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Summary

Global warming and climate change are the most prominent issues of concern
today. Over recent decades, various strategies and universal agreements have
been set to combat climate change. In this framework, governments have
adopted various climate, energy, and taxation policies to reduce net greenhouse
gas emissions and meet the global climate target. However, there are several
technical and economic challenges in the transition towards a low-carbon future
and a circular economy. Renewable energy sources, power systems and carbon
dioxide-based processes play a significant role in this paradigm shift. However,
these technologies face barriers to effectively contribute to reduce emissions.

One of the key solutions to reducing greenhouse gas emissions is to expand
renewable energy installations and to move towards predominantly or entirely
renewable power generation. However, the electrical grid is not designed to
accommodate a high level of renewable power generation. The intermittent
and inertia-less nature of renewable energy sources reduces the grid’s reliabil-
ity and increases the pressure on the conventional power plants to balance the
grid. Therefore, the power system needs to become more flexible and adaptive.
The increasing penetration of renewable energy in power systems is expected
to increase curtailment due to a lack of system flexibility. Alternatively, renew-
ables can be operated flexibly according to the grid’s condition. However, this
leads to a sub-optimal operation of renewables and negatively impacts these
systems, e.g., it can increase structural loads on wind turbines. Novel chem-
ical processes with innovative technologies are under development to reduce
carbon dioxide emissions. These processes, which are referred to as Carbon
dioxide Capture and Utilisation (CCU), use carbon dioxide as a raw material
for the chemical synthesis, e.g., formic acid, methane or methanol. CCU based
processes have the potential to reshape the chemical industry in the low carbon
paradigm. However, CCU based processes for the direct conversion of CO;
into value-added chemicals are energy-intensive and have a poor economic
viability. Therefore, new strategies are required to address these challenges, to
accelerate the deep decarbonisation process and to reach the net-zero emissions
target.

In this PhD research, we searched for solutions to enhance the flexibility



Summary

of power systems for further integration of renewables and CCU based pro-
cesses into the electrical grid, facilitating the transition towards a low carbon
paradigm. In this framework, various sources of flexibility are researched to
extend the system flexibility on both the electricity supply and demand sides.
This dissertation introduces four flexible operating strategies addressing chal-
lenges concerning the integration of wind energy and energy-intensive chemical
processes into the power grid.

Firstly, the optimal demand response operation of power-to-hydrogen tech-
nology is investigated. The techno-economic analysis is performed for the
flexible operation of a large-scale PEM electrolyser under two scenarios. First,
the economic performance of the PEM electrolyser is assessed for a price-
based scenario where the power consumption of the electrolyser is regulated
based on the electricity price. Then, the potential economic benefits of the
flexible operation are investigated for fast-paced ancillary services where the
electrolyser’s power input is regulated based on the grid frequency. Moreover,
an electrochemical model and a control system are developed to evaluate the
technical feasibility of the proposed strategy. The techno-economic analysis
shows that operating the electrolyser at the optimum baseload and providing
Frequency Containment Reserve (FCR) for the grid can generate extra revenue
and improve economic performance. The dynamic simulation shows that the
PEM system represents a high degree of flexibility and can react to the grid
frequency variation with a response time of less than five seconds.

The second research topic investigates the flexible operation of energy-
intensive CCU based processes with two objectives: to provide ancillary ser-
vices for the grid and to operate on renewable electrical energy. A flexible
operating strategy and a control architecture are developed, addressing the
challenges of demand response operation of chemical processes, i.e., the con-
straints and nonlinear dynamics of chemical systems. The developed strategy
increases the process’s flexibility by adaptively regulating the setpoints of pro-
cess components based on input power variations. Therefore, the chemical
process reacts to the grid frequency by controlling the power consumption of
the PEM electrolyser while maintaining the reactor’s optimal operating condi-
tions through the adaptive operation of the H, and CO, multi-stage compression
systems. The results show that the proposed strategy enables the CCU based
process to provide FCR while minimising the impact on the reactor efficiency.
Moreover, the techno-economic analysis shows that operating the process at
optimal baseload and providing the remaining capacity as a power reserve can
create additional revenue and improve the economic profit.

Thirdly, the advantages of pitch-to-stall control are investigated for the
effective integration of wind energy into the power grid. The purpose of
this research study was to identify the potential benefits of stall regulation
to improve the capability of wind turbines in the active power control for



FCR provision while minimising the impact on the structural loads and pitch
mechanism. Two control systems are designed for pitch-to-stall and pitch-
to-feather control concepts to address the aerodynamic nonlinearity of the
system. Then, the dynamic response of three wind turbine models is compared,
focusing on control performance and the effect on the pitch mechanism and
structural loads. The wind turbines performance is examined in uniform wind
and turbulent wind in the whole operating region, i.e., Maximum Power Point
Tracking (MPPT), the transition zone, and the full load region. The results
show that the pitch-to-stall strategy with a stall-regulated blade design offers
comparative advantages in terms of active power control and load reduction on
the tower and pitch mechanisms. However, stall regulation might increase the
risk of surface damage in the rolling bearings of the blades and increase the
loading on the rotor blades to some degree.

Finally, a novel flexible operating strategy is developed based on the collab-
orative operation of a CCU based process with wind energy. In this strategy, the
chemical process is coupled with wind turbines, and they participate in the en-
ergy and reserve markets as a hybrid system. To effectively integrate this system
into the power grid, an optimisation framework is required to deal with wind
and grid uncertainties and support optimal operating decisions. Therefore, an
optimal two-stage stochastic programming model is developed to enable FCR
provision through the cooperative operation of the CCU based process and
wind turbines. The Group Method of Data Handling (GMDH) algorithm is
used to predict stochastic variables and make the optimisation computationally
efficient. The developed dynamic model of the process and the wind turbine in
the previous research studies allows the detailed coupling of dynamic models
and validate the proposed optimisation framework under operational restric-
tions. The results demonstrate that the proposed approach enables the hybrid
system to make the optimal decision when offering its bidding quantity in the
day-ahead electricity and reserve market.

In conclusion, various flexible operating strategies are proposed to facilitate
the integration of power-to-hydrogen technology, wind turbines, and CO;-
based processes into the power grid. The results show the significance of
the developed strategies for optimal participation in the energy and ancillary
markets, which can have a valuable contribution to the development of the
future grid under the high-level penetration of renewable energy sources.
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Samenvatting

De opwarming van de aarde en de klimaatverandering zijn de meest prominente
problemen van vandaag. De afgelopen decennia zijn verschillende strategieén
en politieke akkoorden opgesteld om klimaatverandering tegen te gaan. In dit
kader hebben regeringen verschillende klimaat-, energie- en belastingsbeleids-
maatregelen getroffen om de netto-uitstoot van broeikasgassen te verminderen
en de wereldwijde klimaatdoelstellingen te halen. Er zijn echter verschil-
lende technische en economische uitdagingen in de transitie naar een koolsto-
farme toekomst en een circulaire economie. Hernieuwbare energiebronnen,
energiesystemen en op koolstofdioxide gebaseerde processen spelen een belan-
grijke rol in deze paradigmaverschuiving. Deze technologieén hebben echter
te maken met belemmeringen om effectief bij te dragen aan het verminderen
van emissies.

Een van de belangrijkste oplossingen om de uitstoot van broeikasgassen
te verminderen, is het uitbreiden van installaties voor hernieuwbare energie-
opwekking en het overstappen op overwegend of volledig hernieuwbare en-
ergieopwekking. Het elektriciteitsnet is echter niet ontworpen om een grote
hoeveelheid aan duurzame energieopwekking op te vangen. De intermitterende
en inertieloze aard van hernieuwbare energiebronnen vermindert de betrouw-
baarheid van het net en verhoogt de druk op de conventionele elektriciteitscen-
trales om het net in evenwicht te houden. Daarom moet het energiesysteem
flexibeler en adaptiever worden. Het toenemende aandeel van hernieuwbare en-
ergie in elektriciteitssystemen zal naar verwachting leiden tot meer inperkingen
vanwege een gebrek aan systeemflexibiliteit. Als alternatief kunnen hernieuw-
bare energiebronnen flexibel worden beheerd, athankelijk van de toestand van
het net. Dit leidt echter tot een suboptimale werking van hernieuwbare en-
ergiebronnen en heeft een negatieve invloed op deze systemen. Het kan bijvoor-
beeld de structurele belasting van windturbines verhogen. Nieuwe chemische
processen met innovatieve technologieén zijn in ontwikkeling om de uitstoot
van kooldioxide te verminderen. Deze processen, die worden aangeduid als
"Carbon dioxide Capture and Utilization’ (CCU), gebruiken koolstofdioxide
als grondstof voor de chemische synthese van o.a. mierenzuur, methaan of
methanol. Op CCU gebaseerde processen hebben het potentieel om de chemis-
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che industrie een nieuwe vorm te geven in het koolstofarme paradigma. Op
CCU gebaseerde processen voor de directe omzetting van CO, in chemical-
ién met toegevoegde waarde zijn echter energie-intensief en leveren tegen-
vallende economische prestaties. Daarom zijn nieuwe strategie€n nodig om
deze uitdagingen aan te pakken, het proces van verregaande decarbonisatie te
versnellen en het streefcijfer voor netto-koolstofvrije emissies te bereiken.

In dit doctoraatsonderzoek hebben we gezocht naar oplossingen om de flexi-
biliteit van energiesystemen te vergroten voor verdere integratie van hernieuw-
bare energiebronnen en CCU gebaseerde processen in het elektriciteitsnet,
waardoor de overgang naar een koolstofarm paradigma wordt vergemakkelijkt.
In dit kader worden verschillende bronnen van flexibiliteit onderzocht om de
systeemflexibiliteit aan zowel de aanbod- als de vraagzijde van elektriciteit te
vergroten. Dit proefschrift introduceert vier flexibele operationele strategieén
die uitdagingen aangaan met betrekking tot de integratie van windenergie en
energie-intensieve chemische processen in het elektriciteitsnet.

Ten eerste wordt de optimale vraagresponswerking van waterstoftechnolo-
gie onderzocht. Een technisch-economische analyse wordt uitgevoerd voor de
flexibele werking van een grootschalige PEM-elektrolyser in twee scenario’s.
Eerst worden de economische prestaties van de PEM-elektrolyser beoordeeld
voor een prijsgebaseerd scenario waarbij het stroomverbruik van de elektrol-
yser wordt gereguleerd op basis van de elektriciteitsprijs. Vervolgens worden
de potenti€le economische voordelen van de flexibele werking onderzocht voor
snelle net-ondersteunende diensten waarbij het opgenomen vermogen van de
elektrolyser wordt geregeld op basis van de netfrequentie. Bovendien wor-
den een elektrochemisch model en een controlesysteem ontwikkeld om de
technische haalbaarheid van de voorgestelde strategie te evalueren. Uit de
technisch-economische analyse blijkt dat het gebruik van de elektrolyser bij de
optimale basislast en het leveren van 'Frequency Containment Reserve’ (FCR)
voor het net extra inkomsten kan genereren en de economische prestaties kan
verbeteren. De dynamische simulatie laat zien dat het PEM-systeem een hoge
mate van flexibiliteit vertegenwoordigt en kan reageren op de variaties in de
netfrequentie met een responstijd van minder dan vijf seconden.

Het tweede onderzoeksthema bestudeert de flexibele werking van energie-
intensieve CCU gebaseerde processen met twee doelstellingen: het leveren
van ondersteunende diensten voor het net en het werken op hernieuwbare
elektrische energie. Er wordt een flexibele bedrijfsstrategie en een controle-
architectuur ontwikkeld die de uitdagingen van vraagrespons van chemische
processen aanpakken, d.w.z. de beperkingen en de niet-lineaire dynamica van
chemische systemen. De ontwikkelde strategie vergroot de flexibiliteit van het
proces door adaptief de setpoints van procescomponenten te regelen op basis
van variaties in het ingangsvermogen. Daarom reageert het chemische proces
op de netfrequentie door het stroomverbruik van de PEM-elektrolyser te regelen



terwijl de optimale bedrijfsomstandigheden van de reactor worden gehandhaafd
door de adaptieve werking van de Hy en CO, meertraps compressoren. De
resultaten laten zien dat de voorgestelde strategie het CCU gebaseerde proces
in staat stelt om FCR te leveren terwijl de impact op de reactorefficiéntie
wordt geminimaliseerd. Bovendien toont de technisch-economische analyse
aan dat het proces met optimale basislast en het verstrekken van de resterende
capaciteit als reserve extra inkomsten kan opleveren en de economische winst
kan verbeteren.

Ten derde worden de voordelen van pitch-to-stall-regeling onderzocht voor
de effectieve integratie van windenergie in het elektriciteitsnet. Het doel van
deze studie was om de potentiéle voordelen van overtrekregeling te identificeren
om het vermogen van windturbines in de actieve vermogensregeling voor FCR-
voorziening te verbeteren, terwijl de impact op de structurele belastingen en het
hellingsmechanisme wordt geminimaliseerd. Er zijn twee regelsystemen ont-
worpen voor de bedieningsconcepten van pitch-to-stall en pitch-to-feather om
de aerodynamische niet-lineariteit van het systeem aan te pakken. Vervolgens
wordt de dynamische respons van drie windturbinemodellen vergeleken, waar-
bij de nadruk ligt op de regelprestaties en het effect op het pitchmechanisme en
structurele belastingen. De prestaties van de windturbines worden onderzocht
in uniforme wind en turbulente wind in het hele werkgebied, d.w.z. Maximum
Power Point Tracking (MPPT), de overgangszone en het werkingsgebied bij
vol vermogen. De resultaten laten zien dat de pitch-to-stall-strategie met een
overtrek-gereguleerd bladontwerp voordelen biedt in termen van actieve ver-
mogensregeling en belastingvermindering op de toren- en pitch-mechanismen.
Overtrekregeling kan echter het risico op oppervlaktebeschadiging in de wen-
tellagers van de schoepen vergroten en de belasting van de rotorschoepen tot
op zekere hoogte verhogen.

Ten slotte wordt een nieuwe flexibele strategie ontwikkeld op basis van de
samenwerking van een CCU-gebaseerd proces met windenergie. In deze strate-
gie wordt het chemisch proces gekoppeld aan windturbines en nemen ze als
hybride systeem deel aan de energie- en reservemarkten. Om dit systeem effec-
tief in het elektriciteitsnet te integreren, is een optimalisatiekader nodig om met
wind- en netonzekerheden om te gaan en optimale operationele beslissingen te
ondersteunen. Daarom is een optimaal tweetraps stochastisch programmeer-
model ontwikkeld om FCR-voorziening mogelijk te maken door de samenwerk-
ing tussen het op CCU gebaseerde proces en windturbines. Het ’Group Method
of Data Handling’ (GMDH) algoritme wordt gebruikt om stochastische vari-
abelen te voorspellen en de optimalisatie rekenkundig efficiént te maken. Het
ontwikkelde dynamische model van het proces en de windturbine uit de vorige
studies maken het mogelijk om dynamische modellen gedetailleerd te koppe-
len en het voorgestelde optimalisatiekader onder operationele beperkingen te
valideren. De resultaten tonen aan dat de voorgestelde aanpak het hybride

XV
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systeem in staat stelt de optimale beslissing te nemen bij het aanbieden van zijn
energie en reserves op de day-ahead elektriciteits- en reservemarkten.

Concluderend worden verschillende flexibele strategie€én voorgesteld om
de integratie van waterstoftechnologie, windturbines en op CO, gebaseerde
processen in het elektriciteitsnet te vergemakkelijken. De resultaten tonen
het belang aan van de ontwikkelde strategieén voor een optimale deelname
aan de energie- en aanverwante markten, die een waardevolle bijdrage kunnen
leveren aan de ontwikkeling van het toekomstige net met een groot aandeel aan
hernieuwbare energiebronnen.
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Chapter 1

Introduction

1.1 Challenges of renewable energy penetration on
power systems

Electricity is critical to all modern economies, enabling essential services from
healthcare to all kinds of transactions, from information exchange to transporta-
tion. A reliable power system is thus of paramount importance for a secure
electricity supply and for sustaining long term economic growth. In the past
two decades, the electrical power system has been extensively changing due
to the energy mix transformation with the fast-growing share of renewable en-
ergy sources. According to the International Energy Agency (IEA), renewable
electricity generation increased at its fastest rate in two decades in 2020, and it
is set to increase by more than 8% in 2021, the fastest annual growth since the
1970s. Fig. 1.1 illustrates the renewable electricity generation expansion by
country, region and technology. As shown, wind and solar energy continued
to dominate in the renewable capacity increase in 2020 and 2021. The growth
of renewable capacity is expected to accelerate in the next few years, account-
ing for almost 95% of the increase in global power capacity through 2026.
Renewed energy policies and COP26 climate goals are set to higher targets
for renewable electricity growth. Therefore, the global renewable electricity
capacity is predicted to grow by over 60% between 2020 and 2026, reaching
more than 4800 GW [1].

The renewable capacity growth in the European Union (EU) over 2021-
26 is set to outpace the current envision for 2030. According to the European
Green Deal in 2014, in line with the Paris Agreement, the EU aimed to increase
the renewable energy share by at least 32% and reduce greenhouse emissions
by at least 40% (compared to 1990 levels) by 2030. However, the European
Commission adopted a package of proposals for higher greenhouse emission
reduction and outlined the required transformational change. The new commis-
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Figure 1.1: Renewable electricity generation increase by technol-
ogy, country and region [2].

sion proposal, referred to as the "Fit for 55" program, increases the greenhouse
gas emissions reduction by at least 55% and raises the current EU target of
renewables in the overall energy mix to at least 40% by 2030. This is two times
higher than the current renewable energy share of 19.7% [3]. Although the
deployment of renewable energy sources reduces greenhouse gas emissions,
technical barriers need to be addressed to accelerate these sources into the
power system. The increasing growth of renewable energy sources introduces
new challenges to the operation of power systems due to the intermittent and
inertia-less nature of these sources. The higher penetration of renewables com-
plicates maintaining the stability and reliability of the power system. Therefore,
new technologies and operating strategies are needed to enable the system to
cope with renewable generation uncertainty and availability.

The variable renewable output increases the load on conventional power
plants to compensate for supply-demand mismatches. The intermittency of
renewable output implies that the remaining resources on a power system must
respond to variations in renewable output to maintain the balance between
supply and demand. The remaining load, referred to as net load or residual
load, is the required level of non-variable power after deducting the variable
renewable generation, i.e., wind and solar. Variable power generation can lead
to ramps of extreme steepness or duration in net load caused by large swings
in renewable power output over short periods, for instance, when electricity
demand increases while wind generation drops. Also, sun rising/setting can
lead to daily ramps. In regions with high penetration of solar power, the grid
operators have to deal with ramps in net load occurring over a few hours due
to solar output declining and rising during sunset/sunrise periods and weather
changes. Variable energy sources can increase the ramping range, leading to
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dispatchable generator turn-downs [4]. The associated reduction in minimum
net load can force the dispatchable generators to reduce output to low levels
or even cycle off during low demand and high wind speed periods while
remaining available to rise again. Moreover, intermittent wind power can also
increase the net load’s short-term variability, increasing the need for frequency
regulation [5].

With increasing penetration of renewable energy sources, the power system
inertia is changing due to the inertia-less nature of these sources. In power
systems, inertia refers to the kinetic energy stored in large rotating machinery,
which gives them the tendency to remain rotating. This stored energy can be
valuable to stabilise the grid when a large power plant or transmission fails.
The stored energy can temporarily compensate for the power lost from the
failed generator and provide the grid time to respond to the failure. The inertia
in the power system is provided by spinning generators in conventional power
plants, i.e., fossil, nuclear and hydroelectric power plants. Most conventional
power plants use synchronous generators to generate electricity, rotating with
the same frequency (50 Hz in Europe). However, wind turbines, PV and
batteries use inverters to inject power at 50 Hz. These technologies, referred
to as inverter-based resources, are not directly coupled with rotating inertia.
Therefore, when a major generation from synchronous generators is replaced
by renewable generation, the total amount of inertia during these periods will
decrease. Therefore, in the case of a contingency event, the frequency falls
faster due to the lower available inertia. Therefore, potential declines in inertia
that can result from increased integration of inverter-based resources need to
be addressed in the planning and operations of the system to maintain reliable
operation.

There are several possible and proven approaches to respond to the de-
clining role of inertia due to the increased penetration of renewables. The
power system’s inertia can be maintained using synchronous condensers, i.e.,
synchronous motors/generators that draw and inject energy into the grid to
maintain rotating inertia. Also, synchronous renewable energy sources, e.g.,
hydropower, geothermal, and biomass, can provide inertia to the grid. More-
over, the fast decline in frequency resulting from lower inertia can be com-
pensated by the rapid response from fast frequency response. In this context,
there are several electrical loads and inverter-based technologies, e.g., wind,
solar and storage, that are able to respond to system imbalances and increase
the energy supply much faster than synchronous generators. Therefore, the
electronic-based frequency response from inverter-based resources and fast re-
sponse from loads can offset the declines in inertia. Although the accelerating
integration of renewable energy sources into the power system will reduce
the grid inertia, there are multiple solutions for enhancing system reliability.
Therefore, reduction in inertia is not a barrier to the significant growth of wind
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and solar energy [6].

1.2 Solutions to provide power system flexibility

All power systems are designed with an inherent level of flexibility to balance
electricity consumption and production. Flexibility is a characteristic of a
power system, primarily defined as the ability to vary system generation to
respond to changes in load or sudden unexpected situations, such as faults
or accidents in transmission lines or generators. However, with higher levels
of grid-connected variable renewable energy, the flexibility concept needs to
be reconsidered beyond conventional flexibility to include renewables with
variable and hardly predictable power generation. Therefore, the flexibility of
the power system can be defined as the ability to respond to changes in both
demand and supply, coping with uncertainty on supply-demand sides.

1.2.1 Energy Storage Systems

Energy Storage Systems (ESS) can provide flexibility to the energy system and
support power systems by balancing supply and demand mismatches. This
is achieved by storing energy and releasing it whenever required. EES can
be used in a wide range of applications in power systems, including reserve
services, transmission and distribution and bulk power management. These
technologies are mainly classified as chemical, electrochemical, mechanical
and electrical storage systems. Several storage technologies have been devel-
oped, providing a wide range of storage capacity and discharge times, e.g.,
batteries, supercapacitors, flywheels, Superconducting Magnetic Energy Stor-
age (SMES), Compressed-Air Energy Storage (CAES), pumped hydro and
hydrogen storage systems. Fig. 1.2 illustrates the power ranges and discharge
times at the rated power of different energy storage technologies. As shown,
a wide range of power capacity and discharge times can be provided by EES,
depending on the characteristics of the storage systems.

Pumped hydroelectric energy storage (PHES) is already an established
technology for several decades and holds more than 99% of the installed ESS
capacity [8]. PHESs provide important capacity for grid stability and reliability
while utilising hydro potential to store electrical energy [9, 10]. PHESSs store
electrical energy in the form of the gravitational potential of water by pumping
water from a reservoir at a low height to a higher water reservoir. Then, energy
can be generated by releasing water from the upper reservoir to the lower,
activating hydraulic turbines to generate electricity. As illustrated in Fig. 1.2,
PHESs can store a large amount of power (up to some GW) with along discharge
time. In addition to the large power volumes in PHES installations, their high
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Figure 1.2: Comparison of energy storage technologies in terms
of storage capacity and discharge power duration [7].

degree of reactivity, i.e., response times below 1 min [11], enables them to
provide frequency regulation and spinning reserve services. Despite these
advantages of PHES, these are large units with high capital costs. Also, they
are limited to the topographic conditions, i.e., the available elevation difference
between both reservoirs.

Although PHES dominates current EES, electrochemical storage systems
can offer valuable options such as self-discharging and higher efficiency.
Among the available technologies, capacitors and batteries can store electrical
energy in electrochemical form. Capacitors can both handle high currents, but
only for extremely short periods due to their very low energy density. Therefore,
double-layer capacitors, referred to as supercapacitors (SC), are being used with
larger energy storage capabilities. Batteries have a higher energy density than
SCs, storing almost 30 times higher energy with the same mass [12]. However,
capacitors can deliver higher power and run for a longer span when compared
to batteries [13]. Amid different battery technologies, significant progress was
made for lithium-based (Li-based) batteries due to their relatively higher en-
ergy density and specific energy. In [14], it is shown that Li-air and Li-sulfur
were cost-effective compared to Li-ion batteries. Despite the advantages of
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lithium-based batteries, they cannot store significant power fluctuation in grid
applications due to their low specific energy, i.e., 250 Wh/kg. A large number
of batteries are required to provide sufficient reserve for the grid. In [15], it
is shown that combining metal-ion batteries and capacitors in a hybrid system
can comply with future energy storage requirements. In addition, flow battery
technologies can provide energy storage with higher power capacity and dis-
charge time. Flow batteries use two electrolyte reservoirs for electrolyte flow
which are separated by a membrane. The storage volume of the electrolyte
determines the energy capacity, and the power is a function of the electrodes
surface area. Redox flow battery technologies have improved to be employed
in storage applications with renewable energy sources, providing higher per-
formance, e.g., power capacity, density and charge and discharge rates, while
using non-toxic material [16, 17].

Hydrogen storage is among the most promising technologies to support
the integration of renewable energy sources into the power system. In off-
grid applications, hydrogen storage devices have been considered as one viable
solution for power generation and energy storage [18]. Also, hydrogen energy
systems integrated into a network offer significant advantages by providing
flexibility to the power system, which helps to maintain the balance between
electricity generation and consumption. The intermittent renewable electricity
can be reversibly stored as hydrogen and re-injected in the grid by using a fuel
cell, in the scale from kWh to GWh of energy. In large scale applications, where
the volume occupied by the storage system can be of concern, hydrides and
intermetallic alloys are promising and competitive solutions [19,20]. In [21],
it is shown that hydride, i.e., ABs, NaAlH4, and MgH;, can considerably
reduce the volume required to store a large amount of energy. Hydrogen-based
systems allow the decoupling of the power and energy characteristics of the
system, which makes them more expandable and leads to a longer storage
period and lower capital energy costs compared to batteries [18]. Further,
hydrogen is not necessarily need to be processed in a fuel cell. It can be
coupled within a natural gas combined cycle plant or hydrogen fuel stations as
a clean energy vector, allowing decarbonisation of electricity and automotive
sectors [22]. Given these advantages, hydrogen can play a fundamental role in
future power systems to provide flexibility for higher integration of renewable
energy sources and accelerate the reduction of carbon emissions.

1.2.2 Curtailment

The rapid growth of variable renewable generation has resulted in system
integration challenges and has increased curtailment levels in the last few years.
Therefore, the grid operational strategies need to be adapted to ensure secure
and cost-effective integration of the increasing share of renewables and prevent
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a higher level of curtailment in the coming years. The term curtailment refers to
reducing renewable electricity output below what could have been produced at
that moment due to the system requirements, e.g., inertia and priority dispatch,
or transmission constraints, e.g., grid congestion and faults. As illustrated in
Fig. 1.3, the share of dispatched-down increased in the countries with wind and
solar PV generation. This was because of the change in load patterns caused
by the Covid — 19 demand shock and higher variable renewable generation.
As shown, the share of curtailed wind and solar PV increased in the United
States, Australia, Spain and Italy while remaining stable in Germany and Great
Britain [23]. The curtailment level in China has been reduced from 20% of
VRG in 2012 to less than 5% in 2020. This improvement is despite the fact
that China’s renewable capacity has grown during this period and currently
accounts for 50% of the global growth. The curtailment was mainly caused by
insufficient transmission capacity, lack of flexible generating units and demand-
side flexibility. Therefore, China started to improve the curtailment situation
by commissioning additional inter-provincial transmission capacity, improving
market operations and grid operational strategies, e.g., generation scheduling,
forecasting, and constructing wind power dispatch systems [23,24].
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Figure 1.3: Wind and solar PV generation curtailment by country
[23].

Although regular curtailment of variable renewable sources has not been
critical in many power systems so far, the rapid increasing share of VRE
means that dispatch-down of non-synchronous generation may be required in
the future. In [25], it is discussed that although curtailment of renewable
generation might appear as a loss, it can be a rational option to avoid high
grid investment and operational costs when expanding the renewable variable
generation capacity. Curtailment can be an optimal option from a power systems
operation and cost-efficient perspective up to a point where the marginal cost
of not curtailing equals the total value of the lost energy. However, curtailment
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has also negative influences on the systems operation costs. As a result of
the renewable curtailment during excess power supply, conventional power
plants must compensate for the reduced share of the consumer load covered by
renewable energy. Also, the curtailed energy cannot be restored to the system
later when the electrical load increases. Therefore, curtailment gives rise the
higher fossil fuel consumption and corresponding emissions of conventional
power plants.

In [26], it is shown that sub-optimal operation of non-dispatchable energy
sources, and using that headroom, can create marginal reserves and enables
renewable plants to participate in the ancillary market. The flexible operation
of variable renewable energy sources can provide the opportunity to support the
electric power system while creating economic revenue for VRE owners. Wind
power plants can respond to grid frequency increases by reducing the output
power through torque or pitch control [27]. However, downward frequency
regulation can only be provided by operating them below maximum output
levels [28], creating enough headroom to increase the power at the operating
wind speed. Solar plants can also provide frequency regulation by regulating
output power through electronic controls [29]. However, curtailment or sub-
optimal operation could have a significant economic impact on wind or solar
power plants.

1.2.3 Demand-side management

One of the solutions to accommodate increasing variable energy sources in
the power system is to develop a new dynamic equilibrium by increasing the
flexibility on the electricity demand side. Demand-side management (DSM) or
demand-side response (DSR) is the modification of the consumers’ electricity
demand to match/accommodate changes in power generation. Changing load
patterns of residential, commercial and industrial users to provide flexibility
to the power system is a bilateral scope. From the electricity consumers per-
spective, energy consumption schedules can minimise the operating costs with
financial incentives or an advantageous tariff offer strategy. While, from the
Transmission System Operator (TSO) perspective, the goal is to utilise demand-
side management to maintain the grid stability and minimise the operating cost
of the power system. Demand-response regulation and implementation have
progressed further in 2020 and 2021 by developing favourable policies in sev-
eral countries to facilitate widespread demand-response deployment in power
markets. However, the global capacity of flexible assets in the residential, com-
mercial and industrial sectors must be ten times higher than today by 2030 to
support Net Zero Emissions by 2050 trajectories. The electricity system flexi-
bility, i.e., hour-to-hour ramping ability, need to be enhanced more than double
by 2030 to accommodate the expanded variable renewable sources. According
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o [23], battery storage and demand-side response should become significant
sources of flexibility in 2030, providing a quarter of flexibility needs globally.
From the technological perspective, a certain level of technical adaptation of
residential and industrial users is required, e.g., smart control and automation
systems, to ensure the effective contribution of electricity loads in demand
response programs. Fig. 1.4 illustrates the increasing volumes of demand-side
response in the central scenario.

1.3 Demand response operation of chemical processes

The intermittent and inertia-less nature of renewable sources threatens the grid
robustness with significant disturbances, e.g., capacity losses and frequency de-
viations. Therefore, the need for demand-side management/demand response
of industrial loads has become of great importance. The contribution of in-
dustrial users in demand-side management has largely involved a price-based
response, in which plant operations are scheduled in response to variable elec-
tricity prices. In [31], it is concluded that energy-intensive industrial processes
with high specific electricity costs, i.e., electricity costs per gross value added,
have a high potential to participate in demand response programs. The elec-
tricity cost thereby comprises a considerable share of the total operation cost
of the processes. Also, the industrial plant must be able to modify its power
demand quickly without affecting the production quality. A price-based de-
mand response can be applied in different industrial applications such as steel
furnaces [32], chlorine production [33], air separation units [34, 35], cement
plants [36], pulp mills [37] and glass furnaces [38]. In this context, several
operating strategies have been developed for the optimal coordination of elec-
tricity consumption and production. In [39,40], the power consumption of steel
plants is scheduled in a price-based demand response framework. In [41,42],
the process scheduling is assessed for air-separation units for optimal con-
tribution in demand-side response programs. Although price-based demand
response allows the TSOs to estimate electrical loads, it does not guarantee the
loads behaviour and the resulting impact on the grid operation. Also, priced-
based demand response might lead to rebound peaks. These are large increases
in electricity consumption after a demand response event in off-peak condi-
tions [43,44]. Therefore, some uncertainties remain regarding industrial load
behaviour and its impact on the operation of the grid. Moreover, price-based
demand response is slow, and it does not provide direct control to react to fast
frequency variations to stabilise the power grid.

The deficiencies of price-based demand response have led to the increasing
need for fast demand response programs that provide the TSOs with direct
control of electrical loads. In this context, grid balancing services can rebal-
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in the central scenario [30].
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ance supply and demand and maintain grid frequency at the reference value
(50 Hz). The services for frequency regulation can be implemented using
fast ramping reserves that can react to the grid frequency variations. The
chemical processes with adequate flexibility potential can contribute to fast-
paced demand response programs by flexible operation of their components
with a fast dynamic response, e.g., electrolysers, compressors, pumps, fans
and electric heaters. Several energy-intensive chemical industries can provide
frequency regulation services as Balancing Service Providers (BSPs) or Flex-
ibility Service Providers (FSPs). In [31,45,46], it is shown that processes
such as chloralkali electrolysis, Liquefied Natural Gas (LNG) plants, cement
processing plants, and aluminium smelters have the technical potential to pro-
vide balancing services. In [47-50], it is shown that the processes with the
capability of discrete power changes, e.g., bitumen, cement, paper production
processes and industrial meting pots, can provide continuous power regulation
through combining on/off switching of discrete load units, e.g., bitumen pro-
cesses, cement crushers or paper mills. Moreover, it is shown that frequency
regulation can be provided by applying proper optimal scheduling and control
algorithms with a limited impact on the process units. In [51,52], ancillary
service provision is assessed for aluminium smelters.

Moreover, there are several chemical processes whose slow dynamics can
absorb fast power input variation with negligible impact on product quality.
These processes consist of subsystems with higher time constants in the order
of minutes to hours. Therefore, they can absorb the fast variation in input
signals such as frequency dispatch signals. In [53], the feasibility of providing
frequency regulation by conventional chemical processes with slow dynamics,
e.g., distillation and cooling towers, is investigated. The authors have stated that
chemical processes such as water-methanol distillation systems can participate
in the ancillary market due to their capacity in damping the dominant high-
frequency harmonic content of frequency dispatch signals. These systems
can absorb the fast variations of the power offtake with negligible impact on
product quality, similar to electric arc furnaces that treat the dispatch signal as
a disturbance instead of a reference signal.

1.4 Frequency control and ancillary services

In electrical power systems, the active power generation and consumption must
be maintained in constant equilibrium. The grid frequency reflects the ability
of a system to balance electricity supply and demand, and it is determined by
the rotational speed of the synchronous generators. Disruptions in this balance
lead to a deviation of the system frequency from its nominal value. Therefore,
grid frequency is a measure to prevent grid instability and undesired technical

11
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and economical problems. The current grid operating rules apply tight grid
frequency tolerances to ensure a full and rapid response to disturbances. Fig. 1.5
illustrates the reserve capacities used by TSOs to cover the system imbalances
and restore the frequency to its setpoint value. Three reserves are activated
consecutively to restore the frequency after an imbalance:

* Frequency Containment Reserve (FCR): A frequency disturbance im-
pacts the entire synchronous zone when power imbalance events occur.
Therefore, all interconnection partners collectively provide FCR to re-
store the equilibrium between power generation and consumption, en-
suring that the grid frequency is maintained within allowed limits. The
synchronous power plants detect changes in frequency and automatically
adjust operations of online generators to maintain frequency within the
desired range. Historically, primary frequency response was provided by
a series of synchronous generators. However, many other technologies
with high reactivity, such as electrolysers, can also provide FCR and
support the power grid. FCR is activated within the time frame of 30
seconds and reacts proportionally to the frequency deviation. According
to the TSO regulation, 50% of the contracted volume must be activated
within 15 seconds and 100% within 30 seconds.

* Automatic Frequency Restoration Process (aFRR): The primary con-
trol can rebalance power and stabilise the frequency, but it does not
restore the grid frequency to its nominal frequency. Moreover, the con-
tribution of control blocks in the primary control in the interconnected
system leads to the deviation of power interchanges between individual
control blocks from the scheduled values. Therefore, the activation of
aFRR is required to cancel the steady-state frequency error and restore
the system frequency to its nominal value of 50 Hz. Also, the function
of aFRR is to drive the power flows with adjacent control areas back to
their scheduled values, thus ensuring that the full reserve of activated
FCR will be available again. Based on the TSO regulation, the aFRR
provider must deliver the contracted volume within 30 seconds and be
able to supply this reserve for at least 7.5 consecutive minutes.

* Frequency restoration via manual activation (mFRR): mFRR is man-
ually activated at the TSOs request in the event of a substantial significant
or systematic imbalance and significant congestion that cannot be cor-
rected by FCR or aFRR. mFRR is activated to schedule the output levels
of online generators and the interarea power flows. mFRR must be fully
available within 12.5 minutes.

Ancillary services refer to a series of services that help the TSOs maintain
a secure and stable operation of the power system. The Belgian TSO (Elia)
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Figure 1.5: Activation process of Elia’s reserve capacity [30].

arranged a balancing market to utilise the flexibility offered by Balancing
Service Providers (BSPs) to maintain the balance on the Belgian grid in real-
time. BSPs can participate in FCR, aFRR or mFRR, depending on the flexibility
of their systems. Elia has developed different ancillary products to exploit the
wide range of potential flexibility sources. The diagram in Fig. 1.6 illustrates
the time horizon of the ancillary market mechanisms to support the grid.
In this mechanism, the BSPs must nominate an energy portfolio one day in
advance (day-ahead) that guarantees the power equilibrium in the coming day.
Market parties and system operators use forecast tools to anticipate the system
variations with the highest possible accuracy on a day-ahead and intraday basis.
Therefore, they can schedule their portfolio, manage their operations, and cope
with the uncertainties in the demand and supply. By moving further, closer
to real-time, intraday and real-time flexibility will be used to solve possible
imbalances in the system. Therefore, the market must have adequate flexibility
to offset forecast errors in electricity generation and consumption, particularly
with regard to renewable energy sources.
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1.5 Objectives and challenges

The transition towards low carbon energy systems with the increasing share of
intermittent renewable energy has led to a paradigm shift in the power sector.
In these circumstances, the active participation of large electricity consumers
in the ancillary market becomes more important in order to provide flexibility
to the power system and to stabilise the future grid. The flexibility provided by
the frequency adaptive electricity consumers will also allow the power system
to accommodate the more stochastically fluctuating power generation of
renewable energy sources. In this context, several energy-intensive industries
have the potential to engage in demand response programmes. However, the
demand response operation of industrial loads has not been taken forward
swiftly due to a number of uncertainties, i.e., of economical, technical or
regulatory nature. Therefore, the following challenges should be addressed to
ensure the secure and cost-efficient contribution of chemical processes in the
ancillary market:

Technical feasibility

Classically, chemical processes are planned to run continuously at their
nominal capacities with predetermined setpoints, or their operating point is
only varied slowly based on product demand. The electrical flexible operation
of chemical plants as BSPs or FSPs is usually not foreseen in the planning phase
of a plant. Moreover, the operation of a process is subject to strict constraints,
i.e., with regards to safety and product quality. Therefore, the demand response
operation of chemical processes without extending the flexibility of the process
can violate these restrictions and lead to severe economic losses or threaten
operational safety. The ramp rate of the process, i.e., rate of change in power
demand, is restricted to its nonlinear dynamics and operational constraints,
e.g., safety, product quality and wear. Therefore, applying fast ramp rates and
fulfilling the grid requirements is not straightforward. Therefore, a suitable
control architecture is required for the flexible operation of chemical processes
to satisfy grid services requirements while maintaining process efficiency.

Economic viability

The economic performance of chemical plants is questioned under flexible
operation dealing with grid and market uncertainties. For active participation
of the chemical processes in the ancillary market, careful analysis is required
to ensure the economic viability of the ancillary service provision. The lack of
a proper operating/investment decision-making framework in current market
structures is one of the most significant barriers to the demand response
operation of industrial loads. Therefore, a decision-making algorithm is
needed to maximise the economic performance of chemical processes in the
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presence of uncertainties in the energy and ancillary market.

Based on the above, the research objectives of this PhD thesis are:

1. to analyse the technical feasibility and economic viability of the flexible
operation of a chemical CCU process supplied with wind energy

2. to develop the necessary tools to operate such a system flexibly, i.e.,
models, control algorithms and decision support systems



1.6 Thesis outline

1.6 Thesis outline

The following chapters of the thesis contain the research results of this PhD.
Combined, these results answer the two objectives defined above. Fig. 1.7
graphically shows the coherence of the different chapters and helps to under-
stand how the topics are related.
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Figure 1.7: Overview of the chapters in this dissertation.
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Chapter 2

Chapter 2 focuses on the flexible operation of a large PEM electrolyser con-
nected to the grid. Electrolysers are energy-intensive systems with favourable
dynamic properties, making them particularly suitable to provide frequency
support services. The results presented in chapter 2 are published in [54].

Chapter 3

Electrolysis provides an essential source of hydrogen in many CCU based
chemical processes. Hence, chapter 3 expands the topic of chapter 2 into a
study on the flexible operation of an entire chemical process for the synthesis
of formic acid. Next to the flexible operation of an electrolyser, this study adds
flexible operation of multiple compression stages and the reactor itself. The
results presented in chapter 3 are published in [55].

Chapter 4

In chapters 2 and 3 the electrolyser and chemical process are connected to the
grid. A renewable energy source is not yet involved in the analysis. How-
ever, the flexible operation of wind turbines was also a topic of investigation
throughout the PhD work. Several control methodologies to control the torque,
pitch and power were developed in the research group to allow for this flexible
operation. Also, the impact of these control methodologies on the structural
loads and pitching system were analysed. Chapter 4 presents the portion of
this research for which the author is the main investigator, which is published
in [56]. Next to this, the author contributed considerably to the related study
published in [57], which is not reported in this PhD manuscript.

Chapter 5

Chapters 2, 3 and 4 respectively study the flexible operation of electrolysers,
chemical processes and wind turbines. These topics are brought together in
chapter 5 in which a novel flexible operation strategy is presented for a chemical
CCU process supplied with wind energy. Chapter 5 fuses the research presented
in the previous chapters and realizes the general research objectives of the PhD.

Chapter 6

Chapter 6 presents a summary of the research outcomes of this thesis and
concludes this dissertation. The potential future research topics and further
possible flexibility challenges are consulted regarding chemical processes in
combination with wind energy.
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Chapter 2

Opportunities of Power-to-Gas
Technology for Offering
Flexibility to the Grid

As the integration of renewable energy sources is becoming increasingly im-
portant to meet the net-zero emissions target, novel energy solutions are needed
to compensate for the variability of renewable power generation, e.g., wind and
solar photovoltaics, and offset the supply and demand mismatches. In this
context, power-to-gas technology can provide flexibility for the grid by the
direct conversion of excess renewable power generation into hydrogen through
Polymer Electrolyte Membrane (PEM) electrolysis. The generated hydrogen
can be blended into the natural gas network to make a more ’green’ natural
gas mix for heating, electricity and mobility applications. Therefore, injecting
hydrogen as a green energy vector into existing gas infrastructure can boost or
even replace natural gas, mitigating greenhouse gas emissions. Furthermore,
it can offer flexibility to the grid by utilising surplus renewable electricity.

This chapter studies the technical requirements for primary reserve
provision with a large hydrogen PEM stack electrolyser of 25 MW. A dynamic
study is performed to analyse the technical capability of providing primary
reserve with this system. A techno-economic model is suggested to analyse the
revenue of the Frequency Containment Reserve (FCR) provision, including
capital costs, operational costs, the revenue of the generated hydrogen and
oxygen products and the ancillary service income. The specific case of the
Belgian transmission system is considered for inclusion of electricity prices,
grid frequency changes and other technical limitations.

The contents of this chapter are published in [1,2].
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Abstract: As the share of renewable energy sources increases, the grid fre-
quency becomes more unstable. Therefore, grid balancing services will become
more important in the future. Dedicated devices can be installed close to the
point where off-shore wind farms are connected to the transmission grid on
land. There, they can be used to attenuate power variations, reduce congestion
and offer grid balancing. The provision of these ancillary services can create
a considerable additional economic revenue. In this study, the provision of
primary reserve by means of a large hydrogen electrolyser of 25 MW is inves-
tigated for the specific case of the Belgian transmission system. The revenue
of the provision of the Frequency Containment Reserve (FCR) is analysed on a
techno-economic model, including capital costs, operational costs, the revenue
of the generated hydrogen and oxygen products and the ancillary service in-
come. The revenue depends strongly on the contracted power-band. Therefore,
it is optimised to yield maximum revenue. The results show that providing FCR
creates a considerable additional revenue. Therefore, a large electrolyser can
be a good candidate to buffer excess renewable energy into green gas while
simultaneously providing grid support.

2.1 Introduction

The electric power industry is changing continuously due to a growing diversity
in the energy mix. This is mainly caused by the increasing share of renewable
energy sources. Global warming and climate change are the main reasons for
a rapid global transition towards renewable energy generation. Furthermore,
fossil fuel reserves are being depleted progressively while the demand for
energy keeps increasing. Also, the Levelised Cost Of Energy (LCOE) of
renewables has decreased drastically to a level where it is cheaper than classical
energy sources, e.g., natural gas or nuclear energy. Clearly, a more diverse
energy mix is needed, which requires a change in the structure and operation
of the conventional power system.

Besides the positive aspects of increasing the share of renewables in the
energy mix, the technical feasibility of integrating variable renewable sources
should be considered. Due to the intermittent nature of these sources, they bring
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more fluctuations and uncertainty into the grid and complicate its operational
management. However, as wind and solar power are the fastest growing sources
of electricity, their effects must be taken into account [3,4]. For example,
the inertial response of the grid on power imbalances is determined by all
rotating masses of the turbo-generators in the system. However, renewable
power sources such as wind turbines and photovoltaics do not possess directly-
coupled rotating inertia, which reduces the robustness and stability of the power
system [5-7].

Different solutions such as Energy Storage Systems (ESS), Demand-Side
Response (DSR), and curtailment of variable renewable energy sources have
been suggested to manage the energy flows and increase the flexibility of the
grid [8—11]. ESS with a certain degree of flexibility can be used to charge,
hold and discharge the electricity according to the condition of the grid. Stor-
age technologies with different characteristics have been developed to provide
electrical storage for a wide range of power, i.e., Pumped Hydroelectric Storage
(PHS), batteries, flywheels and hydrogen technologies. Pumped hydroelectric
storage has a long discharge time and a large power storage capacity is counted
as utility-scale energy storage. Though pumped hydroelectric energy storage
is well suited for bulk power management, specific geographic conditions are
required, i.e., geologic and hydrologic constraints. Batteries with a fast re-
sponse have the potential advantage to be used for frequency regulation [12].
However, this technology, with its low energy density (energy per unit volume),
is not able to store a large amount of energy. Therefore, for a grid-scale battery
system, a large number of cells is required to store the excess electricity produc-
tion. Flywheel energy storage systems can provide immediate active power to
support the grid. Their main advantage is the fast response time, which makes
them suitable for frequency regulation. However, compared to other storage
systems, they have a shorter discharge time and power storage, i.e., up to 1
MW for less than an hour. hydrogen storage systems have higher performance
in terms of energy storage, i.e., | GWh up to 1 TWh, and a discharge time
compared to the aforementioned storage systems. Therefore, hydrogen, as an
energy carrier, can be one of the possible options for voltage and frequency
stabilisation [13—15]. Despite the advantages of hydrogen storage systems, the
direct conversion of electrical energy to hydrogen is not economically viable
due to the high electrolyser costs and relatively low hydrogen price. Never-
theless, hydrogen storage systems can play a fundamental role where a high
amount of renewable energy is available, and more grid support is required.

Studies show that electricity-based hydrogen plays a key role in reducing
greenhouse gas (GHG) emissions in the future of the European Union (EU).
hydrogen, as a clean vector, is used in fuel cell based electric vehicles which
leads to a de-carbonisation of the transport sector. Moreover, hydrogen can
contribute in the energy market as a provider of flexibility [16, 17]. The results
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of a recent techno-economic assessment of the hydrogen production mix for
road transport explains that the electrolyser could act as a key technology to
fulfil its hydrogen demand in the medium and long term [16]. It is found
in [17] that the most important techno-economic properties of electrolysers
are their ability to operate flexibly and the efficient conversion of electricity
into hydrogen. These studies show that electrolysers have a positive effect
on frequency stability, as electrolysers are able to respond faster to frequency
deviations than conventional generators [18].

Large-scale electrolysers are an energy-intensive technology that can be
operated to support the grid by regulating the input power based on the grid’s
condition, i.e., to deliver ancillary services. Therefore, additional revenue can
be generated by participating in the ancillary markets. In the recent research
conducted by Mohanpurkar et al., the performance of electrolyser systems in
providing grid support was investigated. The dynamic response of an electrol-
yser participating in demand response, local voltage support, and frequency
support was tested by utilising the fast response of the electrolyser, i.e., subsec-
ond level. The results verified that electrolysers can be utilized as controllable
loads without negatively impacting their lifetime. However, the economic
analysis and exact economic benefits due to participating in the demand side
response were not covered in [19]. Based on the findings of Allidieres et
al., PEM water electrolysis stacks/plants represent sufficient flexibility and re-
activity to provide primary and secondary power reserves. However, it was
concluded that the existing technology requires further developments to reduce
efficiency losses and degraded power responses in the conditions of interest
for grid services [20]. Matute et al. [21] performed a techno-economic anal-
ysis of multi-MW electrolysis plants designed to provide grid services while
producing hydrogen for different end uses. The results showed that combining
multi-MW electrolysers with the provision of secondary reserve in Spain is
a valid option to obtain cost-competitive hydrogen for different applications.
However, a sufficient hydrogen demand is required for the profitability of a
hydrogen refueling station network [21].

In this article, a techno-economic analysis is performed of a 25 MW PEM
electrolyser installation in Belgium, planned to provide grid services while in-
jecting hydrogen into the natural gas pipeline. Different electrolyser operational
strategies are investigated to find the optimal method of running the electrol-
yser, which maximises the economic return. Later, an electrolyser system,
i.e., cell stack and controller, is developed to examine the controllability and
reactivity of the electrolyser operating with the proposed strategy. A numerical
model is developed in Matlab to assess the economic benefits of running a
large-scale electrolyser with two different strategies. In the first strategy, the
power consumption is varied based on the electricity price variations on the
Epex Spot market. As price variations are correlated with the balance of the
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grid through the supply and demand principle, this operating strategy is a form
of grid balancing. In the second strategy, the economic return is maximised by
providing FCR as an ancillary service. Once the optimal operating strategy is
determined, an electrochemical model of the electrolyser is developed to test the
system response under the most extreme variation in the grid frequency. In this
article, we propose an optimal strategy for operating a large-scale electrolyser
in Belgium. The main contribution are:

* Maximising the economic efficiency of a large-scale electrolyser instal-
lation

* Optimal contribution of an electrolyser in the Belgian ancillary service
market

* Technical validation of the proposed strategy for providing symmetric
100 mHz frequency containment reserve

* Monitoring the response of the dynamic model to the maximum fre-
quency variation in the year 2017

» Suggesting a generic techno-economic model which can offer useful and
incentive information for the hydrogen sector to improve the economic
viability of electrolysers by providing grid balancing services

This article is organised as follows: § 2.2 describes the business case
and methodology. The optimisation of the electrolysers power consumption
is described in § 2.2.1. § 2.2.2 explains the strategy of providing ancillary
services to the grid. The electrolyser degradation and modelling is discussed in
§ 2.2.3. The optimisation and simulation results of each strategy are presented
in § 2.3.1 and § 2.3.2. The PEM electrolysers dynamic response to the grids
condition is discussed in § 2.3.3.

2.2 Methodology

Since hydrogen production through electrolysis is an energy-intensive process,
the electricity price is of vital importance to the economic viability of the elec-
trolyser. As the first business case, the electrolyser is operated to follow the
variations in the electrici