed blue line.
For the sake of transparency, only the first two days of the fourth week of
the year are plotted. To show how the HRS operator manages the electrol-
yser consumption to provide FCR service, the optimal electrolyser hourly
electricity demand after responding to the frequency signals are revealed as
the dashed orange line in Fig. 4.7 (b) and Fig. 4.8 (b) while the electrolyser
baseline power before activating FCR service can be found as the blue line.

Fig. 4.9 shows the optimised FCR capacities and allotted number of
hours to each of them in a year for the scenarios with optimal hourly FCR
capacity calculation. Comparing scenario 2 with the other three shows that
increase in hydrogen demand, which is reflected in the electrolyser size, as
previously shown in Fig. 4.4, increases the maximum FCR capacity. The
results of scenario 7 show that 10% increase in FCR revenue payment can
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Figure 4.7: Scenario 2- Frequency, FCR capacity, optimal electrolyser demand
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Figure 4.9: Distribution of optimal hourly FCR capacities

compensate for the higher investment costs as a result of the larger size of
components. This increase in FCR remuneration price raises the number of
hours allotted to maximum FCR capacity and lowers the number of hours
allotted to zero FCR capacity.

It is notable that while the maximum size of the FCR capacity in sce-
nario 7 goes up to 10 MW, the size of the electrolyser for this scenario is
lower than the one for scenario 8 where an FCR capacity of 8 MW is con-
sidered. It is because in scenario 7, the electrolyser participates optimally
with high capacities when the base line load is low or when the system
should activate down-FCR and, as a result, the size of the electrolyser does
not increase too much. This scenario proves the necessity of optimal FCR
reserve calculation.

The second part of the results focuses on the economic aspects of the
HRS in various scenarios. Tables 4.2 and 4.3 summarise the obtained costs
and revenues in various scenarios. Costs related to the HRS system (in-
vestment, operation and replacement costs) and grid costs (GC) account for
23-27% and 18-24% of the total annual costs, respectively. Costs linked to
electricity costs (EC) despite grid costs are considerably high, varying from
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48% of total annualised costs in scenario 3 to 58% in scenario 4. While the
size of equipment increases in 2030, the share of costs related to the HRS
system remains constant or decreases, because of the lower per-unit invest-
ment costs and higher efficiency. Higher efficiency causes lower relative
energy consumption per kilogram of the produced hydrogen.

Table 4.2 shows that the impact of participating in the FCR market on
the annual costs is directly linked to the size of power reserved for this
service. In 2020, a 2% increase in the total cost is observed when assign-
ing optimal hourly capacities, while the total costs increase by 15% when
the electrolyser reserves a constant capacity of 3 MW for frequency reg-
ulation. In 2030, this increase reaches around 5% for assigning optimal
hourly capacities and 17% considering a constant capacity of 8 MW for the
FCR service. This difference can be explained by the increase of grid costs,
electricity costs, and investment costs because of the higher size of the elec-
trolyser and other subcomponents. It is also noteworthy that compared to
2020, in 2030, the share of grid costs decreased while the share of electric-
ity costs increased. The nonlinear behaviour of the grid cost simulator is
then one of the reasons for the reduction in the share of grid costs.

The last row in Table 4.2 shows that the exemption from charges related
to tax and public service obligation is vital for economic efficiency of the
HRS as the share of tax and public service obligation costs is between 7%
to 15% for different scenarios. Besides, significant reductions in power
prices are necessary because of their undeniable influence on the economic
feasibility of the system.

Table 4.3 shows the total revenues and the share of different sources of
revenues, assuming the hydrogen price of 5e/kg. While the contribution of
selling hydrogen to the gas grid (GR) is not very promising, the share from
participation in FCR (FASR) is notable, varying from 6.3% in scenario 5
to 10.7% in scenario 7. It is also noteworthy that in the case of ancillary
service provision, the total annual revenue can be increased by 12% in 2020
and by 16% in 2030 compared to the scenarios that do not consider FCR
provision. However, the crucial factor is to receive sufficient compensation
from selling hydrogen, which depends on the hydrogen demand and its
selling price.

As stated before, optimisations have been performed to maximise the
annual benefits, and consequently, minimise the hydrogen break-even price.
Fig. 4.10 illustrates the hydrogen break-even price, costs, and revenues for
different scenarios. Comparison of the results of 2020 and 2030 shows
that in 2030, the total annual costs and revenues increase notably with the
growing demand of hydrogen, while the break-even price of hydrogen de-
creases due to the increasing gap between revenues and costs. In 2030,
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8
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3,327,539

3,553,739
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8,535,145
9,167,271

9,274,541
9,870,388

9,726,653
G

R
32,281

32,521
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258,993
480,652
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1%
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5.1%
M

R
3,285,065

3,285,065
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8,311,215
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8,311,215

8,311,215
99%

92.4%
88.5%

97.4%
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85.5%
FA

SR
0
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335,081

0
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1,051,132

893,549
-

6.4%
9.0%

-
6.3%
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Figure 4.10: Costs, revenues, and hydrogen break-even prices

the combined effect of lower investments per unit capacity, more space for
participation in FCR market, and selling hydrogen in a broader scale will
make the operation of an HRS more economically effective with a lower
hydrogen break-even price. Scenarios 5 and 7 considered the modification
of the FCR price in 2030, where it was set to 90% and 110% of the price
in 2020, respectively. As illustrated in Fig. 4.10, the effect is pretty signif-
icant compared to scenario 6 with an FCR price equal to the one in 2020,
where the hydrogen break-even price was 3.74 e/kg. The price increases
to 3.80 e/kg in scenario 5 and reduces to 3.68 e/kg in scenario 7. A com-
parison was also made between the hydrogen break-even price with and
without considering tax and levies in the grid costs calculation. Exemption
from tax and public service obligations amounts to an 8 to 17% reduction
in hydrogen price compared to the situation where tax is included.
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4.4.2 Comparing the current situation with targets

This section explains and compares the simulation results considering the
current situation with the outcomes of simulations assuming the hydrogen
targets for Belgium in 2020. Although it was planned to have 1000 fuel
cell electric vehicles (FCEV) and 50 hydrogen-powered buses on the road
by the end of 2020, the number of active FCEVs and hydrogen buses by
September 2020 have been 48 and 5, respectively. Thus, in this section,
the hydrogen demand is modified accordingly. For this situation, the intro-
duced method is implemented in three scenarios and evaluates the techno-
economic feasibility of the HRS. After performing the first round of simu-
lations, the maximum amount of optimised hourly FCR capacity was cal-
culated to be 1 MW. So, the following scenarios are presented:

• Scenario R1: Operation without FCR provision

• Scenario R2: Operation with optimal hourly FCR

• Scenario R3: Operation with maximum constant FCR reserve at all
hours, CFCR = 1 MW

Fig. 4.11 shows the optimal sizes of the components (C1-C2: Com-
pressors, S1-S2: Storages, E: Electrolyser) for the three mentioned scenar-
ios. Similar to Section 4.4.1, results illustrate that participation in the FCR
market needs a larger electrolyser, and as a result, more hydrogen will be
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Figure 4.11: Optimised capacity of components and annual injected hydrogen to
the gas grid for current situation in 2020
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Figure 4.12: Electrolyser dispatch, hydrogen demand and storage state for
situation in 2020

injected into the gas grid. In scenario R1, where the system does not partic-
ipate in the FCR market, the smallest size of the electrolyser, 506 KW, was
obtained. The optimal capacity of the electrolyser for scenarios R2 and R3
is 2.1 MW and 2.8 MW, respectively. The sizing results clarify the signif-
icant effect of lower demand from the mobility sector on the sizing of the
components.

The optimal electrolyser dispatch considering the electricity price time
series, grid frequency for FCR provision, and hydrogen demand were ob-
tained. The hydrogen production curves are depicted by an orange line in
Fig. 4.12 (a), while the electricity price data can be found as the blue line.
The stored hydrogen is shown by the orange line in Fig. 4.12 (b), while the
hydrogen demand (demand from mobility sector plus injection to the gas
grid) can be found as the blue line.

For scenario R2 considering the FCR capacity optimisation, the FCR
reserve is calculated on an hourly basis during the year. In this scenario,
the electrolyser is scheduled to participate in the reserve market with 1 MW
capacity for 6728 hours while in the remaining 2032 hours it works with
an FCR capacity of zero. Compared to the results from Section 4.4.1, it is
clear that hydrogen demand reduction has decreased the maximum capacity
of the reserve to participate in the FCR market.

To focus on the economic aspects, Table 4.4 summarises the obtained
costs and revenues in scenarios R1-R3. Investment and grid costs account
for 29-32% and 19-28% of the total annual costs, respectively. Electricity
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Table 4.4: Costs and revenues for current conditions (e)

Scenario R1 R2 R3
GC 62,459 172,436 224,188
EC 159,190 255,899 389,963
IC 103,262 182,976 249,508
TAC w/o tax 288,236 513,329 729,947
GR 3,657 197,895 204,904
MR 265,300 265,300 265,300
FASR 0 99,110 111,694
ρbeab (e/kg) 6.1 5.9 8.3
ρbeab w/o tax (e/kg) 5.3 4.0 6.2

costs despite grid costs varying from 42% of total annualised costs in sce-
nario 2 to 49% in scenario 1. These results show a small increase in the
share of investment and grid costs and a decrease in the share of electricity
costs compared to the results in Section 4.4.1. From the revenue point of
view, in scenarios R2 and R3, the contribution of selling hydrogen to the
gas grid and participation in FCR is notable, 35% and 19%, respectively.
This increase compared to Section 4.4.1 shows how the electrolyser opera-
tor could use the proposed algorithm to increase the share of revenues from
the gas grid and FCR market when the hydrogen demand from the mobility
sector is low.

The last two rows in Table 4.4 illustrate the hydrogen break-even price
for different scenarios. The lowest prices were obtained for scenario R2,
where the electrolyser participate optimally in the reserve market. Increase
in these prices illustrates how important the amount of hydrogen demand
is for HRS owners. While the obtained prices have increased compared
to prices in Section 4.4.1, HRS operators could still benefit from selling
hydrogen as long as the margin with the selling price of hydrogen is enough.

4.5 Summary and conclusions

Considering the role of hydrogen in mitigating GHG emissions and sup-
porting the security of future power systems mentioned in Chapter 3, this
chapter studied the operation of a P2H2 plant equipped with a PEMEL that
provides flexibility to the grid by adjusting its electricity consumption. This
study investigated the implications of providing primary frequency reserve
on the design and operation of P2H2 systems, specifically for an HRS. An
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optimisation method was presented to evaluate the techno-economic feasi-
bility of the HRS. The model optimised both the size and hourly operation
of the subcomponents to perform an energy arbitrage in electricity, natural
gas, hydrogen, and FCR markets.

The results revealed that the operational costs depend extremely on
electricity price and grid costs, which are directly associated with the size
of the electrolyser. Hence optimal sizing of components and exemptions
from tax and levies or other components of grid costs are essential to reach
economic viability.

Up to 19% contribution in revenues from FCR provision proved the
possibility of participation in regulation markets as a promising opportunity
to minimise hydrogen price for the mobility sector.

In addition to FCR revenues, higher hydrogen demand, higher effi-
ciency of components, and lower capital and operation costs can reduce the
break-even price of hydrogen. The calculations in different scenarios show
that the minimum hydrogen break-even price in 2020 will be 4.40 e/kg,
while mobility users will be able to refuel their vehicles for 3.75 e/kg at
the station in 2030. Comparing the break-even price for current conditions
with the value obtained according to the Belgium hydrogen targets proved
the significant effect of hydrogen demand from the mobility sector on the
profitability of an HRS.

The explained method could be used to determine optimal investment
plans, and HRS operators together with grid operators could benefit from
the offered method to schedule the electrolyser in a way that meets the
hydrogen demand, and provide FCR simultaneously. The obtained re-
sults demonstrated that the proposed methodology is generic and scalable
enough to deal with various amounts of hydrogen demand. The optimisa-
tion algorithm is able to optimise any cases with different hydrogen demand
for the real or forecasted situation.

While this chapter examined the impact of FCR provision on the in-
vestment and operation strategies in an HRS, the implications of providing
other FASs, including aFRR and mFRR, need to be studied. The uncer-
tain behaviour of hydrogen demand and capacity market prices should be
considered in the modelling as well. Thus, Chapter 5 will propose a proba-
bilistic optimisation method for optimal sizing and the flexible operation of
a P2H2 plant, considering different scheduling strategies for various FASs,
i.e., the FCR, aFRR, and mFRR.
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5
Opportunities for P2H2 systems to

provide FCR, aFRR & mFRR

Given the technical characteristic of PEMELs, the P2H2 sys-
tems can play a key role in accelerating the transition toward
a low-carbon economy. They can offer new forms of flexibility
using their storage and fast adjustable consumption capabil-
ities. Thus, the design of novel optimisation algorithms will
become necessary to facilitate the flexible operation of hydro-
gen plants while assuring secure investment in such facilities.
Chapter 4 investigated the effects of providing FCR by elec-
trolysers on the investment and operational strategies in an
HRS. Still, the implications of providing other frequency an-
cillary services (FAS), including aFRR and mFRR need to be
studied. The uncertain behaviour of hydrogen demand and ca-
pacity market prices should be considered in the modelling as
well. Thus, this chapter proposes a probabilistic optimisation
method for optimal sizing and the flexible operation of a P2H2
plant. The test system is coupled with electricity, natural gas,
and industrial hydrogen networks while supplying the mobil-
ity sector with hydrogen. Different scheduling strategies for
various FAS, i.e., the FCR, aFRR, and mFRR, are compared
in terms of power adjustment, the influence on costs and rev-
enues and the final hydrogen break-even price. The rest of this
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chapter is structured as follows: Section 5.1 reviews the lit-
erature and presents the novelty of this chapter to cover the
research gap. The test system and the proposed model are in-
troduced in Section 5.2. Numerical studies are represented in
Section 5.3. Finally, Section 5.4 summarises the main conclu-
sions. The content of this chapter has been published in [1, 2].
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Abstract: Following the urgency of climate change issues, investments in
renewable energy sources and electrification of the transportation sector
have increased to facilitate the transition to a more sustainable future.
However, as renewable resources like wind parks are replacing conven-
tional power plants, new balancing solutions are required to strengthen
grid stability. As responsive loads with quick dynamics, electrolysers op-
erating in HRSs can present flexible balancing services to the power grid.
To exploit this benefit, this work examines the techno-economic features of
providing different frequency grid services by an HRS, considering the pos-
sibility of hydrogen injection into the industrial and natural gas pipelines.
The ratings of the subcomponents and dispatch plans are optimised to en-
hance the performance of the plant. A probabilistic mixed-integer linear
programming problem is solved over one year with a time resolution of one
hour and using real-world historical data based on the European electricity
market. Simulation results indicate that economic profits can be increased
significantly as a result of participating in the ancillary service markets and
meeting the HRS specifications while stable performance is guaranteed.

5.1 Introduction

As a connection between electricity and commodity markets, the Power-
to-Hydrogen (P2H2) concept has a great potential to convert sustainable
electricity into sustainable hydrogen for different applications such as mo-
bility and industry. In such a concept, electrolysis is the most well-known
method for hydrogen production, where electricity is used to split water
into hydrogen and oxygen [1]. The produced hydrogen can be deposited
in tanks for later use and facilitates the flexible operation of different sec-
tors [3]. Plenty of publications have already reviewed P2H2 projects and
their techno-economic performance [4, 5]. Some lately announced projects
suggest hydrogen injection into the natural gas grid or the use of green hy-
drogen in industries [6]. Hydrogen usage in transportation is also growing,
yet HRSs account for a low percentage of filling stations, as their economic
profitability is still not sufficiently clear. The present selling cost of hy-
drogen has been reported around e7-10 [7, 8]. To make fuel cells com-
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petitive with batteries as a power source for electric vehicles by 2030, the
selling cost of hydrogen should go below e4-5. Hence, different feasi-
ble routes should be investigated to reduce the present high selling prices.
Refs. [9–11] have investigated scheduling models to decrease hydrogen
generation costs in HRSs connected to wind parks and small wind turbines.

Apart from selling hydrogen to vehicles, HRS operators could look for
a promising source of extra revenue by providing flexibility to the power
system, where growing penetration of intermittent renewable sources has
raised the challenge of frequency deviations [12]. In response, grid oper-
ators have to let new frequency service providers support the grid stabil-
ity [13]. A great deal of research has been performed on the provision of
frequency grid services by various technologies. Ref. [14] has introduced
a control design for the provision of FASs, where the ramping capacity
of photovoltaic systems has been employed to enhance system security.
In [15], a secondary frequency reserve provision method was offered for a
system comprising of a wind turbine and a photovoltaic array. The authors
have reviewed the strategies for the charging of electric vehicles partici-
pating in FAS markets [16, 17]. Ref. [18] has analysed the possibility of
improving frequency stability by a supercapacitor in an energy system with
a high share of renewables. An economic model has been presented in [19]
to study the profitability of the provision of frequency services by batteries.

P2G and HRSs have also been considered as a source of flexibility in
some papers. A control system has been realised in [20, 21] to optimise
hydrogen production and ensure the stable operation of the electricity grid
using electrolysers. An optimisation technique has been presented in [22]
to design the integration patterns of Hydrogen-Power systems and to guide
the planning of HRSs. A scheduling scheme has been introduced in [23]
to increase the flexibility of energy systems, where the excess wind power
is converted into natural gas, i.e. P2G. Ref. [24] has investigated the op-
eration of a chlor-alkali process considering a short-term price forecast for
the delivery of FCR. The economic viability of the FCR provision using a
25 MW electrolyser has been studied in [25]. Ref. [26] has looked at the
technical ability of electrolysers in providing grid services. Yet, the eco-
nomic aspects have not been elaborated. The operation of HRSs has been
examined in [1] and [27], considering the FCR provision. However, the
provision of aFRR and mFRR has not been studied.

Refs. [28, 29] have introduced scheduling models for the operation of
hydrogen storages and fuel cells with predefined sizes to serve both the
transport sector and the regulation market. It should be pointed out that
hydrogen production by electrolysis and using a fuel cell to reconvert the
stored hydrogen into electricity might not be economically feasible for grid-
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connected systems. This is due to the relatively low-efficient process (30-
50%) of double energy conversion [30]. Provision of secondary reserve
with regulation steps of 1 MW has been analysed for a 5 MW electrolyser
in [31]. However, it was assumed that the electrolyser was not used for
other goals and remained shut off when no service signals were issued.

While electrolysers have a great potential in providing regulation ser-
vices owing to their quick load flexibility in the order of a few seconds [32],
providing FAS with electrolysers might face financial risks due to the high
investment that might be needed. Hence, new approaches should consider
sizing aspects of the HRSs to reduce the investment costs. The optimal
ratings of the hydrogen production and storage units in HRSs for different
fleet sizes of vehicles have been determined in [33]. Ref. [34] has intro-
duced a sizing method for various components to maximise the net profit
of hydrogen fueling stations.

5.1.1 Gap and contribution

While the operation of HRSs has been examined in literature, an applicable
approach for the optimal planning and scheduling of multiple subcompo-
nents considering the provision of FCR, aFRR, and mFRR services has
not been adequately examined. Most recent studies have used predefined
sizes for subcomponents or estimated the sizes according to the hydrogen
demand. Then they looked at additional revenue stemming from the provi-
sion of grid services considering an average price for the service through-
out the year. However, the average values do not reflect the weekly, daily,
nor hourly variation of remuneration prices of FAS. As a result, the hourly
scheduling of the electrolyser and other subcomponents and, consequently,
total costs and revenues would be calculated based on an unrealistic aver-
age price. To employ and compare the potential of the plant in providing
different FAS, their impact on both the operation and design of the HRS
has to be included in the optimisation model. In particular and without loss
of generality, this chapter presents the following contributions:

• A new optimisation model for the performance of an HRS consider-
ing the energy supply to hydrogen-powered vehicles, providing hy-
drogen as a feedstock for industry and hydrogen injection into the
natural gas grid.

• Detailed operation mechanisms and optimisation constraints of FCR,
aFRR, and mFRR are presented to compare all FAS from the techno-
economic viewpoint. The model exploits the electrolyser potential to
serve the grid considering real signals issued by the grid operator.
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• Further, the offered model evaluates revenues versus investments and
running expenses using real-world data. The economic feasibility of
the investment in such a plant is further improved via optimal sizing
of subcomponents acknowledging the effect of providing various grid
services on the system rating.

• The uncertainty of the hydrogen demand and the price of grid ser-
vices are embedded into the optimisation model to reflect the effect
of uncertain parameters on the system operation. Based on this con-
cept, the HRS might have different response behaviour according to
the regulation signals, the price of grid services, the electricity price
and the hydrogen demand.

5.2 Test system and model

The test system, illustrated in Fig. 5.1, is assumed to be located in the port
of Zeebrugge in Flanders, Belgium. This area was picked because of the
increasing wind capacity in the North Sea and the high number of industrial
sites currently running in the region. An AC–DC converter, connected to
the power grid, provides the electrolyser with electricity required for hy-
drogen production. The generated hydrogen, after the compression stages,
is stored in medium pressure (450 bar) and high pressure (900 bar) storage
tanks to satisfy the hydrogen demand from the mobility sector. Heavy-
duty vehicles like buses refuel at 350 bar, while passenger cars are filled at
700 bar. An industrial pipeline network, which connects Zeebrugge with
the port of Antwerp, facilitates hydrogen transport across industrial clus-
ters [35]. Hence, the extra produced hydrogen could be injected into this
industry or the natural gas network via separate pipelines. The test system is
a hybrid energy hotspot in which all the above-mentioned subcomponents
are in close proximity.

While employing the entire potential of the plant for multiple appli-
cations can improve economic efficiency by accumulating revenue from
various sources, new models have to be developed to optimise the planning
and scheduling of the plant. However, this is a challenging task because
of different factors: (i) While asymmetric frequency regulation is possi-
ble for aFRR and mFRR, the transmission system operator (TSO) expects
symmetric FCR capacities. The electrolyser flexibility is also restricted by
its technical capabilities and the hydrogen demand. Hence, coordination
between the terms of providing grid services and meeting the hydrogen de-
mand is a vital factor. (ii) As the HRS will receive remuneration to follow
the TSO signals, a trade-off should be made between the regulation per-
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Figure 5.1: The studied HRS test system.

formance and the obtained revenues. (iii) The remuneration price of FAS
and hydrogen demand from the mobility sector are among the uncertain
parameters, which raise the complexity of the optimal scheduling. (iv) The
model should define to which extent the HRS has to be redesigned to make
the plant available for grid services while at the same time satisfying the
hydrogen demand. So, how to size different subcomponents in the HRS re-
mains to be answered. The model should also give a clear response on what
the consequences of the possible redesign for the investment and operation
costs of the plant are and to which extent the revenues from grid services
will compensate these extra costs.

An optimisation model is developed to tackle the above-mentioned
challenges and determine the optimal operation of the electrolyser. Con-
sidering detailed models of FCR, aFRR, and mFRR services, the electrol-
yser operator follows TSO signals while maximizing the economic opera-
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tion of the plant to deal with challenges (i) and (ii). To take into account
the stochastic behaviour of the considered uncertain parameters and solve
challenge (iii), a normal distribution was used to generate 10 scenarios for
each source of uncertainty. Then, 100 scenarios are produced by scenario
combination. The optimal sizing of the plant solves challenge (iv) to find
a balance between the availability of the system for grid balancing and the
required size of subcomponents for a continued supply of the consumers.

5.2.1 Objective function

The proposed method in this work is meant to determine the maximum
economic potential when optimally operating the system. Thus, the model
attempts to maximise TAP by optimal sizing of subcomponents and flexi-
ble electrolyser operation considering the frequency regulation signals. The
annual profits are measured as the difference between annual revenues and
costs in (5.1), where s is the index for scenarios, h is the index for time
steps and u is the index for different subcomponents. Based on the hy-
drogen sales to multiple sectors and revenues from the provision of grid
services, annual revenues are calculated in the first line. Revenues from
the mobility sector (terms 1 and 2) depend on the hydrogen prices (ρb and
ρa) and hydrogen demands (Hb

h,s and Ha
h,s) for buses and passenger cars,

respectively. Additional possible revenues come from injecting hydrogen
(Hg

h,s and H i
h,s) at the prices ρg and ρi into the natural gas network and

industry (terms 3 and 4). While the remuneration of FCR covers only the
remuneration for the reserved capacity, the compensations of aFRR and
mFRR include the reservation payments, complemented with a payment
for the activated energy (terms 5 and 6). The payment for the balancing
capacity is the product of the remuneration price αh,s times the contracted
capacity Rh,s. The remuneration for the activated energy is the product of
the absolute value of the activated energy |∆Ph,s| multiplied by the service
activation price βh,s.

The cost of electricity bought from the grid is obtained in the second
line as the product of the electricity price ρeh times hourly electricity con-
sumption of the electrolyser Ph,s, compressors and dispensers. The elec-
tricity consumption of compressor c is calculated by multiplying the com-
pressed hydrogen in the compressor Cc,h,s and the energy consumption per
kg compressed hydrogen κCc . The electricity consumption of dispensers is
determined in the same way, where κD1 and κD2 are the energy efficiency
of the dispensers. Annual costs for investment, replacement and opera-
tional expenditures of subcomponents are added to the function (third line),
where Cu

s is the size of the subcomponent u, while ICu
pu, RCu

pu, and OCu
pu
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are the per-unit investment, replacement and operation costs of subcompo-
nent u, respectively. An extra 10% of the investment and replacement costs
of subcomponents are assumed as the additional costs of installation, plan-
ning and preparation. The annual investment and operation costs for each
subcomponent are calculated using the capital recovery factor [36].

While providing FAS needs short-term consideration, hydrogen pro-
duction and storage can be optimised over a longer period. Thus, the man-
agement of these requirements is important in the optimisation model. On
the one hand, the electrolyser responds to the issued FAS signals on an
hourly basis considering constraints linked to the ancillary services. On the
other hand, the produced hydrogen will be stored in hydrogen tanks for use
in longer time frames considering hydrogen flow constraints.

5.2.2 Constraints linked to the ancillary services

The technical aspects of FAS have to be considered in the model in addition
to the economic parts, which have been taken into account in (5.1). Con-
sidering the requirement that units with the ability to provide a minimum
capacity of 1 MW are allowed to participate in the capacity market, (5.2a)-
(5.5b) cover the specifications of FAS, including FCR, aFRR and mFRR.

FCR is implemented symmetrically according to the measured fre-
quency signals. To allow the symmetric support, the power bounds must
guarantee that the full contracted capacity can be activated in both direc-
tions (see (5.2a)). In other words, the loads participating in the FCR market
with a contracted capacity of Rs have to be flexible to modify their base-
line power P 0

h,s over the (P 0
h,s − Rs) to (P 0

h,s + Rs) range [37]. An FCR
provider has to activate the reserved capacity in less than 30 seconds. Thus,
to meet the fast dynamics requirement of FCR, the electrolyser should not
be turned off: (5.2a) implies that the electrolyser is always running between
5 and 100% of its nominal power. The power to be delivered according to
the changes in grid frequency is shown in (5.2b) [37]. The electrolyser de-
livers the reserved capacity Rs proportionally to the change in frequency,
where at a deviation of 200 mHz, the total reserved capacity is released.

0.05 · CE
s +Rs ≤ P 0

h,s ≤ CE
s −Rs (5.2a)

∆Ph,s =


0, |∆fh| ≤ 0.01 Hz

(∆fh − 0.01) · Rs

0.2 , 0.01 Hz < |∆fh | ≤ 0.2 Hz

Rs, |∆fh| > 0.2 Hz

(5.2b)



OPPORTUNITIES FOR P2H2 SYSTEMS TO PROVIDE FCR, AFRR & MFRR 105

In (5.2a), CE
s is the electrolyser optimal capacity, and ∆fh is the difference

between the frequency signal and the optimal target of 50 Hz in scenario s.
∆Ph,s is the power difference between the modified electrolyser consump-
tion Ph,s, and the baseline electricity demand P 0

h,s before the TSO signals
are issued in different frequency ancillary services.

∆Ph,s = Ph,s − P 0
h,s (5.3)

After FCR, the TSO asks providers to activate aFRR in less than
7.5 minutes by communicating control signals, separated into downward
(aFRR-Down) and upward (aFRR-Up) values [38]. For aFRR-Up, the TSO
asks the load to decrease the net off-take, while for aFRR-Down the ser-
vice provider manages the consumption by increasing the net off-take (see
(5.4b)). The instant values of the control signals communicated by the TSO
for aFRR-Down IDh and aFRR-Up IUh are values between 0 to +1 and −1
to 0, respectively.

P 0
h,s :

{
0 ≤ P 0

h,s ≤ CE
s −Rs, aFRR−Down

Rs ≤ P 0
h,s ≤ CE

s , aFRR−Up
(5.4a)

∆Ph,s =

{
Rs · IDh , aFRR−Down

Rs · IUh , aFRR−Up
(5.4b)

In case of a large imbalance between generation and consumption that
cannot be recovered by activating the FCR and aFRR products, the TSO
initiates the mFRR service, which should be activated in less than 15 min-
utes. For loads like electrolysers, mFRR is only allowed as an upward ser-
vice, which means the TSO signals JU

h are amounts between −1 to 0. The
constraint in (5.5b) assures that the system can act as per the TSO signal.

Rs ≤ P 0
h,s ≤ CE

s (5.5a)

∆Ph,s = Rs · JU
h (5.5b)

The baseline powerP 0
h,s is a vital aspect for delivering aFRR and mFRR

services. The baseline constraints (see (5.4a) and (5.5a)) guarantee that
if the electrolyser works at peak loads (e.g., because electricity prices are
low) and it is requested to increase the power consumption (down services),
enough capacity has been reserved beforehand. The same would happen
if the TSO asks the service provider to decrease its power consumption
(up services) and the unit is in low-load conditions. Once the signal is
issued by the market operator, the electrolyser is scheduled accordingly to



106 CHAPTER 5

modify the intake power compared to the baseline consumption. Moreover,
based on the baseline, the delivered aFRR and mFRR energy ∆Ph,s are
calculated [39].

The TSO signal delay might impact the technical aspects of the pro-
vision of ancillary services in an optimisation problem with a short time
frame. However, instead of the transient state of electrolyser response and
delay in TSO signals, this study looks at a larger time frame for the hourly
operation of the system with an annual optimisation horizon. Thus, it is
assumed that delay associated with the TSO signal does not impact the out-
come of this study.

5.2.3 Hydrogen flow constraints

The objective function is subject to the balance of hydrogen flow in the
HRS. Eq. (5.6) distributes the hydrogen produced by the electrolyser be-
tween compressors. The produced hydrogen Hp

h,s is computed as the prod-
uct of the electrolyser energy efficiency κE times the electrolyser power
consumption. HCc

h,s is the share of hydrogen that goes to the cth compressor.

Hp
h,s = κE · Ph,s =

4∑
c=1
c ̸=2

HCc
h,s (5.6)

Eq. (5.7) determines the volume of compressed hydrogen by compres-
sor c, where ηCc is its efficiency.

Cc,h,s = HCc
h,s · ηCc , ∀c ∈ {1, 2, 3, 4} (5.7)

The amount of injected hydrogen into the industrial pipeline H i
h,s is

given by (5.8), while (5.9) calculates the amount of hydrogen injected into
the natural gas grid, Hg

h,s.

H i
h,s = HC3

h,s · ηC3 (5.8)

Hg
h,s = HC4

h,s · ηC4 (5.9)

Eq. (5.10) limits the amount of injected hydrogen into the industry and
natural gas grid to make sure that pipeline constraints are not surpassed. CI

and CG are equal to 500 and 1,000 kg, respectively. There is no demand
constraint here, and hydrogen will be injected into the natural gas grid and
into the industrial hydrogen pipeline whenever it is profitable.
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H i
h,s ≤ CI , Hg

h,s ≤ CG (5.10)

The objective function is also subjected to the balance of hydrogen in
the storage tanks. Supposing a leakage of 5% for the storage units and hav-
ing ηS1 as the storage efficiency, (5.11) implies that the available hydrogen
in the first storage at any given hour is equal to the remaining hydrogen
from the previous timeslot 0.95 ·S1,h−1,s plus the inflow of the compressed
hydrogen by the first compressor C1,h,s. The hydrogen that goes to the first
dispenser Hb

h,s and the share of hydrogen that goes to the high-pressure
compressor HC2

h,s are subtracted.

S1,h,s = 0.95 · S1,h−1,s + C1,h,s · ηS1 −Hb
h,s −HC2

h,s (5.11)

As for the first storage, (5.12) implies that the available hydrogen in the
second tank at any given time is equal to the remaining hydrogen from the
previous hour 0.95 ·S2,h−1,s plus the inflow of the compressed hydrogen by
the second compressor C2,h,s, while the hydrogen that goes to the second
dispenser Ha

h,s is subtracted.

S2,h,s = 0.95 · S2,h−1,s + C2,h,s · ηS2 −Ha
h,s (5.12)

Eqs. (5.13)-(5.15) ensure that the optimal volume of hydrogen is pro-
duced and then stored such that the hydrogen demand of vehicles is satisfied
in each scenario and in the whole optimisation period.

8784∑
h=1

(
Hp

h,s −

(
H i

h,s

ηC3

+
Hg

h,s

ηC4

+

Ha
h,s

ηC2
·ηS2

+Hb
h,s

ηC1 · ηS1

))
≥ 0 (5.13)

8784∑
h=1

(
S1,h,s −Hb

h,s −
Ha

h,s

ηC2 · ηS2

)
≥ 0 (5.14)

8784∑
h=1

S2,h,s −Ha
h,s ≥ 0 (5.15)
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Eq. (5.16) is proposed to limit the amount of compressed and stored
hydrogen at each hour and scenario considering the decision variables CCc

as the optimal capacity of compressor c and CSt as the optimal capacity of
the storage t. {

Cc,h,s ≤ CCc , ∀c ∈ {1, 2, 3, 4}
St,h,s ≤ CSt , ∀t ∈ {1, 2}

(5.16)

A balance between the full availability of the system for grid balancing,
the size of the hydrogen tanks and the amount of reserved hydrogen has to
be found to enable the continued supply of consumers. Thus, to guarantee
that the demand is always met if the maximum consumption happens at any
time or an unplanned outage occurs, (5.17) ensures that there is always a
reserved amount of hydrogen equal to the maximum hourly consumption.{

maxHb
h,s ≤ S1,h,s

maxHa
h,s ≤ S2,h,s

(5.17)

5.3 Numerical assessment

The efficiency of the introduced model is examined by using the real energy
market data [40]. The potential of providing FAS is assessed based on
the given capacity and energy payments during the year 2020 [41]. The
most important modelling parameters are listed in Table 5.1. Two types of
efficiency parameters have been used for compressors: energy efficiency
κC and hydrogen flow efficiency ηC . The specific energy consumption of
the system (including utilities and rectification) is given by Cummins, a
developer and manufacturer of hydrogen generation and fuel cell products.
The annual investment costs are computed assuming a project lifetime of
20 years, a discount rate of 5%, an expected inflation rate of 2%, and the
operation and maintenance costs of 1% for storage tanks and 5% for other
subcomponents relative to the initial investment.

Knowledge of hydrogen demand is also essential to support the devel-
opment and performance of a hydrogen station. This chapter assumes that
existing data from gasoline fills can be adopted to build a hydrogen demand
profile for mobility. The normalised time series of the demand was obtained
from a fuel station and modified according to the patterns given in [42, 43]
considering the supply capacity of an HRS in Belgium. The consumption
changes within hours and days create repetitive patterns of one week (see
Fig. 5.2) for hydrogen demand over one year. Hydrogen selling prices of
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Table 5.1: Test system modelling parameters

CAPEX Energy efficiency H2 flow efficiency
[kWh/kg]

E 0.77 Me/MW κE = 54.4 -
C1 1525 [e/Nm3/h] κC1 = 2.0 ηC1 = 0.90
C2 538 [e/Nm3/h] κC2 = 2.7 ηC2 = 0.90
C3,4 333 [e/Nm3/h] κC3,4 = 2.0 ηC3,4 = 0.90
S1 1400 e/kg - ηS1 = 0.99
S2 1900 e/kg - ηS2 = 0.99
D1 116,689 e κD1 = 6.0 -
D2 162,570 e κD2 = 6.0 -
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Figure 5.2: a) Hourly H2 demand, b) Number of refilled vehicles.
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7.6 e/kg for cars and 7.2 e/kg for buses are used for the numerical in-
vestigations [44]. According to [44], an average hydrogen selling price of
2 e/kg could be assumed for the industry, while the prices for injection
into the gas grid are calculated based on the hydrogen caloric value and
data provided in [45].

Proper sizing and operation schedules of an HRS are expected to be
considerably influenced by the grid services constrained by (5.2a)-(5.5b).
Hence, the operation of the introduced system is optimised based on a
probabilistic mixed integer linear programming (PMILP) model for dif-
ferent cases as follows: Case 1 examines the operation without the pro-
vision of frequency grid services, while Cases 2-5 study the system per-
formance under the provision of respectively FCR, aFRR-Down, aFRR-Up
and mFRR-Up. CPLEX, a high-performance solver is used to solve the pro-
posed model. Conducting each simulation took around 8 minutes on a 2.11
GHz Windows-based system with 16 GB of RAM. From some initial sim-
ulations, it was seen that the optimal capacity for FCR, aFRR, and mFRR
contracts, at maximum, are 2, 50, and 50 MW, respectively. However, be-
cause of the limited space for electrolysers to participate in FAS markets
and to compare the effect of different services on the system operation, the
capacity of 2 MW is considered as the maximum limit for reserved capacity
in all grid services.

5.3.1 Sizing

The ratings of the electrolyser, compressors and storage tanks are optimised
according to filling demands, the FAS market condition and considering the
possible injection of the extra produced hydrogen into the industry and the
natural gas system. The obtained ratings for subcomponents in five cases
are shown in Table 5.2. Ratings are scaled to kg to be analogous to each
other. The size of the electrolyser can increase with fixed steps of 0.5 MW,
while 5 kg increment steps are assumed for other subcomponents. The low-
est size of electrolyser, 4.5 MW, is obtained for the situation without the
provision of grid services, where the system only has to meet the hydrogen
demand from the vehicles. However, providing grid services will add other
constraints to the operation of the plant. As shown in (5.2a), before receiv-
ing any FCR signals, and considering the maximum reserve of 2 MW, the
electrolyser must work at a baseline power between (2+0.05·CE) MW and
(CE − 2) MW. At the same time, it must have enough production around
4.5 MW obtained in the first case to supply the mobility. As a result, the
model finds the size of 6.5 MW for the electrolyser in Case 2. aFRR-Down
is provided asymmetrically where the system should have a 2 MW reserve



OPPORTUNITIES FOR P2H2 SYSTEMS TO PROVIDE FCR, AFRR & MFRR 111

Table 5.2: Subcomponents sizes in different cases

No FAS FCR aFRRDown aFRRUp mFRRUp

E (MW) 4.5 6.5 6.5 5.0 4.5
C1 (kg) 70 65 65 70 65
S1 (kg) 75 75 75 80 75
C2 (kg) 35 30 30 35 30
S2 (kg) 175 175 175 175 175
C3 (kg) 65 65 75 65 65
C4 (kg) 0 25 0 15 10

to provide the service by increasing the electricity consumption. Same as
the case of FCR, the electrolyser works at a maximum of 4.5 MW as the
baseline power to provide enough hydrogen for mobility, and considering
2 MW as the maximum reserved capacity results in 6.5 MW electrolyser
capacity in Case 3.

aFRR-Up and mFRR-Up are also provided asymmetrically, but the
electrolyser must work at a minimum of 2 MW baseline power to have
enough reserve to serve the FAS market, and then can decrease its power
demand according to the grid signals or increase it according to the hydro-
gen demand. Considering a large number of activation and high amount of
activated energy volumes, the electrolyser operator decreases consumption
for a large number of hours. Hence, the electrolyser should work at higher
capacities at some hours to provide enough hydrogen for the vehicles. Thus,
the size of 5 MW for the electrolyser is obtained in Case 4.

It is even possible to provide aFRR-Up without changing the size of
the electrolyser obtained in Case 1. However, the requirements of modify-
ing electricity consumption for providing aFRR-Up and meeting hydrogen
demand simultaneously do not ensure optimum profits. This is because in
Case 4, the high number and volumes of aFRR-Up activation will reduce
the electrolyser electricity consumption and hydrogen production at some
hours, even with cheap electricity. In return, the production of more hydro-
gen at hours with expensive electricity would reduce the total profits. By
having a 5 MW electrolyser, the reduction in electrolyser electricity con-
sumption will be the same, but the level of hydrogen production at hours
with low electricity prices can increase due to the higher size of the elec-
trolyser. This facilitates cost minimisation by producing less hydrogen at
hours with expensive electricity. Thus, a slight increase in the size of the
electrolyser would improve the total profits in Case 4.
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However, in case of mFRR, the lower number of activations and the
smaller amount of activated energy volumes let the electrolyser decrease
consumption for a limited number of hours. This, in turn, makes working
at lower power values compared to aFRR-Up suitable to provide enough
hydrogen for mobility. As a result, the size of the electrolyser amounts to
4.5 MW in Case 5. The results prove that participation in the FAS markets,
especially those with downside activation, requires a larger electrolyser.

The ratings for compressor 1 are more or less the same in all cases as it
works as the first compression stage to supply heavy-duty vehicles. How-
ever, in Cases 2, 3 and 5, the size of compressor 1 is decreased to reduce
the costs. The same occurs for compressor 2, which supplies the second
storage for passenger cars. The sizing of compressors 3 and 4 implies an-
other story, though. The excess hydrogen that is not used for the mobility
sector, and is not profitable to be stored, will be injected into the industry or
natural gas pipelines. Larger sizes for compressor 3 imply a higher revenue
potential from selling hydrogen to the industry.

The sizing of the storage tanks allows the HRS operator to store excess
produced hydrogen when electricity prices and/or hydrogen demand are
low. In turn, amounts of stored hydrogen can be extracted when electricity
prices and/or hydrogen demand are high, so that the electrolyser operates
at a lower electricity demand. It should be noted that there is a trade-off
between the optimal arbitrage trading, participation in grid services and
storage capacity: larger storage tanks and electrolyser will increase optimal
arbitrage plans but also HRS costs. Minimum storage capacity limits of
175 and 75 kg are assumed for supplying cars and buses, respectively. This
assures the continued supply of hydrogen to the customers in case of an
emergency where the electrolyser cannot produce hydrogen for half a day
and, thus, may need to be changed for other HRSs. The largest size for the
first storage is obtained in Case 4, where, as mentioned before, the electrol-
yser should work at higher capacities at some hours to store hydrogen. The
stored amount will be extracted by the dispensers in later time-steps when
hydrogen production will be reduced due to service provision. However,
the size of the second storage is equal to the minimum limit in all cases.
This is because the model tries to reduce the investment costs, and a size of
75 kg for the first storage and 175 kg for the second one are enough to meet
the hydrogen flow requirement in most cases.
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5.3.2 Scheduling

While simulation studies are performed for a year and the financial param-
eters are computed on an annual basis, scheduling curves are depicted for
the first two days of the week, starting from 1 October 2020 in all cases for
detailed studies when looking at the grid services.

When there is no specified hydrogen demand, the electrolyser runs at
maximum power as long as the equivalent price of hydrogen is high enough
to cover the electricity costs, equipment losses and investment costs. How-
ever, for the suggested model of this study, in which the hourly hydrogen
demand should be met, the situation is different. Hence, in addition to elec-
tricity costs, hydrogen demand and the ratings of storage tanks influence
the optimal dispatch of the electrolyser. In the case of grid services, the re-
muneration price and activation signals add to the complexity of the system
performance. All these parameters shape a multi-dimensional optimisation
problem in which, even at some hours with low electricity prices, the elec-
trolyser works at low power levels. This is due to the low hydrogen demand,
the fully-filled storage tanks, or lower values for the electricity price in the
next hours where the operator prefers to fill the storage units.

Considering all these points, the electrolyser under different working
conditions is scheduled to maximise the profits while meeting the require-
ment of grid services. The produced hydrogen, electricity price ρe, demand
from vehicles, injected hydrogen to the industry and stored hydrogen in
Case 1 are represented in Fig. 5.3(a)-(c). The model schedules the elec-
trolyser to operate and produce at lower electricity prices, when possible,
to minimise the power purchase cost. The operational setpoints are also
impacted by the hydrogen demand at different hours. The storages state of
charge (SOC) is represented in Fig. 5.3(c). Storage tanks are mainly filled
at hours with low electricity prices or low hydrogen demand. Later, the
storage units supply a part of the hydrogen load when demand surpasses
the production. After the storage tanks, industrial pipeline and the natural
gas grid are prioritised to be supplied with the surplus hydrogen production.

For Cases 2-5, the electrolyser is programmed under different FAS
schemes to absorb the excess power from the grid or/and consume less
when such an activity is requested. The optimal electrolyser operation
considering cross-commodity arbitrage trading and FCR provision is in-
vestigated in Case 2. The grid frequency deviation signals, electricity
price values, electrolyser scheduling and hydrogen flow are represented in
Fig. 5.4(a)-(d). The electrolyser electricity consumption after reacting to
the frequency deviation signals are shown as the black line in Fig. 5.4(b),
while the electrolyser consumption before FCR activation can be found as
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Figure 5.3: Case 1- a) H2 production vs. electricity prices, b) Consumed H2 in
various sectors, c) SOC of storage units.
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Figure 5.4: Case 2- a) Frequency variation, b) Electrolyser power, c) Produced
H2 vs. consumed H2 in various sectors, d) State of charge of storage units.
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the dashed blue line. The hydrogen production and consumption (demand
from cars and buses and injection to the industry and natural gas network)
curves are depicted in Fig. 5.4(c), while the SOC of storage tanks can be
found in Fig. 5.4(d).

The electrolyser produces higher volumes of hydrogen, and part of the
extra amount is stored in the tanks when the electricity tariff is low, or the
benefit of FCR to increase the consumption is higher than the costs of elec-
tricity. This, in turn, allows the electrolyser to consume less when the elec-
tricity tariff increases or the benefit of FCR to decrease the power demand is
higher than the revenue of selling hydrogen to different sectors. In these in-
stances, the mobility sector is partly supplied by the stored hydrogen in the
tanks. As illustrated in (5.2a), baseline electricity demand is limited at both
ends while providing FCR. It would require purchasing non-zero electrical
energy, which increases the costs that exceed the possible remuneration of
FCR. Hence, the operator cannot use the best strategy.

The optimal electrolyser operation considering cross-commodity arbi-
trage trading and providing aFRR-Down, aFRR-Up, and mFRR-Up are in-
vestigated in Cases 3-5. The TSO signals, electricity price values, electrol-
yser scheduling, and hydrogen flow are represented in Figs. 5.5(a)- 5.7(d).
The electrolyser electricity consumption after reacting to the TSO signals
are shown as the black line in subfigures (b) of Figs. 5.5- 5.7, while the
electrolyser consumption before activating grid services can be found as
the dashed blue line. The hydrogen production and consumption curves are
depicted in subfigures (c) of Fig. 5.5 to Fig. 5.7, while the SOC of storage
tanks can be found in subfigures (d) of Fig. 5.5 to Fig. 5.7.

In Case 3, the electrolyser produces higher volumes of hydrogen and
part of the extra amount is stored in the storage tanks when the electricity
tariff is low, and/or the aFRR-Down signal is issued, and the electrolyser
has to increase its consumption. This, in turn, allows the electrolyser to con-
sume less when the electricity tariff increases. However, it is noteworthy
that the benefit of aFRR-Down might not be high enough to cover the costs
when the electricity prices are high. This indicates that due to the flexibility
provision, arbitrage trading is not optimally possible in some instances.

In Case 4, on the other hand, when the aFRR-Up signal is issued, the
electrolyser operator has to decrease its consumption. When the TSO signal
is not issued or has a small value, the electrolyser works at a base load of
around 2 MW because of the capacity reserve requirement of the service.
In that case, the benefit of aFRR-Up might not be high enough to cover the
costs when the electricity prices are high. This means, similar to the aFRR-
Down, flexibility provision might decrease the optimal arbitrage trading
benefits at some timeslots.
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Figure 5.5: Case 3- a) aFRR-D TSO signals, b) Electrolyser power, c) Produced
H2 vs. consumed H2 in various sectors, d) State of charge of storage units.
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Figure 5.6: Case 4- a) aFRR-U TSO signals, b) Electrolyser power, c) Produced
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Figure 5.7: Case 5- a) mFRR-U TSO signals, b) Electrolyser power, c) Produced
H2 vs. consumed H2 in various sectors, d) State of charge of storage units.

Fig. 5.7 depicts the scheduling curves in Case 5. The situation is more
or less the same as Case 4 with a difference that mFRR-Up is activated less
frequently with lower signal values than the ones for aFRR-Up. Hence, the
electrolyser works at a baseline load at most of the hours and the activation
remuneration for this service could be less than other services, which might
not be high enough to cover the electricity costs originated from working at
a baseload around 2 MW at hours with high electricity prices.
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Subfigures (c) and (d) in Figs. 5.5- 5.7 tell the same story as already
shown for Cases 1 and 2. In case of having surplus hydrogen production at
hours with low electricity prices, or when the electrolyser has to increase
the electricity demand to provide grid services, the storage tanks, indus-
trial loads and the gas grid are prioritised to be supplied. On the contrary,
if hydrogen demand exceeds production due to high electricity prices or
when the electrolyser should reduce the hydrogen production to provide
grid services, the storage partially supplies the dispensers with the previ-
ously stored hydrogen. While the level of the stored hydrogen at each hour
and for various cases is different mainly due to different demand and set-
points for the electrolyser, the stored hydrogen level in all cases follows a
similar trend primarily due to a similar pattern for the hydrogen demand,
electricity price and hydrogen flow in the HRS.

5.3.3 Economic evaluation

The obtained monthly revenue provided by the electrolyser under the grid
service provision is depicted in Fig. 5.8. The monthly revenue for the re-
served capacity and the activated energy is revealed as the blue and green
bars, while the weighted average remuneration price for the reserved ca-
pacity α and activated energy β can be found as the black and blue dashed
lines. As said earlier, while the HRS, as an FCR provider benefits only from
capacity revenue, extra revenues from activated energy can be obtained by
providing other services. It is noteworthy to mention that aFRR-Down,
aFRR-Up and mFRR-Up were activated 7,953, 8,061 and 329 times during
the year, respectively. Thus, higher prices for the activation of aFRR-Up
along with more frequent and larger activation signals will bring the most
revenue for the HRS as an aFRR provider.

The monthly injected hydrogen to the industry as an additional source
of revenue and the obtained profits provided by the electrolyser in dif-
ferent cases against the monthly average electricity prices are depicted in
Fig. 5.9(a) and (b), respectively. The least injection to the industry is ob-
tained in September and December due to the influence of the higher elec-
tricity prices on the plant performance. The lowest electricity prices let the
maximum injection into the industrial pipeline in April and May. Accord-
ingly, the total profits follow the same trend as the costs of bought electricity
has a high share in total costs. While the monthly added profits in Cases 2-5
compared to Case 1 are variable from the minimum ofe−7,463 in Septem-
ber (FCR) to the maximum ofe44,098 in January (mFRR-Up), the average
added profit amounts toe11,433. The negative value for the added profit of
FCR in September shows that FCR provision is not profitable in all months.
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Table 5.3: Annual costs, revenues and profits for different cases (e)

No FAS FCR aFRRDown aFRRUp mFRRUp

IC 467,258 597,766 591,231 501,807 472,668
EC 745,866 910,284 785,588 846,933 877,438
FASR 0 163,563 199,138 358,057 177,556
IR 391,247 473,842 452,451 456,601 446,831
GR 0 77,724 0 29,370 49,872
AP 547,478 576,434 644,125 864,643 693,508
ρbea (e/kg) 4.56 4.40 4.03 2.80 3.75
ρbeb (e/kg) 4.33 4.19 3.80 2.66 3.57

After all, the revenues obtained against the investment and electricity
costs under the proposed algorithm are reported in Table 5.3. Investment,
operation and replacement costs (IC) account for 35-43% of the total annual
costs, while costs linked to electricity (EC) are considerably high, varying
from 57% of total annualised costs in Case 3 to 65% in Case 5. A 24, 13,
11, and 11% increase in the total costs is observed when participating in
the FCR, aFRR-Down, aFRR-Up, and mFRR-Up, respectively. This can
be explained by the increase in EC and IC due to different ratings for the
electrolyser and the requirement of regulation services.

Revenue from the mobility sector amounts to e1,369,355, out of which
e974,017 obtained by selling hydrogen to cars and e395,338 by selling
hydrogen to buses. The contribution to the total revenue from participation
in FAS (FASR) is important (ranging from 8% in Case 2 to 16% in Case 4),
while the contribution from the industry (IR) ranges from 21% in Case 4
to 23% in Case 2. Contribution from injection into the natural gas network
(GR) can go up to 4% in Case 2. It is also noteworthy that the total an-
nual profits (TAP) can be increased from 5% in Case 2 to 58% in Case 4
compared to Case 1. As mentioned in Section 5.3.1, it is even possible to
provide aFRR-Up without changing the size of the electrolyser obtained in
Case 1. However, it causes a slight decrease in the total profits toe831,471.

The hydrogen break-even price, i.e., the price at which the total profits
come to zero, is used as an economic metric to show at which hydrogen
selling prices, investment in the HRS will be feasible. The last two rows
of Table 5.3 illustrate the hydrogen break-even price for selling hydrogen
to buses ρbeb and passenger cars ρbea . The combined effect of participation
in FAS markets, and selling extra produced hydrogen to the industry and
gas sectors will make the HRS more economically effective with lower
hydrogen break-even prices.
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5.3.4 Sensitivity analysis

A sensitivity analysis has been conducted to show the effect of hydrogen
selling price variation in different sectors on the ratings of the system and
the HRS profitability of the investment. This helps investors to decide
whether to invest in an HRS or not based on their predictions of the hy-
drogen price in different sectors. Variation of the hydrogen selling price in
the mobility sector affects only and proportionally the obtained revenues
from the mobility sector. Such variation does not have a notable effect on
the ratings of the electrolyser and compressors 1 and 2 as they will be sized
according to the mobility demand.

The results of Table 5.4, related to Case 5, illustrate that a 20% increase
of hydrogen selling price to the industry ρi would significantly affect the
size of the electrolyser and compressor 3 to produce more hydrogen for
injection to the industry at the almost double amount of profits. This signif-
icant increase occurs for the size of the electrolyser and compressor 4 when
the price of selling hydrogen to the gas sector ρg increases 40%. As the con-
ducted sensitivity analysis for other cases showed the same trend, without
the loss of generality, only the results related to mFRR-Up are reported.

Moreover, a set of simulations were conducted to highlight the trade-

Table 5.4: Sensitivity to the variation of ρi & ρg

ρi 0.6X 0.8X 1.0X 1.2X 1.4X
E (MW) 4.5 4.5 4.5 22.5 33
C3 (kg) 25 55 65 335 500
AP (e) 583,875 621,124 693,508 1,317,940 2,609,351
ρg 0.6X 0.8X 1.0X 1.2X 1.4X
E (MW) 4.5 4.5 4.5 4.5 30
C4 (kg) 0 0 10 60 470
TAP (e) 692,233 692,233 693,508 718,415 1,018,569

Table 5.5: Total annual profits considering various combinations of revenue
sources (e)

No FAS FCR aFRRDown aFRRUp mFRRUp

MR 444,479 200,297 514,687 730,170 477,779
MR+IR 547,478 533,471 644,125 870,989 692,233
MR+GR 459,640 404,637 540,121 776,540 577,504
MR+GR+IR 547,478 576,434 644,125 864,643 693,508
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off to select between different combinations of revenue sources, includ-
ing mobility (MR), industry (IR) and natural gas (GR). The obtained re-
sults given in Table 5.5 confirm how the combination of different revenue
sources along with the provision of ancillary services could improve the
business case of the HRS. Comparing the values on the second and third
rows illustrates significant potential from selling hydrogen to the industry,
while for the gas sector the potential is marginal in some cases.

5.4 Summary and conclusions

As a complement to the model proposed in Chapter 4, this chapter, in ad-
dition to examining the impact of FCR provision on the investment and
operation strategies in an HRS, addressed the implications of providing
aFRR and mFRR as well. The uncertain behaviour of hydrogen demand
and capacity market prices were also taken into account.

A novel methodology was developed to evaluate the techno-economic
feasibility of an HRS intended to provide grid services in different modes
of operation. The model optimised the size of all subcomponents and de-
fined the optimal operation plans considering an overall arbitrage trading
of electricity, industry, gas, mobility and ancillary service markets. It was
observed that the electrolyser is mainly sized according to the maximum
hydrogen demand from the mobility sector and the amount of contracted
capacity for providing ancillary services. Moreover, the results of the sen-
sitivity analysis showed how the variation of hydrogen prices in gas and
industrial sectors affects the size of the electrolyser and compressors.

According to the obtained results, increasing the size of the electrol-
yser only for FCR provision is marginally profitable with the hypotheses
adopted in this research. Provision of aFRR-Down, like FCR, increased
the investment costs due to the large size of the electrolyser. The results
in Cases 4 and 5 showed that an increase in capacity payment revenue and
additional revenue for energy activation could compensate for the higher
investment costs. Prioritising mFRR-Up over arbitrage trading also results
in even higher revenues, but lower compared to the aFRR-Up product. This
also leads to the conclusion that the production of hydrogen in this concept
is not only dependent on the price of electricity but also the remuneration
price of frequency ancillary services and their activation signals. A compar-
ative analysis of the cost and revenue streams showed that the total annual
profit could be increased significantly in the aFRR-Up program compared
to Case 1. Thus, the HRS operator has to prioritise aFRR-Up provision
over other grid services to increase investment profitability. In conclusion,
the stacked benefit from the ancillary service markets and the hydrogen sale
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to different sectors enhances the economic viability of the plant and low-
ers the hydrogen break-even price. Therefore, the proposed model presents
new opportunities for the proliferation of HRSs, thereby further inspiring
the investment in such plants.

It is noteworthy that while the test system and input data are provided
by manufacturers, industrial partners and market operators in Central Eu-
rope, the optimisation model is scalable and general enough to consider
various types of grid services with different remuneration coefficients and
activation signals. With some slight modifications, it can be used for small-
and large-scale power-to-hydrogen plants located around the world. Mod-
ifications could be either the modelling changes, such as the inclusion of
voltage control ancillary service, or change in the test system and respec-
tive parameters to include wind and solar farms, together with fuel cells and
hydrogen-powered gas turbines to support the grid flexibility.
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6
Flexibility of supply- & demand-side

to support the system reliability

Chapters 4 and 5 explored the role of large responsive electrol-
ysers to provide FASs while looking at the potential effects on
the investment and operational strategies from the electricity
consumer point of view. However, the role of generation-side
flexibility and implementation of demand response programs
(DRP) in the reliability of power systems still needs to be con-
sidered. Power production plants must match the energy de-
mand at a minimum cost and ensure system reliability. The
reliability of power systems can also be improved by optimally
provisioning grid balancing from the demand side. Respon-
sive loads such as electrolysers and electric vehicles (EV) are
more than clean technologies; they are a powerful resource for
consumers and power sector actors. It is critical, therefore,
to draw the most value from scheduling such devices through
so-called smart scheduling. Smart scheduling means flexibly
adjusting consumption of these devices to lower costs for con-
sumers and grid operators, to accommodate the integration of
renewable energy sources and to minimise collective impact of
new technologies on the power system.
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Assuming a basic level of quality and reliability of the power
system, where power is considered a commodity and not as
a luxury, flexibility is a resource owned by the customer that
should be bought back. However, there is also a need for
goodwill. Although the technologies already exist, goodwill
appears to be the most uncertain parameter for developing
flexibility in consumption. Moreover, empowering consumers
to make an informed choice and improving rewards for con-
sumer flexibility seem to be necessary for exploiting the maxi-
mum flexibility from the consumption side.

In this context, this chapter studies the role of two DR schemes
in ensuring power systems reliability while minimising the
daily operation costs of the system. Different constraints in-
cluding those related to the system, units, transmission system,
and DRPs as well as security constraints are taken into con-
sideration. The proposed methodology introduces a DR model
based on price elasticity of demand considering the comfort
and flexibility level of consumers. The proposed approach is
practiced over the IEEE 24-bus reliability rest system (RTS).
Obtained results demonstrate that with proper deployment of
DRPs and optimal design of real-time prices and incentives the
operation cost will be reduced while the security of the system
is guaranteed.

The rest of this chapter is structured as follows: Section 6.1
reviews the literature and presents the novelty of this chapter
to cover the research gap. Section 6.2 defines the proposed
method and problem formulation. Section 6.3 describes the
test system information. Then, the numerical studies and sim-
ulation results for different cases are presented in Section 6.4.
Finally, Section 6.5 describes conclusions. The content of this
chapter has been published in [1, 2].
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Abstract: This chapter presents a pricing optimisation framework for
energy, reserve, and load scheduling of a power system considering de-
mand response. The proposed scheduling framework is formulated as a
reliability-constrained unit commitment program to minimise the power
system operation costs by finding optimal electricity prices and optimal
incentives while guaranteeing the reliability of the system during contin-
gencies. Moreover, attitude of customers toward the electricity price and
incentive adjustment and the effect of their preferences on load scheduling
and operation of the system are investigated in various DR programs. The
proposed scheme is implemented on an IEEE test system, and the schedul-
ing process with and without DR implementation is discussed in detail by
a numerical study. The proposed method helps both the system operators
and customers to reliably schedule generation and consumption units and
select the proper DR program according to defined prices and incentives in
the case of an emergency.

Nomenclature

Indices

b, b′ Index of buses

c Index of components

f Index for segments of linearised fuel cost

g Index of generators

i, j Index of times

l Index of transmission lines

s Index of scenarios

https://doi.org/10.1016/j.ijepes.2021.107890
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Parameters
B Number of buses

C Number of components

d0bi Baseline consumption of bus b at hour i (MW)

DRb Maximum consumers’ reply to DR signals at bus b

EDNS Maximum amount of EDNS (MW)

Eij Elasticity of demand

F Number of segments in piece-wise linearised fuel cost

FCg Minimum fuel cost of generator g ($/h)

G Number of generators

Gb Number of generation units at bus b

H Number of hours

Kg Start-up cost of generator g ($/MWh)

L Number of transmission lines

Mfg Maximum production of segment f for generator g (MW)

Pg, Pg Maximum/minimum production of generator g (MW)

Pl Maximum power on line l (from bus b to b′) (MW)

S Number of scenarios

T Spinning reserve market lead time (min)

V Sh
bi Penalty for not-served load at bus b, hour i ($/MWh)

Xbb′ The line reactance (from bus b to b′)

αs Probability of scenario s

βfg Slope of segment f in cost curve of generator g ($/MWh)

ψ Loss-gain coefficient

ρ0bi Baseline rate at bus b and hour i ($/MWh)

Variables
Igi Off/On status of generator g at hour i

SUCgi Start-up cost of generator g at hour i ($)

SRCU
gi Up-spinning reserve cost of generator g at hour i ($/MW)

SRCD
gi Down-spinning reserve cost of generator g at hour i ($/MW)

Pgi Production of generator g at hour i (MW)
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RD
g Ramp-down of generator g (MW/h)

RU
g Ramp-up of generator g (MW/h)

P f
gi Generation of segment f in fuel cost curve (MW)

Abj Incentive in EDRP at bus b and hour j ($/MWh)

FCgi Fuel cost of generation unit g at hour i ($)

SRU
gi Up-spinning reserve of generator g at hour i (MW)

SRD
gi Down-spinning reserve of generator g at hour i (MW)

SRU
gis Up-spinning reserve of generator g at hour i in scenario s (MW)

SRD
gis Down-spinning reserve of generator g at hour i in scenario s (MW)

Θbis Voltage angle at bus b and hour i in scenario s (rad)

Pbb′i Active power of line from bus b to b′ at hour i (MW)

dbi Customers’ consumption at bus b and hour i (MW)

LSh
bis Load curtailment at bus b, hour i, scenario s (MW)

σgi Reserve condition of generator g at hour i

CPi Customers payment at hour i ($)

ρbi Electricity price at bus b and hour i ($/MWh)

6.1 Introduction

Demand response (DR) is a significant way to help network operators to
control the electrical energy consumption during emergency conditions
[3, 4]. DR implementation in modern electricity grids with modified pricing
methods influences the comfort and payments of consumers [5]. The eco-
nomic consequence of DR is at the heart of attraction in most DR-related
studies, especially in the United States and Europe. In [6], the authors have
presented a bi-level model to minimise the total costs of an isolated micro-
grid and maximise the revenues of a storage system using a DR scheme.
Mathematical optimisation models in a real energy hub considering de-
mand response under uncertainties have been proposed in [7, 8] to min-
imise the operation costs. Linear and nonlinear optimisation models have
been proposed in [9, 10] to assess the economic feasibility of providing
DR programs by hydrogen production units and their effect on power sys-
tem flexibility. An experimental methodology has been introduced in [11]
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to identify the flexibility of customers in response to financial incentives.
The authors have examined the relationships of home appliance usage, en-
ergy consumption, and participation in incentive-based DR programs (IB-
DRPs) for peak load reduction in [12]. The impact of a time-of-use (TOU)
program on consumption patterns of the residential consumers has been
studied in [13]. Although TOU design has been employed as a powerful
approach to change customers electricity consumption, current TOU pro-
grams are not as effective as required in many developed countries due to
the complexity of human behaviour. Some metrics have been used in [14]
to assess the DR flexibility of heat pumps. A control algorithm for the
load aggregation has been presented by using an energy consumption tool.
Compared to [14], it is also possible to examine the total consumption at
each bus rather than modelling of the individual consumption pattern for
residential loads. In this manner, DR programs let the system operator plan
a proper production capacity. In [15], the influence of customers participa-
tion level in an emergency DR program (EDRP) and the effect of incorrect
incentives on the microgrid performance have been studied. In the above-
mentioned studies, TOU or IBDRPs have been used without considering
reliability standards and different types of consumers whose comfort pref-
erences have not been examined when participating in such programs.

Apart from the economic point of view, DR programs have also been
employed in several studies for enhancing the reliability of the network by
considering renewable energy penetration and unforeseen events [16, 17].
In [18], a new formulation of reliability indices has been proposed con-
sidering the outages of generation units where the customers participate in
both energy and reserve scheduling through DR. However, the hourly price
of electricity and incentives have not been calculated. Transmission switch-
ing has been deployed in a unit commitment (UC) problem in [19, 20] to
improve grid flexibility. However, demand-side activities have been over-
looked. In [21], the authors have proposed a method that evaluates DR
penetration to support the reliability of electricity grids. A probabilistic
modelling strategy to maximise reliability through DR in emergency con-
ditions has been offered in [22]. However, only the EDRP and incentives
have been considered in [21, 22], where consumer behaviour and electric-
ity price design were not taken into account. Several flexible resources
such as a DR program and energy storage units to provide the grid with
enough flexibility have been considered in [23]. However, outages of gen-
eration units or transmission lines have not been examined. Besides, the
proposed model has mainly focused on the generation-side scheduling and
ramp products, where the calculation of optimal electricity rates consider-
ing consumers role for scheduling of the demand side has not been studied.
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Information gap decision theory (IGDT) based models have been pro-
posed in [24, 25] to solve the UC problems integrated with DR considering
electric vehicles (EV) and wind power uncertainties. However, contingen-
cies as a result of network component outages and customers behaivour
have not been taken into account for an ideal price design. In [26], a
security-constrained unit commitment (SCUC) model linked with DR plans
has been used in an islanded microgrid to maximise the expected benefits
of the operator considering the uncertainties of loads and renewable energy
sources. For the optimal scheduling of a virtual power plant considering DR
and the influence of the risk on decision making, a stochastic framework has
been presented in [27]. The authors have foreseen electricity market prices
in price-based DR programs (PBDRP). However, the calculation of incen-
tives in EDRPs and the behaviour and comfort indices of consumers have
not been taken into account in the optimisation model in [26, 27].

A data-driven UC method considering load and renewable production
uncertainties has been implemented in [28] to minimise total operating
costs while ensuring system safety. A flexible uncertainty set strategy has
been introduced in [29] to deal with the uncertain production of renewable
energy sources in UC, where DR has been applied to overcome the risk
of load shedding and renewable energy curtailment. A set of reserve lim-
its have been elaborated in [30], considering the activation cost of reserves
in high renewable-penetrated power systems. A SCUC model considering
the coordinated performance of DR and hydrogen storage systems in the
presence of wind energy has been presented in [31]. In [32], a scenario-
based SCUC model has been introduced considering uncertain wind power
generation with the Weibull distribution function. The integration of the
aggregated EV fleets and DR into power systems has been studied in [33]
using the SCUC to minimise total operating costs and examine the relia-
bility of power systems. The presented UC model in [34] has analysed the
frequency dynamics of the power system where the impact of wind tur-
bines, PEVs and DR have been investigated. While the above-mentioned
studies have looked at different aspects of integrated UC and DR models,
the behaviour and comfort indices of consumers have not been taken into
account in the proposed optimisation models.

According to the literature review, the consequences of outages are re-
duced by DR, and responsive loads, by adjusting their consumption, help
the operators to improve the reliability level. Electricity consumers also de-
sire to minimise their electricity bills by participating in DR programs and
appropriate load scheduling. However, participation in DR programs has a
great impact on consumers comfort [35]. If consumers perceive difficulty
more than the achievable financial compensation, they might refuse a DR
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program. Moreover, without considering the impacts of human behaviour
and comfort, unacceptable errors arise in evaluating the effectiveness of DR
strategies. In [36], the authors have suggested a DR algorithm to study the
eagerness of customers to participate in a DRP. However, the price design
for optimal supply-side scheduling considering network flexibility has not
been examined. A DR model in which residential loads are sorted into
several categories according to various DR programs has been presented
in [37]. However, consumers comfort index, optimum incentives, and reli-
ability measures were not considered. In [38], a multi-objective algorithm
has been applied to solve the scheduling problem. User preference has been
evaluated from historical usage patterns. A comfort model, which includes
psychological aspects and predicts the rate of unsatisfied residents has been
presented in [39]. While consumer comfort and bill reduction at the res-
idential level is the point of focus in [38, 39], calculation of prices and
incentives and reliability constraints have not been included in the model.

System operators or utilities persuade the clients by proposing cost
drops as a result of reducing energy consumption or with greater incentives
in peak hours, which is more acceptable by customers with less operational
restrictions on their loads. While comprehensive models have been offered
in literature regarding the dynamic electricity pricing, a wide range of cus-
tomer viewpoints regarding the fluctuations of prices and incentives has
remained unexplored, where their satisfaction and behaviour have not been
addressed thoroughly. Hence, customer behaviour and comfort as funda-
mental principles must be included in the optimal scheduling of demand
units to improve the reliability and efficiency of DR programs [35].

The main aim of this work is to define an accurate model of DR con-
sidering customer behaviour and the effect of customer preferences on the
optimal power system operation. Instead of focusing on individual con-
sumption pattern modelling in the residential sector and at the distribution
level, the introduced approach focuses on total consumption at the trans-
mission level. This chapter further develops a pricing algorithm to find the
optimal electricity prices and incentives to guarantee network reliability
and comfort of customers, while minimising system operation costs in the
presence of uncertainties. Two types of consumers are used for modelling
the involvement of users in DR. In the employed EDRP, a factor that shows
the value of the incentive payment perceived by the customers is used. Sev-
eral cases are considered to model the effect of the outage of generators or
transmission lines and behaviour of customers on power systems operation.
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6.2 Methodology

This part explains the proposed strategy to combine UC and DRPs, con-
sidering network constraints and reliability measures. Contingencies are
included in a two-stage SCUC problem by using a probabilistic mixed-
integer linear program (MILP) model, and the performance of both supply-
and demand-sides are optimised concurrently. The first stage decision vari-
ables, which are linked to market-clearing, are given before the scenarios
occur. These variables include start-up and shut-down costs, power gen-
eration, up and down reserve of each unit, and DR decisions. The second
stage variables associated with uncertainties and the real performance of
the system consider the values of up and down spinning reserves and the
quantity of unintentional load shedding in all scenarios.

6.2.1 DR formulation

Electricity consumption, like many products, is sensitive to the price. When
the electricity price drops, the customers show elasticity and might have the
intention to increase the demand. On the other hand, by an increase in the
electricity price, consumers try to reduce their consumption. To model this
sensitivity, the concept of elasticity of demand is used in this chapter.

The elasticity of demand, which is shown in (6.1), is defined as the
electricity demand change at hth interval ∆dh concerning the variation of
electricity price at h′th period ∆ρh′ . The elasticity matrix contains self and
mutual elasticity elements (see (6.1)). ρ0h′ and d0h are the baseline price and
demand at hours h′ and h, respectively.

Ehh′ =
ρ0h′∆dh
d0h∆ρh′

{
≤ 0, if h = h′

≥ 0, if h ̸= h′
(6.1)

6.2.1.1 Customers rationality

A crucial point in describing the behaviour of consumers relates to the time
range of their rationality. The price elasticity matrix (PEM), which mea-
sures the sensitivity of consumers to the price, will have non-zero records
only within a time range covered by the perception of consumers. Consid-
ering the time range, customers could be classified into five different types.
The first type is the short-range consumers (SRCs) who do not optimise
their consumption and think only about the price at the current time inter-
val. They could, therefore, be represented by a diagonal PEM. The ideal
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Table 6.1: A section of PEM for LRCs.

h 7 8 9 10 11 12 13
2 0.01 0.01 0.01 0.012 0.012 0.013 0.013
... ... ... ... ... ... ... ...
7 −0.01 0.017 0.018 0.019 0.02 0.022 0.021
8 0 −0.01 0.015 0.016 0.018 0.019 0.019
9 0 0 −0.02 0.015 0.017 0.018 0.016

10 0 0 0 −0.05 0.015 0.016 0.017
11 0 0 0 0 −0.1 0.02 0.016
12 0 0 0 0 0 −0.16 0.02

consumers are defined to be the ones who take a long-range outlook in deci-
sion making. In that way, the long-range consumers (LRCs) choose how to
shift and optimise their consumption over a wide range of hours following
variations in prices. The PEM of the LRCs might have non-zero coefficients
anywhere during the 24 hours. The third type covers deferring consumers
who pay attention to the current and future prices only. These consumers,
unlike LRCs who optimise their load throughout the day, change their con-
sumption over a shorter range of hours into the future. On the other hand,
the behaviour of advancing customers is affected by current and past prices.
The PEMs of these consumers would be similar to deferring consumers ex-
cept that there will be non-zero elements on and above the diagonal indi-
cating their insight into current and past periods. Finally, mixed consumers
(MCs) whose electricity demand is influenced by past, present and future
electricity rates. The elasticity values for LRCs in [1] are used along with
new elasticity coefficients for MCs depending on the rationalities explained
above. A mixture of postponing, advancing, and short-range consumers is
taken into account here. It is assumed that the awareness of MCs goes into
six earlier and forthcoming hours. Non-zero elements will be on both sides
of the diagonal in the PEM of MCs. Tables 6.1 and 6.2 show the PEM
sections for LRCs and MCs, respectively.

Another notable point is that the behaviour of customers in PBDRPs,
where real-time (RT) prices are applied, is different than their behaviour
in EDRPs. Losses have a greater impact than the effect of benefits on the
customers preferences. In PBDRPs, where the highest prices are set for the
peak hours, consumers perceive any load shift to the off-peak hours as a
loss. On the other hand, in an EDRP, customers see the obtained remunera-
tions by load reduction and/or load shifting as profits. Hence, while the im-
plementation of both programs needs the same action, customers perceive
the results as penalties and rewards, which have opposite effects on their
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Table 6.2: A Section of PEM for MCs.

h 16 17 18 19 20 21 22
16 −0.04 0.025 0.025 0.02 0.017 0.015 0.014
17 0 −0.16 0.1 0.08 0.025 0.02 0.017
18 0 0 −0.45 0 0 0 0
19 0 0 0.019 −0.25 0 0 0
20 0 0 0.02 0.019 −0.22 0 0
21 0 0 0.03 0.025 0.02 −0.2 0
22 0 0 0.033 0.027 0.021 0.022 −0.18

decision making. In this concept, the perceived effect of penalties or losses
is steeper than perceived values of rewards and gains [40, 41]. Thus, the
experienced value by consumers, which they respond to, is not the same as
the given value of the imposed prices or offered incentives. ψ is a weighting
factor representing the value perception of the incentive remunerations.

Considering the above-mentioned points, the proposed method modi-
fies the general economic model of DR presented in [42] by considering
the loss-gain factor and adding constraints related to consumers payment
and consumption way to contemplate the behavioural aspects and prefer-
ences of consumers. Accordingly, optimal electricity prices in PBDRPs
and incentives in EDRPs are calculated to manage the consumption.

So, the term ψAbh′ is included in the DR model to compare the re-
sults of PBDRPs and EDRPs. The relation between power price ρbh′ and
the electricity consumption level at each bus dbh is clarified in (6.2) as the
increase of tariff and reward Abh′ at each bus and hour can flatten the con-
sumption profile in the peak hours, however, the degree of load decline is
not identical. ρ0bh′ and d0bh are the baseline price and demand at bus b and
hours h′ and h, respectively.

dbh = d0bh

[
1 +

∑24
h′=1Ehh′(ρbh′ − ρ0bh′ + ψAbh′)

ρ0bh′

]
(6.2)

Fig. 6.1 shows the process of calculating RT rates and incentives for PB-
DRPs and EDRPs considering the objective function and given constraints.
The goal is to determine the incentives and the price deviations ∆ρbh from
the base line price ρ0bh′ to minimise the net operation costs and ensure sys-
tem reliability. First, the conventional UC is performed to find the flat rate,
and consequently, RT prices in PBDRPs and incentives during peak hours
in EDRPs for all buses are obtained. After calculating RT rates and incen-
tives at each load bus and time, the modified demand profile is entered as an
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Figure 6.1: Method to find real-time prices and incentives.

input to the supply-side scheduling section. This link between supply and
demand sides could ensure a flexible and efficient power system operation.

6.2.1.2 DR constraints

Several constraints must be considered to find a suitable pricing pro-
gramme. It is acceptable to allocate the lowest price to the period with
minimum consumption level, fifth period here [43]. Consequently, the elec-
tricity price ρbh compared to the the baseline rate ρ0bh should raise according
to the electricity demand at each hour. Twenty-four limitations for change
in prices are considered (see (6.3)). The larger the consumption of hour h
is, the larger ∆ρbh should be set for that hour. This variable is negative
for (h= 2-8), which suggests lower rates than the flat rate. ∆ρbh assumed
as a free variable for (h= 1, 9, 14-16, 23-24) and as a positive variable for
the remaining hours, which means consumers are charged with higher rates
than the flat rate.
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∆ρbh =
ρbh − ρ0bh
ρ0bh

(6.3)

In addition to the PBDRP, as mentioned before, an EBDRP is also anal-
ysed along with the SCUC problem. By dividing the peak hours into three
peak periods, it is acceptable to designate the higher incentive values to the
periods with more consumption. To have a suitable incentive scheme, in-
equality (6.4) has been considered to define the logical range of incentives
in peak hours. TLP represents the hours with lower peaks (h = 10-13, 17,
21-22), TMP represents the hours with medium peaks (h = 19, 20) and THP
represents the peak period with the highest consumption, h = 18.

0 ≤ ATLP
b ≤ ATMP

b ≤ ATHP
b (6.4)

The maximum available demand at each bus, which can be changed at
different hours, is shown in (6.5). DRb is the maximum reply of consumers
to DR signals at bus b. Consulting the values reported in [44–46], the max-
imum DR potential for demand modification is assumed to be 15% at all
load buses, which guarantees a load increase at low-load or off-peak hours
does not create a larger peak for the system.

−DRbd
0
bh ≤ ∆dbh ≤ DRbd

0
bh (6.5)

As mentioned before, if the proposed method ignores the preferences of
customers, the optimum points can make an undesirable load shifting and
affect the comfort of customers. Consumption way and payment indices are
used in this work to quantify consumers satisfaction. The constraints for
consumption way index (CWI) and the payment index (PI) are formulated
as (6.6) and (6.7), respectively. Customers ideally prefer not to change
their consumption or minimise it. Thus, smaller ∆dh and larger CWI show
that consumers face less discomfort. Undeniably, a larger PI will reduce
customer payment CPh overall and bring more satisfaction. ∆CPh is the
change in the payment of consumers at hour h. Lower bounds for CWI
and PI are extracted from [47]. Moreover, to guarantee users convenience,
it is ensured by (6.8) that the overall energy usage at every bus remains
unchanged during the DR exertion. The average consumption delay index
(CDI) (6.9) is also considered to show the average time that consumers shift
the usage time of one MW electricity while participating in DR programs
compared to the situation without demand response implementation. ∆dhh′

is the exchanged demand between hours h and h′.
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CWI =
∑24

h=1 d
0
h − |∆dh|∑24
h=1 d

0
h

≥ 0.95 (6.6)

PI =
∑24

h=1 CPh −∆CPh∑24
h=1 CPh

≥ 1.02 (6.7)

H∑
h=1

∆dbh = 0 (6.8)

CDI =
∑24

h′=1

∑24
h=1 |∆dhh′ ||h− h′|∑24
h=1 |∆dh|

(6.9)

6.2.2 Objective function

The proposed model aims to schedule the units at minimum production
costs without jeopardising system security when the system encounters
contingencies. The objective function (see (6.10)) covers seven terms,
among which terms 1–4 are linked to first-stage choices, and terms 5–7
are associated with the second stage. The first-stage choices are made be-
fore the realisation of scenarios in contingencies. Hence, a conventional
UC problem is performed in the first stage to define the commitment status
of generators and their programmed energy and reserve capacity. The relia-
bility limits of the system are examined after the realisation of scenarios in
the second stage. A DC optimal power flow (DC-OPF) is performed in the
second stage to optimise the volume of deployed down- and up-spinning
reserves and load curtailment in each scenario1 [49]. In this manner, sys-
tem security will be guaranteed based on the desired maximum expected
demand not served (EDNS) value set by the system operator.

Precisely, the first and second terms handle the energy costs and the
start-up costs of generators, third and fourth terms calculate the costs of
scheduling down- and up-spinning reserves, fifth and sixth terms define the
costs associated with the deployment of down-and up-spinning reserves in
scenarios, and the last term is the costs of load shedding. So, the stage two
in the proposed model includes the costs of providing supply-load balance
in scenarios.

1DC–OPF is a fast method used mainly to solve market clearing problems, can be ap-
plied to large models and is accurate enough to address the issues in this chapter. The other
method, AC–OPF, is primarily used for optimal operation and control actions. Continu-
ous efforts are being made to reduce computation time and increase the system size in the
AC–OPF models [48].
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OF =

H∑
h=1

G∑
g=1

[
FCghIgh + SUCgh + SRCD

ghSRD
gh + SRCU

ghSRU
gh

]
+

S∑
s=1

αs

[
H∑

h=1

G∑
g=1

(
SRCD

ghSRD
ghs + SRCU

ghSRU
ghs

)
+

H∑
h=1

B∑
b=1

V Sh
bh L

Sh
bhs

]
(6.10)

Looking at (6.10), H , G, S, and B are the number of scheduling hours,
generating units, scenarios, and buses, respectively. FCgh, Igh, and SUCgh

are the fuel cost, the commitment state, and the startup cost of unit g at hour
h, respectively. SRCD

gh and SRD
gh are the down-spinning reserve cost and

the down-spinning reserve of production unit g at hour h. Similarly, SRCU
gh

and SRU
gh are the up-spinning reserve cost and the up-spinning reserve of

generator g at hour h. αs is the probability of scenario s. SRD
ghs and SRU

ghs
are the deployed down- and up-spinning reserve of unit g at hour h in sce-
nario s, respectively. V Sh

bh is the value of lost load in bus b at time h, and
LSh
bhs is the load shedding in bus b at time h in scenario s.

In case of the EBDRP, IC which calculates the amount of incentive
payed to the customers will be added to the objective function. This term
has been linearised using [50] in order to fit in the linear model of this study.

IC =

H∑
h=1

B∑
b=1

Abh(d
0
bh − dbh) (6.11)

The following assumptions have been considered:

• It is assumed that shut down costs are negligible compared to other
expenses such as startup costs.

• Losses over transmission lines are ignored.

• Piece-wise linear approximation is adopted for the incremental cost
function of thermal units to facilitate reaching a real-time solution
without a notable impact on the accuracy.

• Outage of a generator or a transmission line is taken into account
in contingency events as multiple outages have approximately low
possibilities while adding more computational complexity.
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6.2.2.1 First stage constraints

The first stage constraints are given in this section. The costs of generation
units are defined as an incremental cost function in a linear piece-wise form.
The generation cost of generator g at hour h is given by (6.12).

FCgh = FCgIgh +

F∑
f=1

βfgP
f
gh

where 0 ≤ Pf
gh ≤ Mfg

(6.12)

FCg is the minimum fuel cost of generator g and F is the number of seg-

ments in piece-wise linearised fuel cost. βfg, P f
gh, and Mfg are the slope,

the generation, and the maximum production of segment f in cost curve of
the generator g, respectively.

The linear relation of the total scheduled power of the generation unit
Pgh is defined by (6.13). Pg is the minimum production of generator g.

Pgh = PgIgh +
F∑

f=1

P f
gh (6.13)

• Start-up cost constraints of generation units

0 ≤ SUCgh ≤ Kg(Igh − Ig,h−1) (6.14)

where SUCgh is the startup cost of unit g at hour h, Kg is the start-up cost
of generator g, and Igh is the commitment status of generator g at hour h.

• Constraints of spinning reserves

Constraints of down- and up-spinning reserves are shown in (6.15) and
(6.16). Pg is the maximum production of generator g. SRD

gh and SRU
gh

are the down- and up-spinning reserves of generator g at hour h. RD
g and

RU
g are ramp-down and ramp-up of generator g. T is the spinning reserve

market lead time.

Pgh + SRU
gh ≤ PgIgh, Pgh − SRD

gh ≥ PgIgh (6.15)

0 ≤ SRU
gh ≤ RU

g T, 0 ≤ SRD
gh ≤ RD

g T (6.16)
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• Up and down constraints of generation units

Pgh − Pg,h−1 ≤ RU
g Igh + Pg(1− Ig,h−1) (6.17)

Pg,h−1 − Pgh ≤ RD
g Ig,h−1 + Pg(1− Igh) (6.18)

• Time constraints of generation units

h+T+
g∑

h′=h+2

(1− Igh′) + T+
g (Igh − Ig,h−1) ≤ T+

g (6.19)

h+T−
g∑

h′=h+2

Igh′ + T−
g (Ig,h−1 − Igh) ≤ T−

g (6.20)

• Ramp-down and ramp-up constraint

Pgh − Pg,h+1 ≤ RD
g , Pg,h+1 − Pgh ≤ RU

g (6.21)

• Active power equilibrium

The power balance between loads and generation units on each bus is
ensured by (6.22). Pgh and Pbb′h are the production of generator g and
the active power of the transmission line from bus b to bus b′ at hour h,
respectively. Xbb′ and Θbh are the line reactance from bus b to bus b′ and
the voltage angle at bus b and hour h, respectively.

Gb∑
g=1

Pgh − d0bh −∆dbh =
B∑

b′=1

Pbb′h b′ ̸= b

where Pbb′h =
1

Xbb′
(Θbh −Θb′h)

(6.22)
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6.2.2.2 Second stage constraints

The outage scenarios are taken into account by the equations of stage 2,
which are given hereafter. Examining reliability measures in scenarios de-
pends on the determination of contingencies, which could be done by enu-
meration techniques. Once the set of contingencies are determined, one
must focus on analysing their possibility. The forced outage rate (FOR)
of components in each contingency is employed to calculate the failure
possibility αs (see (6.23)). c′ is the failed component, c is the index of
components, and C is the number of components.

αs = FORc′
∏
c∈C
c ̸=c′

(1− FORc) (6.23)

FOR is calculated based on the statistical data of that component using
(6.24), where MTTR and MTTF stand for mean time to repair and mean
time to failure, respectively.

FOR =
MTTR

MTTR + MTTF
(6.24)

• Active power equilibrium considering scenarios

Frequency stability issues as a result of contingency events are one of
the main concerns of system operators. However, the balance between gen-
erations, losses and loads ensures frequency stability throughout the sys-
tem. In contingency events, power balance at each bus is ensured by loads
and generators. So, the DC power flow equation applied to the system is
shown in (6.25). τ and υ present the availability condition of transmission
lines and generation units, respectively. During the component outages,
they are set to 0 while they are 1 otherwise.
SRU

ghs and SRD
ghs are the up- and down-spinning reserves of generator g at

hour h in scenario s. LSh
bhs represents the amount of load curtailment at bus

b. Plhs is the active power of transmission line l at hour h from bus b to b′

in scenario s, while Pl is the maximum allowable power on line l.

Gb∑
g=1

υ[Pgh + SRU
ghs − SRD

ghs]− dbh − LSh
bhs =

∑
l∈Lb

τPlhs

where − Pl ≤ Plhs =
1

Xbb′
(Θbhs −Θb′hs) ≤ Pl

(6.25)
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• Constraints of spinning reserves in contingencies

The reliability of the system is secured by down- and up-spinning re-
serves together with DR plans when the system operator monitors changes
in demand-side behaviour or the component availability status. The rela-
tionship between the first- and the second-stage spinning reserve variables
is specified in (6.26).

0 ≤ SRU
ghs ≤ σghsSRU

gh, 0 ≤ SRD
ghs ≤ σghsSRD

gh (6.26)

where σghs is the reserve state of generator g at hour h in scenario s, which
is 0 if the unit outage has occurred and otherwise it is considered 1. It en-
sures that only available production units in scenarios would provide spin-
ning reserves.

• Load shedding constraint

The generation shortage may cause involuntary load shedding to ensure
the system security. Eq. (6.27) guarantees that the amount of load shedding
in each scenario at each bus remains less than the electricity consumption
of the respective bus.

0 ≤ LSh
bhs ≤ dbh (6.27)

6.2.3 Reliability assessment

Using [51], to measure the reliable scheduling this work employs an ex-
pected demand not served (EDNS) index, which is achievable by multiply-
ing the value of load shedding and the likelihood of the component failure
in each scenario s at bus b and hour h (see (6.28)). As shown in (6.28),
the continuous power generation and consumption are guaranteed by the
highest permitted amount of EDNS, which is set by the system operator.

EDNSh =
B∑
b=1

S∑
s=1

αsL
Sh
bhs ≤ EDNS (6.28)
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Figure 6.2: Schematic of the 24-bus reliability test system

6.3 Test system

Fig. 6.2 shows the IEEE 24-bus test system with overall generation and
load capacity of 3,405 MW and 2,850 MW, respectively. The generation
and consumption data, ramp rates, reliability factors, cost coefficients etc.,
are taken from [43]. The load profile is divided into three sections, in-
cluding low consumption (2-8), off-peak (1, 9, 14-16, 23-24) and peak
(10-13, 17-22) hours. The value of lost load (VoLL) is set to 150, 300
and 450 $/MWh for low-load, off-peak and peak periods, respectively. The
maximum amount of EDNS is assumed 7 MW to ensure the reliability.
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6.4 Results and discussion

The electricity generation planning without and with implementing DR are
studied hereafter. First, the total system operating cost of $701,202 was
obtained in the absence of contingency events and DRPs. By analysing
component contingencies using the N – 1 criterion and under a flat rate
price scheme, the system operator has to provide the required flexibility by
optimal supply-side scheduling. As a result, a UC is obtained with the total
operation cost of $831,991. This 18.7% increase in operating cost com-
pared to the condition without contingencies is because of the extra costs
due to the provision of reliability as at such times, the peak load production
units should be started up and run at a non-economic point.

The proposed model is also applied to the system once without con-
sidering reliability constraints, where the maximum EDNS is ignored, and
the influence of a contingency event on the system functioning is taken into
account. As a result of ignoring the upper limit of 7 MW for EDNS, the av-
erage amount of calculated compulsory load shedding is higher (40.8 MW)
compared to other cases, which implies this limit brings more consumers
dissatisfaction resulting the total operation costs of $757,650.

Then, in the absence of DR, but by considering the maximum amount
of EDNS as the reliability constraint $831,991 and 4.98 MW are found as
the total calculated operation cost and the average amount of EDNS, re-
spectively. The $74,341 increase in the operating cost compared to the case
without limit for EDNS should be spent to supply the reliability necessities
in case of contingency events.

To study the effect of DR programs on system reliability in case of com-
ponent contingencies, price- and incentive-based DR programs are investi-
gated in 2 cases. In the first case, where the total daily energy consumption
should remain constant (see (6.8)), the proposed model aims to ensure reli-
able and flexible operation of the system by finding optimal hourly electric-
ity prices. To guarantee the reliability, the EDNS should be below 7 MW at
all buses and each hour. In the second case, constraints of energy, consump-
tion way, and payment are neglected, and the target of implementing EDRP
and PBDRP is the reduction of peak loads where the calculated hourly rates
from the first case and incentives are applied.

In the following sections, two cases are examined in which LRCs and
MCs are modelled by allocating DR patterns come from their PEMs. Be-
sides, a behavioural factor is considered to show the various response of
customers to incentives and punishments. The optimal hourly electricity
prices in PBDRPs and optimum incentives at peak hours in EDRPs are cal-
culated to minimise the system operational cost and ensure the reliability.
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Figure 6.3: RT rates at each hour in Case 1

6.4.1 Case 1: DR with constant total energy consumption

In addition to the generation side scheduling, both reliability constraints and
demand-side response are integrated into the problem in this case. Conse-
quently, the load profile is modified according to the consumers response to
the electricity rates. Fig. 6.3 gives the average RT tariffs for different types
of customers. LRCs, compared to MCs, face prices with more deviation at
low-load and peak hours. While the average and the standard deviation of
the electricity price for LRCs are 26.4 and 8.8, respectively, the resulting
values are 26.8 and 7.5 for MC consumers. This illustrates the ability of
DR to decrease the average electricity prices for consumers.

Fig. 6.4 shows the influence of applying optimised RT rates on the load
profile. During the peak hours, because of the higher rates, electricity con-
sumption is reduced and shifted to the low-load hours, where electricity
prices are much lower. Notably, compared with MCs, LRCs have a flatter
load profile because of stronger price deviation where they face lower rates
at low-load hours and higher rates at peak hours.

The results of applying the PBDRP in Case 1 are summarised in Ta-
ble 6.3. The operational costs when LRCs and MCs participate in DR are
reduced by 3.2% and 2.9%, respectively. Despite the reduction of operation
cost, energy consumption remains invariable for all customers. The role of
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Figure 6.4: Demand profiles in Case 1

DR in decreasing consumers payments is also confirmed by the given re-
sults. Given CWI, PI, and the average EDNS indices in Table 6.3 show that
the proposed method meets all the reliability and customers satisfactory
constraints. Although LRCs change their load more than MCs and have
lower CWI, higher PI shows the lower cost they should pay. Compared
to MCs, the larger value for the average consumption delay index CDI be-
tween LRCs makes them more competent to shift their loads and reduce the
average peak and EDNS values. The calculated values for EDNS confirm
the efficiency of DR implementation to ensure the system reliability. As it
is depicted in Fig. 6.5, the value of EDNS in all hours is always less than
7 MW, and generally decreases after using DR programmes compared with
the base case without (w/o) DR implementation.

The rates have also been calculated for a situation that ignores the limits
of CWI and PI. As a result of neglecting the CWI limit, the model reduces
the load as much as possible during a contingency event to reduce the costs
of the generation side by minimising the start-up and generation costs of
expensive units, which is not close to real situations. On the other hand, by
neglecting the limit for PI, the model changes the loads in a way to increase
the CWI and decrease the EDNS. As a result, the customers payment will
increase, which causes monetary dissatisfaction for consumers. For a sit-
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Figure 6.5: Calculated hourly EDNS values in different situations

uation that ignores the limits of CWI and PI, the prices (see Fig. 6.3) and
electricity demand (see Fig. 6.4) change more violently, new peaks have
emerged, and CWI and PI got worse (see Table 6.3) compared to the cases
where a limit for those indices was set. The results show that operation
costs in such a situation decrease, while customers experience an increase
in their payments. Such a scenario would reduce customer satisfaction,
reflected in a 2.5% and 4% decrease in CWI and PI, respectively.

Fig. 6.6 shows how DR programs could affect the generation mix. The
legend shows bus numbers. In contingency events and without DR im-
plementation, the system operator must commit expensive units, located at
Buses 1, 2, 7, and 13 to secure the system reliability. When DR is imple-
mented, i.e., the load can shift between periods, expensive units are com-
mitted for fewer hours at peak period compared to the situation without DR
implementation.

Fig. 6.6 shows that the proposed method decreases the generated power
of units located at mentioned buses in peak and off-peak hours. In the
case of LRCs, the mentioned units are committed for fewer peak hours
compared to the MCs. Therefore, the operation costs of the mentioned
units are reduced and then decrease the total operating costs of the system,
as given in Table 6.3.
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Figure 6.6: Effect of DR programs on the generation mix

6.4.2 Case 2: DR without energy constraint

EDRPs are also run for two types of consumers with different response
characteristics. In this case, the energy consumption, consumption way
and payment constraints are neglected, and it is assumed that the system
operator aims to reduce electrical energy consumption during the peak pe-
riod. So, in addition to the PBDRP, two options for the EDRP are stud-
ied. EDRP1 is an option without considering the loss-gain factor (ψ = 1).
EDRP2 is the other choice that the loss-gain parameter changes in a range
(18 ≤ ψ ≤ 1). As explained before in Section 6.2, the loss-gain factor in-
terprets a behavioural tendency where people are afraid of losses, and hate
losing more than they like winning. Thus, losses appear to be be more than
the earnings even though the value in monetary terms may be equal. For
example, for ψ = 1

4 , it is assumed that loss of every dollar has the forth
value of every dollar gained and so on.

The calculated incentives would cause a reduction in the peak hours
demand, which reduces the burden on the generation side and the operation
costs. On the other hand, the calculated incentives add costs to the system
operator side due to the reward payments to the customers, which will be
added to the objective function for this case.

It is acceptable to consider the highest incentive value for the period
with a maximum consumption level. Consequently, the incentive values
should decrease according to the electricity demand decrease at each peak
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Figure 6.7: Demand profiles for mixed customers in Case 2

hour. Thus similar to the procedure of finding the optimal prices in Case 1,
the incentives for peak hours would be calculated. The calculated average
rewards per MWh demand reduction, compared to the baseline demand, in
EDRPs, are given in Table 6.4. Accordingly, the load profiles are modified
according to the consumers response to the incentives. Obtained incen-
tives show that LRCs expect lower remuneration than MCs in peak hours.
Fig. 6.7 and Fig. 6.8 illustrate the influence of applying planned RT tariffs
and rewards on the load profile for MCs and LRCs.

According to the results shown in Table 6.5 and Fig. 6.9, both the EDRP
and the PBDRP reduce the peak demand, and as a result, the operation
costs, which are favourable for the system operators. On the other hand,
the amount customers have to pay and, consequently, the utility revenue
will decrease. The obtained results for CWI and PI show how ignoring
their related constraints in Case 2 could affect the electricity bill of cus-
tomers and the demand change. From the utility point of view, as long as
ψ ≥ 1

3 , the utility achieves its target better with EDRP, losing less revenue
compared to PBDRP. On the other hand, taking the loss-gain factor ψ ≤ 1

4

Table 6.4: Calculated Ah ($/MWh)

Hour 10-13 17 18 19,20 21,22
MC 12.2 9.0 15.0 14.3 12.1
LRC 12.0 9.0 14.7 14.0 12.0
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into account, PBDRP outperforms EDRP. It is clear that when the loss-gain
parameter changes in the range of (18 ≤ ψ ≤ 1), the amount of ψAh should
be constant to get comparable change in the peak load. So, optimal incen-
tive values should be offered to each type of customers during peak hours.
The values of ψAh, which are given in Table 6.4 illustrate the reliance of
the offered incentives on the reward weighting factor ψ.

6.4.3 Computational complexity and implementation issues

To solve the proposed mixed-integer programming model CPLEX as a
high-performance solver is used. CPLEX optimisers have been widely used
by researchers to solve large and complex problems swiftly and with min-
imum user interference [49, 50, 52]. Each case has been run in less than
5 minutes on a 2.11 GHz Windows-based system with 16 GB of RAM.
Thus, the proposed optimisation problem can be solved nearly in real-time,
providing a fast response to changes in power system situations, electricity
prices, or electricity demand.

With an increase in problem size, the run time could increase exponen-
tially, which brings significant burdens for solving scheduling problems.
However, to analyse a system with a large number of buses, lines, and sce-
narios some possible solutions are available. One of the most practised
approaches to overcome computational complexity of large MILP models
originates from the idea of decomposition, which divides a large problem
into smaller non-complex subproblems. Reducing the number of scenarios
and using supercomputers and methods to simplify the network are other
available options to cope with computational complexity while considering
larger systems in case studies.

6.5 Summary and conclusions

This chapter introduced a probabilistic day-ahead security-constrained
scheduling problem with various integrated demand response programs
considering consumers rationality for managing the contingency events.
DR has been formed as a responsive shiftable/curtailable demand bidding
mechanism that moves the consumption from peak hours to off-peak or
low-load hours and ensures social welfare. This work emphasised the in-
fluence of consumers representation on the power system performance. The
offered model studied the constraints of customers preferences in addition
to the constraints of the traditional unit commitment algorithms.

The offered probabilistic model was formulated as a mixed-integer lin-
ear programming problem that deals with the SCUC. Both incentives and
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hourly electricity prices were calculated in emergency and price-based de-
mand response programs. The electricity consumption was adjusted by DR
to control the outages in the power grid, and hence, the modified demand
profile helped the system operator to reduce the start-up and reserve costs of
generation units. The achieved results validated the ability of the suggested
approach in decreasing the operational costs of the system, customers pay-
ment, and peak load by optimal scheduling of generation units and optimal
use of the demand response potential without bringing notable discomfort
to the customers.

The results also showed that consideration of different demand response
programs, different types of consumers and comfort constraints have a sig-
nificant impact on power system reliability and minimising daily opera-
tion cost. Overall, meaningful insight into system performance with real-
time prices and incentives was obtained. Results suggested that system
behaviour depends not only on the degree of elasticity but also on the time
range of customers rationality. The implementation of optimal system dis-
patch necessitates the modelling of time-dependent elasticity to find the
optimal scheduling solutions at different hours.

The impact of the loss-gain factor on the results of the demand re-
sponse programs for peak reduction showed that when people are in a po-
sition where both earnings and losses are likely, they normally favour less
risky options. If possible losses could be destructive or threaten customer
lifestyle, they will generally reject the choice of participation in demand
response programs that bring losses and discomfort. This is one reason for
system operators to optimise the prices for reducing the consumer losses
at peak-price periods, while they make sure that it can minimise the sys-
tem operation costs. By limiting potential losses and maximising profits,
current consumers will continue providing demand response and new con-
sumers might join the demand response programs too.

Hence, the explained method could be used to determine optimal
scheduling plans, and grid operators together with consumers could ben-
efit from the offered method to schedule the generations units and loads in
a way that meets the customers demand while the network reliability and
consumers comfort are guaranteed.
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7
Conclusions & perspectives

This chapter summarises the conclusions of the individual
chapters. Future improvements and applications of this work
are also discussed in the perspectives section.

7.1 Conclusions and summary

With a higher integration of variable RES into power systems, an increasing
interest in supplying flexibility via responsive loads has emerged in recent
years. The contribution of loads in DRPs and providing ancillary services
can be beneficial for electrical system operators and responsive consumers.

This thesis contributed to the domain of flexibility in power systems by
offering different optimisation approaches to evaluate the techno-economic
feasibility of providing different FAS and DRPs. Chapters 2 and 3 intro-
duced the need for flexibility and various present options, while Chapters 4-
6 suggested methodologies to examine the importance of various demand
side response options for TSOs and consumers. The summary and out-
comes stemming from each chapter are briefly described below:

In Chapter 2, the current policies and plans related to the increasing
share of RES in the energy mix, together with the challenges of such a
large-scale deployment, were presented. It was mentioned that the need
for flexibility in energy systems, specifically in power systems, is present
today. Hence, a combination of options, including flexibility of supply- and
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demand-side, will be essential to meet these needs. Moreover, as energy
markets are shifting towards a technology-neutral and competitive design,
all market parties, including those on the demand side, can play an active
role in supporting the electrical grids.

In Chapter 3, the concepts of grid balancing, frequency stability and
FAS were defined. The opportunities for electricity consumers, specifically
P2H2 systems, to balance the grid were discussed. P2H2 systems equipped
with PEMELs and storage facilities are able to offset the volatile renewable
power generation and offer FAS to the grid operators. It was concluded that
the operation of a PEMELs to provide FAS while technically viable, might
be economically unfeasible. This makes the optimisation of hydrogen pro-
duction costs and optimal provision of ancillary service more critical.

Chapters 4 and 5 offered methodologies to evaluate the techno-
economic feasibility of power-to-hydrogen facilities providing grid services
in different modes of operation. While literature sets a precious foundation
for this thesis, the size optimisation of a power-to-hydrogen system, to-
gether with the optimal hourly provision of FCR, has not been analysed.
They also have not employed a detailed model for calculating grid costs;
instead, a constant price per MWh consumption has been assumed. Thus,
Chapter 4 considered a detailed model of a power-to-hydrogen plant pro-
viding FCR, and employed exact models of the electrolyser and grid costs.

As mentioned before, and while the operation of power-to-hydrogen
facilities has been studied in literature, an applicable approach for the op-
timal planning and scheduling of multiple subcomponents considering the
provision of FCR, aFRR, and mFRR services has not been adequately ex-
amined. Most recent studies have used predefined sizes for subcomponents
or estimated the sizes according to the hydrogen demand. Then they looked
at additional revenue stemming from the provision of grid services consid-
ering an average price for the service throughout the year. However, the
average values do not reflect the weekly, daily, nor hourly variation of re-
muneration prices of FAS.

To employ and compare the potential of the plant in providing different
FAS, their impact on both the operation and design of the plant has to be
included in the optimisation model. In particular and without loss of gen-
erality, Chapter 5 presented a new optimisation model for the performance
of a power-to-hydrogen system considering the energy supply to hydrogen-
powered vehicles, providing hydrogen as a feedstock for industry and hy-
drogen injection into the natural gas grid. Detailed operation mechanisms
and optimisation constraints of FCR, aFRR, and mFRR were presented to
compare all FAS from the techno-economic viewpoint. The uncertainty of
the hydrogen demand and the price of grid services were embedded into
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the optimisation model to reflect the effect of uncertain parameters on the
system operation.

The models proposed in Chapters 4 and 5 optimised the size of all sub-
components and defined the optimal operating strategies considering arbi-
trage trading in various markets. The PEMEL regulated the power offtake
based on variable electricity prices, grid frequency divergences and TSO
signals. Furthermore, a hydrogen price index was employed to assess the
efficiency of the proposed models for hydrogen cost reduction.

It was concluded that, with the hypotheses adopted in this research,
the installation of larger electrolysers only for FCR provision is marginally
beneficial. Prioritising mFRR-Up over arbitrage trading resulted in high
revenues but lower when compared to the aFRR-Up product. A relative
analysis of the cost and revenue streams revealed that the TAP will rise in
the aFRR-Up program compared to cases without or by considering other
FAS types. Thus, consumers have to prioritise aFRR-Up provision over
other grid services to improve investment profitability. It was understood
that while concentrating on provisioning of FAS could be a less likely busi-
ness case on its own due to the high degree of uncertainty, the stacked
benefits from FAS and the hydrogen sale to different sectors improve the
economic viability of hydrogen plants.

The outcomes also lead to the conclusion that hydrogen production in
this concept not only relies on the price of electricity and transmission grid
costs but also on the remuneration price and activation signals of FAS. Re-
sults showed that in addition to FAS revenues, expected higher hydrogen
demand and efficiency of components and lower capital and operation costs
in the coming years can reduce the break-even price of hydrogen.

The conducted research indicated that the operating costs are directly
linked to the size of the electrolyser. Hence, optimal sizing of subcompo-
nents and exemptions from tax and levies or other elements of grid costs are
critical to reaching economic viability. The ratings of electrolysers were
mainly calculated according to the maximum hydrogen demand from the
mobility sector and FAS capacity. Moreover, sensitivity analyses indicated
the decisive impact of hydrogen price variation in natural gas and industrial
sectors on the size of subcomponents.

The methods explained in Chapters 4 and 5 can be used to determine
optimal investment plans. Decision makers and investors can utilise the
proposed methods and investigate how the provision of FAS and other fac-
tors would affect the sizing, design, operation of the components and, ul-
timately, the long-term economic performance of a hydrogen installation.
This facilitates investment decisions in the long term. Moreover, P2H2 fa-
cilities and grid operators could collaboratively profit from the suggested
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methods to schedule the electrolyser to meet the hydrogen demand and
provide various FAS types simultaneously. Therefore, the proposed mod-
els offer new opportunities for the proliferation of P2H2 systems, further
encouraging investment in such plants.

In Chapter 6, a security-constrained unit commitment problem was
solved, considering consumer rationality in DRPs. While comprehensive
models have been offered in literature regarding the dynamic electricity
pricing, a wide range of customer viewpoints regarding the fluctuations
of prices and incentives has remained unanswered, where their satisfac-
tion and behaviour have not been addressed thoroughly. The main aim of
Chapter 6 was to define an accurate model of DR considering customer be-
haviour and the effect of customer preferences on optimal power system
operation. Chapter 6 further developed a pricing algorithm to find the op-
timal electricity prices and incentives to guarantee network reliability and
comfort of customers, while minimising system operation costs in the pres-
ence of uncertainties. In the employed EDRP, a factor that shows the real
value of the incentive payment perceived by the customers was used.

The electricity consumption was adjusted in response to designed in-
centives and hourly electricity prices to diminish the adverse effects of the
outages in the power grid. Results validated the capability of the suggested
strategy in the reduction of operating costs, customer payments, and peak
load by optimal scheduling of generation and consumption units. The re-
sults of Chapter 6 also confirmed that consideration of different DRPs, var-
ious types of consumers and comfort constraints notably impact the power
system reliability and daily operation costs.

It was shown that when individuals are in a situation where earnings and
losses are possible, they prefer less risky options. If potential losses could
be destructive or threaten customer lifestyles, they will naturally reject the
choice of participation in DRPs that bring losses and discomfort. That is
a reason for system operators to optimise the prices to avoid the customer
losses at peak-price hours while they make sure that the system operation
costs will be minimised. By limiting potential losses and maximising prof-
its, current consumers will continue providing DR, and new clients might
join the DRPs too.

Overall, the conducted examinations and simulations illustrated the
positive impact of proposed optimisation methods to employ demand-side
flexibility and improve the reliability of power systems, while consumers
and investors can benefit economically from providing different demand-
side response services.
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7.2 Perspectives

This thesis presented strategies for the optimal operation and investment in
P2H2 facilities and responsive consumers in general, which can valuably
contribute to expanding the flexibility of power systems in the transition
toward net zero. During this work, several further research directions were
identified, which can be analysed in future research:

In line with the work done in Chapters 4 and 5, future research might
expand the flexibility provision with more efficient electrolysis technolo-
gies1 or to examine flexibility beyond the borders of the HRSs. Given the
plans for heavy electrification of industrial processes, the offered method
can be, with modifications, employed to estimate the flexibility potential of
other responsive loads.

During this doctoral research, the design and operation of coupled
wind-hydrogen systems as a long-term storage option and to provide FAS
were slightly touched upon but are still in progress. Exploring the oppor-
tunities for flexible offshore production and storage of renewable hydrogen
from offshore wind and solar parks is another line of research. The inter-
mittency and stochastic behaviour of wind production and the impact on
the techno-economic feasibility of such plants could be a future topic.

Moreover, as mentioned before, this thesis mainly used determinis-
tic and probabilistic methods to optimise the operation of P2H2 systems.
Hence, in future studies, it would be valuable to develop stochastic opti-
misation models to forecast the prices of energy and capacity markets and
hydrogen demand in advance for the short-term operation of such facili-
ties. In addition, a considerable part of this research was performed before
energy prices became extremely high and volatile. This reminds us of the
necessity of including sensitivity and risk analyses in future work.

While in Chapters 4 and 5 the implications of providing different FAS
types for consumers were studied, the development of new ancillary ser-
vices is to be included in future studies. An example is the opening of
the inertia response market in Ireland and fast frequency reserve market
in the Nordic area. This opening might create opportunities for specific
consumers, such as electrolysers, and new business cases might appear.

Parameters like the response time of the electrolyser and the delay of
TSO signals were not included in the presented models in Chapters 4 and 5.
However, the inclusion of these parameters that could affect the provision
of grid services at a shorter time scale could be the topic of future studies.

1An alkaline capillary-fed electrolysis cell demonstrates water electrolysis perfor-
mance with a 98% energy efficiency, energy consumption of 40.4 kWh/kg hydrogen (vs.
47.5 kWh/kg in commercial electrolysis cells [1]



176 CHAPTER 7

The possibility of considering the optimal participation of the P2H2 systems
or other fast responsive loads in all FAS types simultaneously is another
subject worth investigating.

Chapter 6 explained a method to determine optimal scheduling plans of
loads and generators such that network reliability and consumer comfort are
guaranteed. In real applications, the stochastic nature of renewable energy
production or energy consumption by consumers would affect the results,
which should be modelled in future work. Besides, the CO2 emissions
and consumer payments minimisation by forming a multi-objective optimi-
sation, considering the competition in the electricity and reserve markets,
could be included in later studies.

While this thesis focused mainly on the balancing at the transmission
level, the idea of local balancing is a potential subject for future works.
With local balancing, power production and consumption are controlled lo-
cally by distribution system operators (DSOs). DSOs require accurate fore-
casts of generation and demand to balance the power. Then, novel machine
learning algorithms should be developed, utilising knowledge of the local
weather, the topology of the local grid and the load profiles of consumers.
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