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Commissioner for Energy KaBimsorsaid:d 2 A § K 1t p2 2F GKS 9! 0a ANBSYK2dza S
energy, we need a paradigm shift to reach our 2030 and 2050 targets. The EU's energy system has to
become better integrated, more flexihland able to accommodate the cleanest and most affctive

solutions. Hydrogen will play a key role in this, as falling renewable energy prices and continuous

innovation make it a viable solution for a climateS dzi NI f S O2y2Yeé oé



Executive summary

Ambitious decarbonization targetse introduced to combat climate chang&ccording to the European
Commission,ector couplingsrequiredto achieve these target3his includes the inclusion of renewables
into sectors that are difficult to decarbonizeut also using resources more efficient, and introduciew

clean fuels. Recent researdtas examinedthe increased integration of renewables into the energy
system,or the coupling with other sectors, such as the heating industry. However, a paucity of studies
investigatedthe integration of the transportation sector with the power sector based different
configurations of hydrogen supply chains, with hydrogea asdal ®nnector.Some studiesooked into

the decarbonization of the transportatiopector butdiminished to explore how theoupling based on
hydrogen supply chainscluding hydrogen storagsould support the grid by providing balancing services.
Therefore, theaim of this studywas to examine potential designs fmnewablehydrogensupply chains

to provide joint applications, which are satisfying a hydrogen mobility demand, as wphowgisling
balandng services to the power griddowever,the interconnectionof the hydrogen system within the
mobility sector, as well as the functioning power grid, based on the supply chain, poses multiple challenges
on different levels.This complex problem requires solviimgan integrated mannerin that regard, this
thesisproposes a modelling approach ftire optimal functioning ohydrogen generation and storage
supply chainsHerebythe objective of the function is to maximize the profit of the supply ch#insugh

the supply of hydrogen fuel to thaobility sector and the&ontribution of balancing services to the power
grid. The proposed optimization model is employed to perform a teecBoonomic comparison of two
supply chain configurations:distributed onsite supply chain, in which the hydrogéngenerated at the
fuelling stations anda centralized offsite supply chaipnwhere the hydrogen is centrally produced and
afterwards transported to the dispersed fuelling statioBsth scenarios arquantitatively studied under

two operating conditions which are onhselling to the mobility demand, and providing ancillary services
to the power grid concurrentiMt was found thatboth distributed and centralized hydrogen generation
and storage supply chains can be used to offer hydrogen fuel to tmspratation sector as well as
provide different ancillary services to the grid. Furthermore, the numerical findings show that when both
supply chains are planned and run concurrently for various ancillary services, the highest improvement in
terms of finartial parameters can be observed. The results also indicate that the profitability of the
distributed and centralized supply chain is comparable under various operating conditions. However,
while the distributed supply chain system presents better econgmeiéormances than the centralized

supply chain system under the performed conditions, the centralized hydrogen supply chain has greater



technological benefits than the distributed supply chain in terms of flexibility. Whereas the decentralized
supply chains more beneficial for smaller demands and a more isolated operation, the centralized supply
chain can provide higher values to investors who must deal with larger demands and more interconnected
systems. Because the majority of geesystems will be opeted by larger system operators, and the
supply chain, including fuelling stations, will be increasingly connected to the energy sectors rather than
operating independently, the centralized alternative is likely to be the most beneficial investment. The
analyses reported in this study are useful to interconnected investors or system operators for assessing
the technical and economic viability of the widespread deployment of distributed and centralized
hydrogen generation and storage supply chains integratétl the power grid. Future research might
investigate other system configurations, such as including the hydrogen backbone into the operation or
integrating the hydrogen supply chain with diverse industries, such as the heating sector. Different
renewabk energy sources, such as biomass or hydropower, might also be included. Other research might
involve dynamic hydrogen pricing or the engagement of various distribution modalities with global
demand points. Finally, for the supply chain systems to be ss@ule the social aspect must be
considered, in which numerous market regulatory and governance impediments must be identified and

exploited.

Keywords¢ Sector integration; Mobility sector, Power gridydrogen generation and storage supply

chains Ancilary servicesMulti-objective optimizationScheduling schemé&enewable energy sources
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1. Introduction

In December 2019, The European Commission introduced an ambitious set of proposals to help
communities share and implement measures to combat climate change (Eur@mamission, 2021a).
The initiative commits to ambitious decarbi@ation goals, including reducing the net greenhouse gas
emissions by at least S%rcentby 2030, compared to 1990 levels, aachievingclimate neutrality by
2050 (European Commission, 2021Bach sector, such asdustry, construction, energyagriculture,
domestic heating, and transportatiorhas its own set of sciencebased targets to achieve the
decarbonization goald-or instance, the transportation sectarust introduce new policies tocrease
efficiency, support electrification, and promote the use of loarbon fuels and vehicles (ICCT, 2021),
while the energy sectois also heavily promoting deep carbonization, it has to accelerate the uptake of
renewables andcope with the consequaces ofthe increased electrificatignsuch as congestion
(European Comission, 202However,the study of sectoral transformationsonsideringthe existing
national determined contributions reveatbat the transportation sector is lacking behinte global
targets for 2030 and 205QREN21 2020; WWF, 2018. This is because,edpite energy efficiency
AYLINR@GSYSyiGhaz yz2idlofe Ay NRIR GN}yaLRNIX (GKS ydzYa
leading to a steady rise in energy demdndtranspot. Taking into accountie fossil fuel dependency of
the transportation sector, with only 3gercentby far the lowest share of renewalbdmergy usagamong
end-use sectors, a tohas to be transformeda reach these goals (REN21, 202B)ectrifyingthe
transportation sectord one of the potential solutiong.his means using high shares of renewables from
the power sector for applications where possible, such as road molAlitgther potential solutionis
promotingclean fuelssuch as hydrogen, biofuels, or biogas (European Commission, 282da)ding to

the European Commissigan integrated energy system is required to accomplish these gi@ils means
bridgingthe gap between the transport and energy sectors to support universatjegifi safe, and green
mobility. The World Banktatedthat utilizing synergies between the ansport and energy sectanight
increaseenergy efficiency and mitigate the climate imp&Piette, 2021)However, the existingectors

are still based on many parallel and vertical energy value chainsnwittrosssectional connectionshis
means thaboth sectoshave their own value chains, norms, infrastructures, planning, and operéiain
strictly bind certain energy resources to specific @rsg industries, resulting in enormous enekggste
(European Commission, 2021hk) these sectors, for example, the eneffgy the transportation sector
provided by the processes is produced from fossil fuels, and even though the energy asotouns

based on fossil fuels, they are usually developed and operated sepaBésigleghis, the energy sector

13



is ready to be decarbonized but the transportation sector requarelange in thdundamentalprocess
setup and transportation mode§Zachmann et al., 2021)n order to achieve cet-effective carbon
neutrality by 2050, this ha®tbe changedThis include$actoring the changing expenses of hew solusion
into the operation of the energy systenwhereby new crosssectoral connections and technology
advances must be tested and exploited.

According to IRENA (2019), hydrogen couldib& S Wy 2RI f Q AYGS3INF G2NI Ay (KSE
technical perspectivelhis is becauseyldrogen enables significant volumes of renewable energy from the
power grid to be directed into industries, such as the transportation sectdrere electrificéion, and
hence decarbonization, is rather challenging (IRENA, 26i®@)ever, this energy sector integration
solution is highly dependent on the widespread deploymemd development of renewablenergy
sourcesas well aghe evolution of the electricityand transportation sectol RENA, 2019

In the following sections, a description is given to provide an overview of the situation in the electricity
sectorincluding the deployment of renewable generatjas well as theole of hydrogen. Subsequently,

the transportationsector is highlighted, whereafténe possible integration of the sectors using hydrogen

asanodalintegrator isdescribed

1.1.Electriaty sector andhe role of renewablenergyand hydrogen

Over the pasdecadesan increasing amount of renewable eneigysed tdulfil part of the demands of

the electricity sectorBetween 2000 and 2020, global renewable power generating capacity expanded
3.7-fold, from 754 GWo 2799 GW, as costs fell drastically because of continuously improving technology,
economies of scale, competitive supply chains, @mthanceddeveloper experience (IRENA, 2021).
According to the European Commissionisthas to be expandetb achievenet-zero emissionsThe
European Commissi@xpectghat the decarbonization plans are predicated on the widespread adoption
of renewable energy technologiesuch as wind and solar across all energy secfBrgopean
Commission, 202)bln 2021, the instadld offshore wind capacity in the Netherlands was around 2.5 GW,
but according to the coalition and climate agreement it is set to increase to 11 GW in 2030 (Rijksoverheid,
n.d., a. Similarly, the installed capacity of solar energy in the Netherlands etae icrease from 3.5
TWh in 2020 to at least 35 TWh in 2030 (Rijksoverheid, n.dzrdon these, the offshore wind capacity is
expected to account for approximately p@rcentof the total electricity consumptiorAs wind and solar
energyproducerespectively around 11 and 46 g @WNh of electricity generated, compared to 980 g
CQ/kWh for coals and roughly 465@Q/kWh for natural gasit candrive down the carbonemissions

14



(U.S. Department of Energy, 202lpwever, to achieve climatgeutrality in2050, the capacity has to be

expanded even further.

To increase the capacity, several factors need to be considered, for instenicgerent intermittency,
fluctuation, and difficulty in forecasting on the existing power sys{&tton, 218). More specifically,

wind electricity generation is obviously dependent on the weather and, more precisely, wind speeds.
Similarly, solar electricity generatiatependson the total solar irradiance. This weather dependency
poses new challenges in timef highor lowwind and solar penetration in the electricity grid. Due to the
intermittency of wind and solar power generation, the supply does not always matclkeldwtricity
demand The electrification of the energy sector, on the other hand, witliBgantly increase the overall
demand on the electricity grid as well (NREL, 2018). Because both the supply of renewable energy,
especially the capacity of wind energy in the Netherlands, anelinericity demandare expected to rise
significantly in tle future years, the temporal mismatch between power output and consumption is rising.
The frequently occurringmismatch requiresmore flexibility solutionsin the energy systemsuch as

demand side flexibility, or storage options.

Hydrogen from renewablesould addresshis challenge For instance, ydrogen allows to channel
significant amounts of renewable eneripm the power industry tosectorsthat would otherwise be
difficult to decarbonize through electrificatiosuch as théransportation secto(IRENA, 2019l has the
ability to minimize carbon emissions from trucks, buses, planes, and shigslitionally the re
electrification pathway, in whiclstored hydrogencan be regenerated telectricity, offers a promising
longterm solutionwhen substantial proportions of variable renewable enesgurcesrequire seasonal
storage to balance the seasonality démandand generation.Alternatively stated hydrogen might
contribute to sector integration between thepower system and industry, construction, and
transportation, providing increasedlexibility whileaidingthe integration ofvariable renewable energy
(VRE) sourcemto the power systemThis neans that hydrogercan bethe connector between the
electricity sector and the industriessuch as the transportation sectoFor this it is important to
understand how the demand sectors are developifigerefore, in the next seatn, theurge totransfarm
and decarbonize théransportation sector will be lghlighted as well as the future ambitions in this
sector.Furthermore a descriptioron how the energy ystem may become more efficieahd potentially

coupled with theelectricity sectorby using hydrogenssa connector is presented
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1.2.Transportation sectoroad mobility

The transportation sector is one of the largesbntributors of emissionsin Europe. Today, the
transportation sector accounts for aroundt percentof the total Europel | YA 2y Qa 3INBSY K2 dz
(McKinsey, 2020)n 2020, the transportation sector emitted nearly seven gigatons of carbon emissions.
Moreover, the rapidly expanding transportation demand, driven by the economic growth of the world, is
likely to result in a ensiderable increase in transportation emissions in the future decades (The World
Bank, 2021).

Within this sector, road mobility is significantly the largest section, contributing to approximately-three
guarters of allCQ emissiongIEA,2019 AEuropean strategy for lovemission mobility E)Jas depicted

in Hgure 1 With the global shiftowards a lowcarbon and circular economihe European Commission
mobility strategy aims to facilitate the transition to a cleaner, greener, and smatrter itypbditributing

to the reduction ofthe transportation sectof2 amissionsof 90 percentby 2030 (European Comission,
2021)

Ambitious measures are crucial to reduce these emissions deeply, such as the alternative fuel
infrastructure regulation fronthe European Commission. This regulation supports the acceleration of the
deployment of alternative fuel infrastructur@cludingbinding targesfor electric vehicle charging points,

the implementation ofliquefied natural gas (LNG) netwgylor the dispersing ofrefuelling points for
hydrogen. Théatter target includesachiewngthe network, whicineedsto be accomplished by 2030 and
2035 respectively, with every 150 km one hydrogefuelling station along with theTransEuropean
Transport Network TENT) core network whichconcernghe establishmentaindexpansiorof a Europan

wide network of railway lines, roads, inland waterways, maritime shipping routes, ports, airports and
railroadterminal (European Comission, 202and in every urban node seng both lightduty vehicles,
including passenger cars and healuty vehicles (European Commission, 2021). Another crucial ambition
to stay below thewo-degreescenario of the Paris Agreementhichestablishesa global frameworkor
avoidng severeclimate change bynaintainingglobal warming belov2°C andsupportinginitiativesto

limit it to 1.5°C(European Commission, 20219 to deploy around 160 million leemission vehicles in

the mobility sector, according to IEA (201These 160 million l@-emission vehicles mainly consist of
electric and hydrogen vehiclds this regard hydrogenvehiclesshould berecognizedas complementary

to battery electric vehicles (BEVs), while they may compete in some market sectors, thefistind
competitive advantage for either fuel cell electric vehicles (FCEVs) or BEVs in eachAcamding to
IRENA (2019), whereas BEVsrawmst suitableto smaller and lighter vehicles traveling short distances,

FCEVs benefit larger vehicles traveling longer distaisces, as trucks or international buses, as well as
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high usage rate vehicles, such as taMigreover, FCEVsnablescombinngthe flexibility of hydrogen with

the efficiency of BEVs, possibly making them the mostefisttive longterm choice.

Emissions by Emissions within
sector transportation sector

Buildings
12%

Aviation

Industry
25%

Figurel. CQ emissions by sect@nd sources aémissions within the transportation sector (Adapted from European Commission
(2021c)).

However, he ambitionsto include hydrogersolutionsin the transportation sectoare already highly

focused oninterconnected value chainsetween sectorEuropean Commission, 20211)starts with

renewable generation, conversion, and distributimnapplicationswhich eventuallymay result inrmore

flexibility. For this integratio, multiple options are expected to be utilizelh the next section, it is
describedhow hydrogenmight be a solution, where it cad SNIBS | &4 | WheaveehtheQ Ay (i S 3

energyand transportation sector

1.3.Mobility and electricity ector integrationusingrenewableK @ RNR2 ISy | a Wy

integrator
Accordingto the EuropeanCommissionEurope needs to transform inergysystemtowards a more
efficient and interconnected energy sectdihis includes transforming treystem of todaywhich onsist
of linear and wasteful flows of energy, in one direction only, to an integrated energy system including
energy flows between users and producers, reducing wasted resources and money, as depicted in figure
2.
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Figure2. Theenergy system of today vs the expected energy system of the future (European Commission, 2021).

This transitonhA & RSLISY RSy 2y (GKNBS YI Ay L ibciehsdtHliréct | Y 2 NE

electrification, and clean fuelg. KS Y 2 NRY USG/ASNNdHARE aNg a G S v wiickftiielsdctora |
increase itsenergy efficiencypy using waste energy for other purposes, such as heatingsidential
areas. Direct electrificatiomeans ing the high share of renewables from the power sector for
applications where possible, such as electric vehicles in transpbd.dean fuelssection consistsof
promotingrenewable hydrogen, sustainabiéofuels,and biogagEuropean Commission, 2021c)

Within the clean fuel pillarrenewablehydrogenis one of thepredicted approacheso achievesector
integration. Renewableéhydrogencan be made through water electrolysighere water is decomposed
into oxygen and hydrogen gas by using renewable electrigifier this, it has the potential to be
employedas a feedstock, a fuel, an energy carrier, or a s®@gion inthe industry transportation,
power, and construction sectarl has theimportant feature ofprodudng no or minimalemissionsand
pollutants (IEA, 2019)As a result, it provides a way to decarbonize industrial processes and economic
sectors that ardifficult to electrifyby providing storage to balancéluctuating renewable energy flows.
This, however, can only be accomplished by concerted ppbiiate action at European lev@turopean

Commission, 202)c

For thisthe European Commissiamtroduced targets whergenewable hydrogemust beproduced from

wind and solar energyra minimal amounfrom otherresources such as bioma$gA, 2019 Since there
is not enough renewable power capacity available in the near futitiris, expected thatow-carbon

hydrogen is required to cut emissions quickly amélge thetransformationinto a sustainable market.
Hence, he energymarket has to undergo major development.

In 2020,hydrogenwasonly usedas raw material for industry and refining of petroleum productbe

globalconsumptionin 2020 was around 90 Mt, with more than 70 Mt used as pure hydrogen and less
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than 20 Mt mixed with carbowontaining gases in methanol production and steel manufacturing. Almost
all of this demand is produced from fossil fuelghereas onlyaround 0.03percentis producedthrough
water electrolysis, resulting in close to 900 Mt of carbon emissions per(\eay 2021)According tahe
Europearplans, more electrolyzers will be implemented and more hydrogen will be prodéAdeny this,
the creation of amore developed and sustained hydrogen econoimgluding technologies and
applications is increasinhe European Commission has committed to asiséstonstruction ofat least

6 GW of renewable hydrogen electrolyzers and tfemerationof approximatelyone million tonnes of
renewable hydrogerbetween 2020 and 2024 Between 2025 and 2030, hydrogen must become an
integral element of the integrated energy systeimcluding & least40 GW of electrolyzers and 10 million
tonnes of renewable hyagen generatedin the EU.Furthermore, renewable hydrogen technologies
should be mature and widely adopted across all Rardlecarbonize industries between 2030 and 2050
(European Commission, 2020).

This allows hydrogen, produced by renewable electricity, to playcitical role in advancinghe
development ofan integratedenergysystem, where it canid the integration of signification amount$
variable renewable energy generation, by offloadpayver gridsduring periodsof abundant supply and
enablinglong-term storage. Itmight alsoenablelocal renewable electricitgenerationto be utilizedin a
varietyof other end-use applicationdRenewabléydrogen canfor examplepe used in vehicles, whereby

it can also be connectetb the transport and power sectors, but also buildings, whereréfaelingpoints

are located.However, the use of hydrogen in this synergetic r@e well as im costeffective way is
highly dependent on the entire supply chgBrabani, 2020 The supply chaircomprises in this sense,
the generation of hydrogen, larggcale storagdo account for seasonal intermittency of renewable
generation, followed by transportation, and distribution frormthe production facilities to dispersing
stations, to endapplicationdike the mobility sectar

But the interconnection of the hydrogen system wiiththe mobility sector, as well as the functioning
power grid, based o the supply chain, poses multiple challenges on different levels. This complex
problem requires solvingn an integrated manner. Thereforghe analysis of an integrated system
includingthe entire hydrogen supply chain to enable synergies between thetratéy sector, with

renewable electricity generatigmnd the mobility sectoshould beconducted

To address these concerng,Chapter 2 a literature reviewon the recent studies related tdwydrogen
supply chairapplications and current integratiomaong sectors will be presentead identify the existing

knowledge gaps, followed by thiefinition of research questiongquired to cover thesknowledge gaps
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Chapter 3 provides the research approach and methodologgiemented to answer the research
guestions The, the hydrogen supply chasystem including detailed description of itsomponents is
introducedin Chapter 4.In Chapter 5,He model conceptualizatioand the mathematical optimization
are presented followed bythe model formulationincludingthe experimental designs iG@hapter 6.
Chapter 7 presents the techreconomic evaluation and analysis of resufimally,an overalldiscussion

conclusion andrecommendations for private investors and systepemtors are given i€hapter8.
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2. Stateof-the-Art

In this chapteralliterature reviewon recent studies and methods dhe applcations of hydrogen supply
chainsand integration amongsectorsis described to identify thexisting knowledge gaps:irst, the
literature on the integration of renewable energy for hydrogen production and the grid is given.
Subsequently studies about the integration of hydrogen fahe mobility sector, followed by the
integration of renewableenergy, hydrogen, the mobilitysector,and the gridare described Lastly, the
modellingapproacheshat have been implemented for the evaluation of hydrogen supply chains including
different applicationsare summarized.From this overview of studies, methis, and modelling

approachesthe main research question arsib-questionsare defined

2.1.Literature review

2.1.1.Integration of renewablenergybased systemand role of hydrogen
Several studies have demonstrated the technological and econaafidity of renewable energpased
energy systems in various parts of the world, showing that renewable energy resources are sufficient to
meet energy demand in the power, heat, and transportation sectors (Hansen, 2019). Most of the studies
describethe use of renewable energy folne decarbonization of the power sector (Hansen, 2019). Blanco
et al. (2018) and Aghahosseini et al. (2019) displayed that the decarbonization of the power se&or cost
fairly less effort than decarbonizing other sectors in Eerapd America based on renewable electricity
generation with energy storage technologies, such as hydrogen. The results highlight that a stgnifica
variety of optimal energy system structures are dependent on local climate conditions and renewable
energyresourceavailability. Countries with a lot of solar irradiances are more dependent on solar energy,
while coastliner high attitudes are more ifavourof wind energy. These studies were mainly performed

for supplysidesolutions, such as renewable eggrsources integration.

However, tle integration of renewable energy sources which are closer towmsis along with the
growing shareof renewable energy, have indicatetiallengesn the energy sectoré~onseca, 2019For
instance, he emergence of idtributed energy systemand the increasing amount of renewable energy
requires atransformation on how the power systems are planned, designed, and operAtifj 2016).
Sdanghi (201%tatesthat hydrogen can play a significant role in the electricity sector in the near future
as a sustainable energy sourdeonseca(2019) showed the trendsof distributed energy generation

systems using hydrogen as energy vectorlt reveakd that the deployment of hydrogen systems in the
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energy sector auld be valuablén maintaining a secure and stable operation of the distribution network
(Fonseca, 2019Most of these studiesmnalysedthe hydrogen impacts at the level of households, small
villages, andheighbourhoodevel, according to power peak demand

However,a more integrated approacis requiredincluding the hydrogen supply cinestages and other

sectorsto improve efficiency and safeffronseca, 2019)

2.1.2.0peration of hydrogergeneration and storage systems including renewable energy
generation

Furthermore,multiple studieshavealso investigated the operation of such systems. A methodology for
the operation of a hybrid plant including wind generatjdrydrogen productionand forage is given in
Kaorpas (2006). In this work, hydrogen is aimed for both the supply of vehicles, as well as fuel cells. A joint
operation of hydrogen storage with a wind farm unit in an electricity market was the goal, however, it has
been demonstrated bw the operating principles could also be appliedsolated hydrogerbased energy
systems.Moreover, to managethe overall efficiency othe hydrogen supply chain, ghowed thatan
electrolyzer is only used in cases with large electricity price vang@ad high balancing cosBrunotto
(2007) providedhe optimal sizing of hydrogen storage, which is cooperatively operated with a wind farm
to alleviate the challenges caused by the increasing intermittent wind polier results showed that the
cost ofthe components over the total system cosise crucial for the feasibility considering the net
present valugNPV)Similarly, Melo (2014) developed a control method between an offshore wind facility
and a hydrogen management system with the goal of réuyithe effects of wind generation volatility.
The results indicated that the control method increased the flexibility of the wind tarsatisfy grid
operations. Trifkovic et al. (2014) propodean energy management strategy for the integration and
control of a hybrid power plant with renewablenergy as well as hydrogen storage units and fuel cells.
The power balance between the renewable generation units, energy storage, and the volatile consumers
was proposed by the systemlhe simulation showe@dn increased efficiency of the systemom the
control mechanismsMore studiespresentedthese control mechanisms for renewakbased systems
with hydrogen storage, but these were all tested on microgrids (Garcia, 2016; Li, Z0&8%tudies
included tetino-economic assessments, aiming to maximize the profit of the systems and minimize the

degradation causes of the storage units while meeting the constraints of the system.

Hansen (201pinvestigatedthe status and perspective afuch 100% renewable engy systemslt
mentioned that most of the studies performed have a predominant focus on the electricity sector or other

easyto-electrify sectorsHenceforward, sectors such as industry or transportation, which areshectric
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energy sectors and still opsted on fossil fuelspeed to be much more coordinated and integrated
(Hansen, 2019).

Within the transporation sector, studies were performed using renewable energy to maximize hydrogen
production and to evaluate the influential parameters to reduce guation costs Xiao et al. (2011)
proposed an optimization algorithm for the hydrogen generation schedule to optimize the production
cost of the station. It appeared that the cost of hydrogen was reduced significantly when applying the
optimization approab. Garcialorres(2016) showed that utilizing lower prices from renewable electricity
generation is beneficial for refuelling fuel cell electric vehicles based on a particular demand. Mendis
(2015) addressactive power management of a hydrogéaseddemand schemewhere the aim was

to maximize thehydrogengeneration from the intermittent wind energy source. It appeared that the
objectives of maximizing the power generation were within the satisfactory limitsch entails lower
production costs for thesame hydrogen capacityHereby these studies showed the opportunities in the
power market based on the volatility of electricity prices to produce hydrogen. The hydrogen production
and cost were optimized to their full benefit by utilizing the intermittgnaf renewable energy for a
certain hydrogen demandThe benefits were, however, dependenh dhe interactiors within the

network, such as the aggregators, local energy maiked energy profile.

The operation of such systems is examined in Chapman (2019), Dawood (2020), Korpas (2006), Bruneto
(2007) and Melo (2014)Chapman (2019hvestigated case studiegth hydrogen asnenergy carrier to
decarbonize the transposgector,in which hydrogensi stored to channehtermittent renewable energy.

It is observedthat there isa significant potential for hydrogen adopticend net energetic benefit.
Furthermore, using hydrogen for envad transport in the United Kingdoshowed toenable a reduction

in rejected energy of nearly I@ercent Chapman (2019) and Dawood (2020) presentedldutonomous
operation of hydrogen energy storage to utilize surplus renewable en&gwood (2020) mentioned

that hydrogen is a promising solution for channelling VIRRBemonstrated the interconnection and
interdependency of the four maihlydrogen stagesproduction, storage, safety, and utilizatiofihe

pathways to other applicationseed further investigation and development.

2.1.3.Coupling of energy sector with thransportation sector based on hydrogen
Empasch et al. (201,7jor exampleconducted a techneconomic analysis for the use of a stationary
hydrogen storage unit for an industrial plant. The system provides a design to deliver the necessary energy
onsiteF2NJ GKS AYRAZAGNALFE LIEFYyds 6KAES GKS FdziK2NBE F N

applications. More studies in the industry focusedtiba particularuse of hydrogen aeedstock for steel,
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chemicals and cement, and the potential for dict carbon removallt appeared that a largscale
deployment ofhydrogen for industrial use would entgibsitive impacts on the energy system. But this
can only be assessed if the regional distribution of future hydrogen demand is consiliegablicaion

is also highly dependent on the available technologies.

Hydrogen could also support applications in the mobility sector. For instBtesguez (2019) investigated
the bestdesign ohydrogenrefuellingstation in terms othe number of banks and #ir size, resultingni

the most costefficient designThe studyproposel that the state of charge of a vehicle of 19€rcentis

not efficient based on costs, sinceeaquiresvery largehigh-pressurebanks at the stations, whidhduces
higher investment costsLi (2020)provided a coordinating schedule of a hydrogen supply network
considering vehicle demand#t appeared to be effective to coordinate thehain. EFTaweel (2019)
showed how emerging t#hnologies offer more economic and efficient mechanisms for hydrogen
production. The results showed that theroliferation of hydrogen fuelling stationgshroughout the
transportation networkwhereby the economic viability jastified is essential to theabloyment of fuel
cell electric vehicles (FCEMdpreover, Zhao (2021highlighted the stateof-the-art of energy storage
systems technologies for power integration suppoftie control and operation strategies appeared
critical to the viability of the stems. So, the configurations and strategies of the system for the
transportation sectoras proposed in Blasquez (2019), Li (2020)aileel (2019)and Zhao (2021), where
the optimal level of generation and storage units in a network to meet a partidelaand is investigated

is required to enhance the efficiency.

2.1.4.Sector integration of transportation sector agigergy sector including joint applications
Demand sidexnd systenreductions arealsovital for transitioning to a fully renewable energy system in
all sectors. Thenergysectors should be closely coupled to effectively use synergy effects. Recent studies
have shown that integrating energy and transport networks can result in energyticemsynergiesAlavi
et al. (2017), Farahani et al. (20)%nd Park Lee et a(2015) mention thatan integrated approach
incorporates both the social and technical aspects of the energy sector, as well as different, satbrs
as the transportationector. An integrated approacks proposedor the Car as a Power Plant concept, to
provide hydrogen as an additionablution to the electricity system. The results showed that electric
vehiclesin the electricity networkare technically and economicalfgasibleand can provide flexibility
solutions. Furthermore, Hiaweel et al. (2020) investigated h@m electrolyzer in a hydrogefuelling
station can be controlled as dispatchaldensumerin the electricity market. The resultlisplayedthat

the provision of ancillary grid services is a-wiim situation for both the utility grid and the operator. On
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the one hand, ancillary services enable grid operators to maintain normal grid conditions, sual as
amperesreactive (VARpower contral for maintaining voltage limits and balancing generation and
demand (IESO, 2018). On the other hand, contributors to ancillary services are encouraged considering
their market involvement, resulting in a higher rate of return-TBWeel, 2019). Severalusties have
already examined the contribution of energy consumers to the ancillary services market. Valverde (2019)
and Christakou (2018) presented a method by which distributed energy sources can provide VAR control
to the grid as an ancillary service toprove the quality of the system. Another ancillary service is demand
response (DR), which seeks to balance demand and generation in the_gjtiton (2018presented a
demand response stratedgpr a nondeferrable load facility including renewable eneggyeration and
storage capacity. The results showed that the costs were minimized over a finite planning horizon.
Tumuluru (2018) proposed a methodology for solving the unit commitment problem in the power
network taking into account the DR contribution fhgxible loads. Kopsidas (2017) presented an optimal
DR scheduling to increase transmission system reliability and economic vilhitityi.2020)provided an
operation management scheme to schedligdrogen storage talistribute Operating Reserve (OR) i
electricity markets.It unveiled opportunities for thesdnydrogenstorage systems tmperate in the
operating reserve marketFurtermore, Apostolou (2019) examined the future potential of jointly
operated hydrogerfuelling systems with renewable energpwrcesin the electricity marketlt showed

that such afuelling station induces a positive rate of return on investmeniten participating in the
electricity marketand mentioned that morduelling stations could be implemented in the near future.
Nasroldipour (2018) examined the participation of storage systems in energy systems to provide OR
services. The study showed that the OR as supplemestawjceis beneficial and also conclude that using
abundant hydrogen storage capacity poses a significanbrppity to provide the OR, VAR control, and

DR.

Previous studiebaveshown that storage systems can participatehe DR, VAR suppodr OR market
However, these studies did not develop integrated models for the operation management of the
hydrogen generation and storage systewisile participating in the ancillary markets, as well as fulfilling

a mobility demand. Furthermore, these studies did inatlude all ancillary services together, but only

separately.

2.1.5Usage of optimization for jdimpplications between the transportation and energy sector
For operators ohydrogenstorage systems, optimization is used to fully implement ancillary services

programs. There are two types of optimization algorithms that are used to solve DR optimizatio
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problems, which are classic optimization and metaheuristic optimizat\dmile the classic optimization
methods are mainly utilized fayperation planning using analytical calculations, ggdvidesa method

to find nearoptimum solutions, metaheuristioptimization uses computational intelligence algorithms to
solve complex problem@&haemi, 2022)n most situations, the ODFF status of numerous consumers

or appliances at various timeslots, which constitute binary decision variables, must be detériAma
result, most DR optimization problems are solved using mirher linear programming (MILP) or
mixed-integer nonlinear programming (MINLP) (Jordehi, 20M).P presents a flexible and powerful
method for solving large, complex problemvhere sme of the decision variables are constrained to be
integer values iad the problem is lineaMINLP deals with nonlinear problems that have both continuous
and integer variables (Sahinidis, 2019).

Parvania (2013) used MILP to optimize resource schedafiagDR aggregator that participates in the
day-ahead wholesale energy market. The goal of a DR aggregator is to employ shares of various DR
resources,which means high volumes consumers that are able to curtail or shift load witkiten
generation and eargy storage (Auba, 201While maximzing the revenue. The revenue comprises the
income in the wholesale energy market minus the payments to the DR program participaatsnpact

of the market price and different constraints were examined, which reduhea positive payoff.

Aghaei (2013)sed the Fuzzy methdd find acompromised solution ia pareto-front for DR optimization

and optimal power flow in microgrids with energy storage systems, including both economic and
environmentalobjectives.The fuzzymethod is concernedwith approximationof both the sources of
uncertainty at the input leveland deals withthe concept ofpartial truth to receive output quantities
(Messien, 2019 The findings reveal that DR has a considerable a@npa peak load reduction, pollution
reduction, and operating cost reduction. This has also been used in Mazidi (2014) for unit commitment in

microgrids with demand bidding programs while dealing with uncertainties of wind and solar resources.

Nan (2018used a MILP approach for DR optimization and production scheduling in a community grid
with renewable energy generation and energy storage systems. It indicates that EV load can be shifted to
off-peak hours.

MINLP has been utilized in Alipour (2017) tdimize the DR in energy hubs and optimal @dyead
scheduling of resources in energy hubs, in which-tiea¢ pricing has been used. The outcomes showed
that implementation of electric load DR decreases the total coshefenergy hubconcerningoptimal

scheduling without DR.
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Inthe study performed bNwulu (2017)non-linear programmingNLB wasused where load reduction
and paid incentives for each time interwveéreincluded in the DR optimizatioNLP includes optimization
problems where some of theonstraints or the objective function are nonlineatereby, the program
showed the cost of not supplying 1 kWh of consumption. The results are gathered for PV, wind, and diesel
generators. Shafihah (2018) showed how NLP can be used to find th©BRN&tus of a smart home

to respond to the market.

Metaheuristic optimization are stochastéearchalgorithms thatutilizes rules or heuristic® accelerate
their convergence ta nearoptimal solution, with a limited computational burden that can easily handle
constrained and discrete optimization problems wéthkarge number of decision variables (Jordehi, 2015;
Nesmachnow, 2014). This is seen as suitable for soDRgoptimiation problems. Particle Swarm
Optimization (PSO) or optimization in which the global beshigovediteration by iteration to retrieve

the best outcomeThisis widely used for solving the DR problems, suchEd$aweel, 2019 Pedrasa
(2009) used PSfor scheduling interruptible loads for a 46time horizon to satisfy a scheme of required
hourly requirements. Penalty functiorfsave been added to the objective function as constraints. The
schedule displayed a required curtailment which was closelgvield. In Sepulveda et al. (2010) binary
PSO has been used for load control of househ@dd,Wang (2013) has used it for finding the optimal
ON-OFF status of the equipment of the manufacturing machines. Combined interior point programming
with newton trug, where an algorithm minimizes a nonlinear function subject to nonlinear inequality
constraints,has been used fothe configuration of tap changsrand ONOFF status of components to
deal with voltage unbalances, and DR costs and network losses minimizaRahman (2018). However,

the uncertainties of PV generation and EWédnaot been considered.

The operators of the storage systems may also mitigate or handle the challengaplementinga
reactive power marketThe challenges are system contingecies and load uncertainty due to price
volatility andanother challenge isinwanted market power in reactive power markéthis results in
uncertainties in forecasting théoad demand. Therefore, bad forecasting techniques are utilized to
estimate the denand in the system. The general methodology adopted to handle uncertainty in the
system is to consider probability distribution function (PDF), including simulation methods to generate
different scenariosPDF relates to the probability that a random vht@has a specific, discrete value or
falls within a specific range of continuous values (Mathworks, n.d.).

Villa (2012) proposed a Monte Carlo based probabilistic methdtbrea risk analysis is carried out by

replacing a range of values for any factntaining inherent uncertaintyto analysewind power
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generation for determining voltage control areas and critical buses in the system. The analysis showed
that can help manage uncertainty issues with wind power generation locally, and thus reactive market in
other local market areas is less affected by utaiaty in a particular area.

The availability of each reactive power source is determined by the operating conditions of the system. A
payment function has been used in Ahmadi (2013) to value the availability of each source while
considering the stochaist nature of load and network topologies. As a result, the likelihood of each
contingency condition in the system is taken into account when generating a value factor for the reactive
L2 6 SNJ 42 dzNOSQa HndBhaigh ket@lA (ROALE) and LidgR16) Sthe @drr@ation between

wind speed and load was considered while formulating a probabilistic-ohjkictive optimal power flow.
Instead of the Monte Carlo approaciohseniBonab et al. (2016) employed the tvpmint estimation
approach where a 2 calculations of transfer capability to quantify is usedpredict load uncertainty for
optimal reactive power dispatch.

A stochastic multbbjective optimal reactive power dispatch probleim which multiple objectives with

a fixed weights were assigd to each objectiveyas defined in MohserBonab (2016) to minimize real
power loss and voltage stability concerns. The uncertainties in wind power generation are considered in
this study. In Biswas et al. (2019), a scenhHdeed strategy was used tolge stochastic optimal reactive
power dispatch issue that took into account uncertainty in solar irradiance, wind speed, and load demand.
Other methods that were considered are implementing Information Gap Decision Theory based optimal
power flow, in which alternatives were prioritized and choices and decisions made under deep
uncertainty,as in Soroudi (2012) and Rabiee (2014) and change constrained alternative current optimal
power flow as in Roald (2017).

The cost of reactive power generation is difftcio segregate it out from the active power generation.
Furthermore, the price of reactive power support is determined by network parameters, such as active
power loading, reactive power loading, contingencies, bus voltage magnitudes. The reactive gower p
also includes transmission loss, voltage stability, and generator limits. In Choi (1998}imeeakhctive

power pricing scheme was considered to maximize the benefit of customers and minimising the real
power production cost. It was discoveredathreactive power marginal prices are very volatile when
reactive power production cost, active power production cost and capacitor capital cost were
incorporated in the alternative current optimal power flow while considering load as a constant.
Furthermore, an increased reactive power consumption may result in operating at the point of voltage

collapse, hence separate consumption chargesriegawatt W), megavolt-ampere reactiv§MVAI)
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dispatch and MW, MVAr reserve are recommended in Chattbpag (2001) to preserve voltage stability
margin. The contingency condition was calculated baseshegavolt-ampére(MVA) distance rule.

Equivalent Reactive Compensation (ERC) method can determine a value to a dynamic reactive power
source by consideringhe reactive power requirement in the system alone and not considering the
reactive support requirement for real power transport and security. Aebél optimization problem

where the optimization problem is embedded in anothems used to determine # nodal price for
reactive power, with the uppelevel issue minimizing active power generation costs and the lésve

problem minimizing transmission losses, as proposed in Dona (2001). An expected payment function, such
as in Zhong (2002), can be udecconsider the availability of the generating unit, lost opportunity cost,

and reactive power loss in the generating unit.

The uniform price auctichased optimal power flonin which a dynamic pricing model ensures the prices
paid based on market demd, was considered in Ahmadi (2013) to calculate the opportunity and
availability cost of reactive power cost. The Lagrangian multipliers provide the marginal cost and
minimization of power loss in the system was considered for market clearing in Ahmaiméz017).
Dynamic pricing was used in Roozbehani (2010). In Kotsan (2005) real and reactive pricing was
investigated as a bundled service for cost allocation. The total cost function was solved by modified
predictor corrector interior point method in Red (2004). In Castillo (2020), a method was proposed to
determine the participation of reactive power sources such as generators, bus shunts asluirieon

reactive power consumed by loads.

Ghaljehei (2019)advocated simultaneous clearing of energmdareactive power markets with a
configurable loading margin and reactive power resefe study introduced a stochastic medthjective
framework that used the point estimate methad tackle uncertainty in wind power generation.

Local market areamay beestablished to account for the localized nature of reactive power markéis.
can be accomplished via network partitioning techniques, which divide a large system into smaller
subsystemsContingency analysisvhere the power sstem is modelled to evaluate the effects and
calculate overloads, resulting frooutages using the voltage security indevas usedn Parida(2006) to
modify the generated voltage control areas using the electrical distance appr8acigy et al(2006),
Kargarian (2011) and Morison (2008usteredthe voltage control areas based on electrical distance,
where the internal and external connections between nodes can be identiacangi (201 1jlentified

the voltage control area using areans clusteringechnique which is an approach falustering.Villa

(2012) proposed Monte Carlo simulatiotvased frameworkor the identification of the voltage control
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area.Satsangi (2011)sesa graph theoryto model pairwise relations between objectsastly Stlueter
(2000)useda bifurcationsystembasedframework to see changes that causes a change in behaviour
However,the coupling between active and reactive power that are based on such subsystems are not

considered in these markets.

In Liao et al(2011), an energy sensitivity matrixased strategy for identifying voltage control zones to
designate reactive power miets areas was developethis uses a priority list for deploying resources to
correct the voltage using a minimum number of resourdshmanifirouzi et al. (20)2artitioned the
network into reactive power market aredmsed onheuristic algorithmsin which problems are solved
using shortcuts in each limited time frame to produce almost perfect solutiShsiffled frog jumping
algorithm which is used for solving combinatorial optimization probleams} PSO for identifying voltage
control were also compred in this studyln Islam(2014), a technique based on electrical distance and
bus admittance matrix analysis which the load data or a power flow study in the busess presented

for reattime zonal detection of reactive powareas through voltageontrol areas. I8u(2015), a voltage
stability study based on a coupled tvport network analysis was provided utilizing data from the Phasor
MeasurementUnit (PMU)A PMU is a device utilized in the electricity grid to estimate the magnitude and
phase angle of an electrical phasor quantity, such as voltage or current, using a common time source for
synchronizationTo split the system into voltage stabilityitical aeas,the voltage coupling relative gain
approach was applied ifianget al. (2016). Jiang et al(2016) looked at the Volt/Var interaction based on
relative gainThese have been shown to be effective in detecting power areas. The dynamic relative gain
approach was also utilized to segment the system into voltage sensitive zoBes @&t al.(2016). Cuffe

(2015 suggested a-B depiction of an electrical network suited for voltage stability investigation.

Moreover, a critical step towards the expansiohhydrogenbased applications is the implementation of

the hydrogen infrastructure, namely generation, storage, and distribution (Shabani, 2020). As mentioned
before, the integration of sectors is highly dependent on the entire hydrogen supply chairtyjegoof

supply chain study models are existent, which are hydrogen supply chain network design (HSCND), and
hydrogenfuellingstation planning (HFSH)he HSCND optimization models are classified as geographically
explicit optimization modelsBinary andnteger decision variables are used to handle fadiitation, size
considerations, selection of appropriate production technologies, and transportation options between
facilities. Because continuous constraints are used to describe product flows atressupply chain,

these models are typicallynixedinteger formulations.For example DeLeon Almaraz et al. (2015)

introduced a multiobjective optimization to deploy a hydrogen supply chadmsidering the geographic

30



level of implementationMoreno-Benito (2017) showed multiperiod optimizationfor hydrogen supply
chain infrastructures with the optimization of production technologies, scales, transportation modes, and
carbon storage system across time and spd&en (2008) displayed optimization of hydrogen supply
chains under demand uncertaintiyurthermore, Hwangbo (2017) integrated the supply chains with other

supply chains, wherelihe cost and demand wereptimized based on different scenarios.

HFSP concentraten the locatiorallocation problem offuelling stations. There are two primary

categories of optimizatiofnased methodologies for arrangirfigelling stations, based on the geometric
representationof needs, which are models for nodeased and flonbased @mands (Hosseini, 2015).

Under nodebased demand models, which view each node as a demand point, a driver would lgove to

to the facilities to acquire services. The fundamental benefit of utilizing these models is that data, such as
demographic and geogphical information is v accessible (Hwang et al., 2018pwever,modelling

demand as network flovis Ay GKAOK (KS RSYLI yiay hedimord SABIGFR a2y
example,Lim (2010) considered limited driving range of vehicles, Hosseini (dafirépduced fuelling

capacities, and Wang (20118pk into account the least number @fellingstations.

As can be observed, a minority of studiaslude both models and no models indke the supply chain

with the joint applications of the hydrogemnellingstations(Eslamdarpour et al., 2015)

As the supply chains can have many configuratiofiao (2011) and Kurtz (2018) mentioned that
centralized orsite deploymentof hydrogen suply chainswould result in lower capital costs than
distributed onsite supply chainsBut thedistributed onsite production would remove transportation and
distribution costs to the station, as well as an opportunity to increase the reliability of the hydrogen
availability.Xiao (2011andKurtz (2018plsoexamined thepipelines as transportatiomethod, whileEF
Taweel (2020) examindtie use of the transport of liquefied hydrogardowever, he transportation and
distribution methods can be investigated more extensively in this combination. Khani (2020) mention that
hydrogen stations are most &ky to be distributed as a chain across a broad area and most probably to

be owned and operated by a private operator to serve the transportation sector.

Furthermore thesestudies have not taken into account the contribution of hydrogen storage stat@ons

the ancillary service market to enhance their profits. The previously methods in the literature do not use
the distributed capacity of hydrogen stations as a resource, especially not the storage of hyfireltjeg
systems, supplying ancillary sengcm the market as an additional source of money for the station

owners. As a result, the additional potential that storage can generate by participating in for example the
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OR market is not added to the ordinary potential revenue from hydrogen sales ttrahsportation

sector.

Becauséhe operator ofthe hydrogen generation and storaggstens needs to manage the entire supply
chain a supervisory scheduling is requirdthisscheduling requires information about the level of stored
hydrogen in storageainks, the fuel demand data for the mobility sector at various place around the station
network, and signals from the electricity market, to successfully monitor and control the supply chains.
Additionally, in order to open the market for these innovataautions for the hydrogen mobility sector

and accelerate the hydrogen economy, the viability should be justified. Hence, new models should be
included to optimally manage the operation of the hydrodaelling systemsAs seen in literature, the
economic viability of the hydrogen supply chains may be increbgagsing them to their full potential
through additional application, such as providing ancillary services to the power grid. This interfacing
between sectors andystems will be the aim dhe thesis byinvestigating the profitability of providing

joint services.

2.2.Knowledge gaps
In summary, previous research has shown thdlistributed and centralized systems of hydrogen
generation and storage are effective means of hydrogen sufasnestudies examined how renewable
energy sources can be integratado energy systems, as well as how renewable energy can be used for
hydrogen production and storagklowever, these studies did not develop integrated models for optimal
managing the operatiorof distributed and centralized hydrogeproduction and storagesystems
includingthe specificfeatures andoperatingcharacteristics ofi) renewablehydrogen productiorand
hydrogen storage systems, (iltegrated mobility ancelectricity power grids, (iithe configuration ofthe
hydrogen supply chain, anldstly, (iv) the concurrentoperation for hydrogen supply chains to serve
hydrogen demand and multiple ancillary services to power grids
To fill the gap between the existy studies and to accelerate the diffusion of hydrogen systems via joint
applications, a new approach will be proposed. The aim of this research is to perform a-tmmamic
analysisof hydrogen supply chains considering system integratiai@mobility sector and power grid
including renewable energy generatiofhis is doneby proposing an optimization model for both
distributed onsite and centralized offsite hydrogen energy systems with multiple compositianthadis
will include the special feates and operation characteristics electrolyzers and hydrogen storage systems,

electricity power grids, fuel cell units, and the concurrent operation for the hydrogen systems to serve
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hydrogen demand and increase the profit by providing ancillary sertodie power grid. Also, different

possible delivery options of hydrogen will be considered.

2.3.Research questions
Based orthe literature review, existing gaave beenidentified. Until now, the literature provides
methods to optimize hydrogen systems to deal with the intermittency of renewable energy sources. Also,
some studies show a methodology for hydrogen systems to serve a hydrogen demand. Moreover, several
reseachers state that the profit of hydrogen systems could be increased by providing ancillary services.
However, there is &ackof studiesthat consider the interconnection of hydrogen systems with the power
grid, as well as the mobility sectdBome researd@rs have investigated the interaction with the grid, but
most of the studies do not consider the operation of the hydrogen supply chain. Hereby various
components can be varied, such as the hydrogen storage systems (onsite/offsite), as well as the
transpotation methods, to both meet the hydrogen demand, as well as providing ancillary services to the

grid to increase the revenue. Therefore, the main research question is formulated as follows:

What are potential desigrs of hydrogenfuelling supply chais powered by solar and wind energyhat
can effectivelyservethe mobility sectordemandof a region as well as providindpalancing sevices to

the power grid?

To be able to give answeo the main research question, several sub questions are formulasd,
presented as follows:

Sub questiori: What would a synergetic mobility sector connected with the powergrsegd on hydrogen
and supported by renewable energpk like according to fure ambitionsof the EL?

Sub questiorR: What aresuitable scenarioand operating conditionto test the system integration of the
mobility sector and power grid

Sub questior8: What is the energy profile including generation and demamdielectricity and hydrogen
price®

Sub questiod: What are thetechnical and economigerformances of the&entralized and distributed
supply chairsystems under the various scenafio

Sub questiorb: What are thepotential effects ofvariations on electdity and hydrogerpricesancillary

services pricegs well as the expected component cost reductions between now an& 2040
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The findings of this study caenhanceacademic understanding of energy systenwsignand the
consequenceof the increased interfacing between the transportation sector and the power grid,
especially in light of providing multiple servicesaasydrogen system. In addition, a modelling method

can also be useful in assisting decision makers on the desiguoé fnergy systems, such as system
operator or private investors, by providing a systematic and comprehensive assessment of the benefits

obtained by the joint operation of a hydrogémellingsystem.
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3. Methodology

In thisChapter, the methodology for conducting this research is elatieor. For this, a modelling approach

is selected A modellingl LILINR F OKQ& LJzN1J2&aS Aa (2 FyasSN aLISOAT
descriptions of systems (Nikolic, 2019). Therefore, before the construction of the modehathelling
problem statementshould bedefined.In this work first, the fundamentalmotivation of the thesis is to
designa system and to assess which configuratismbore feasible. Based on the outcom@vestment
recommendations for decision makersay be givenThe main focugs on integratinghe mobility sector
with the electricitygrid, which uses hydrogen as a nodal conneaiod powered byrenewable energy
generation.On the one hand, the hydrogednelling system supply chagmeed to deliver energy to the
mobility sector to meet the need and aspirations of the people. On themband, the electricity system
needs stabilization, and this requires an optimal design. Therefore, this thesis atopare different
scenarios and evaluate the performancesaojointly operated hydrogen supply chain to reliably and
effectively meetthe demand of the road mobility and increase the revenue by participating on the
electricity market, as well as managing renewable energy fléws result, investment recommendations

for system operators or private investors may be given.

However, déermining the optimal design for the hydrogéumellingsystem supply chain is a complex task
due to various reasons. First, the operation and interconnection of the hydrogen systems with different
sectors result in large scale operation with components vamious levels, such as multiple small
compliances to the integration of renewable energy plar{@eifi, 2011). Additionally, energy
infrastructures are extremely capital demanding, requiring hundreds of millions of euros investments
costs (Melese, 2014))ong lifetimes must also be acknowledged, which lead to decision making in the face
of uncertainty (Melese, 2014). Lastly, the semohnical features of the energy system cause that the
institutional and economic aspects must be considered next to tisdrieal components (Farrokhifar,
2020). A model can contribute to this investment dilemmas by giving a quantitative tool for discovering
the optimal investments in a systematic manngo. address these concerns, a methodological framework

is proposed, asmpsented inFgure 3.
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System integration of mobility sector and power grid based on hydrogen as nodal
connector, powered by renewable energy generation

Design of two case scenarios for optimization in MATLAB environment

v

Data and conditions inputted in MATLAB environment

Y

Implementation of multi-objective optimization algorithm to case scenarios in MATLAB

]

Sensitivity analyses to test the effect of process variables on the output
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Generation of possible designs based on technical and economic performances
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Techno-economic evaluation, analysis of results and comparison of case scenarios
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Selection of optimal design and the provision of recommendations for investment strategies

- .. P teoae o w P ome o ms o ms o mE o EE ms ms mE EE ws ms =% wu o ws =s =% wm o ws 2w oww o ww ows 2w v oww oww o

Figure3. Methodological framework fomulti-objectiveoptimization methodology for system integration of mobility and energy
sector based on hydrogen supply chains powered by renewable energy.

The methodologyor multi-objective optimization fosystem integration of the mobility and energy sector
based on hydrogen supply chains, powered by renewable energy, is focused on optimizatigriwo
casescenarioshave been selected after performing a deep literatvegiew. The first scenario is based
on hydrogen supply chains where the hydrogen is produced at local distrifug#thgstations including

the generation of hydrogen, its compression, storage, and dispensing, this is further referred as a
distributed m-site hydrogen supply chaifihesecondscenario is based on hydrogen supply chains where
the hydrogen is produced centrally including hydrogen generation units, compressidnstorage,
whereafter the hydrogen is distributed to tHeelling station, rekrred ascentralized offsite hydrogen
supply chainAt thefuelling stations, the hydrogen can be distributed to the hydrogen demand, or it can
be used for the stabilization of the electricity netwoRollowing the selection of the scenaritlse data

and optimization criteria, including the parameters and decision variables, are selected. This itlctudes

components including the type of technologies, and operating criteria.
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Following that,a modelling approach has been selected to enable testiegwio scenariosBecause of

the multi-objective nature with several objectigsdor the determination of the optimal design, a multi
objective optimization method is implementeéor its implementation,first, the effectiveness of the
proposed scenarios Wibe simulated through the IEEReliability Test Systems (RW&h Simulink in the
MATLAB environmenThe IEEE RTS are used to test how the technologies and operational methods are
affecting the power system cost and performances. This enablgisalate a wide range of present and
future scenarios that the power and mobility sector may encounter (Barrows, 2018®).process
simulations provide the operating parameters for both scenarios. Moreover, these sedusaenario
models are the startingoint for the multiobjective optimization for the determination of the optimal

design based on the configuration of the hydrogen supply chain.

The following step is the implementation of the optimization algorithmas well as a scheduling
mechanism,in the MATLAB environmento numerically evaluate the proposed moddlhe power
mismatch makes the proposed optimization problem nonlinear. To solve ahidewton Trust Region
method basedon Interior Point techniques will be utilized. This iterative apmioawill calculate the
mismatch in each iteration, whereafter a solution is found when the mismatch is below a certain
convergence tolerance. This nonlinear optimization problem will be solved with the optimization toolbox
(mathworks.com)The algorithm iperformed to search the feasible reg®iased on the specifications

of design parameters and their corresponding search rangbgh allows finding the optimal operating
design based on technical and economic evaluation parameiesansitivity analysisill be implemented

to see the effect of future development of the electricity prices on the outcome. The designs are evaluated
and the one which best fits the objective function will be selectdiktorical operating data of the
hydrogen demand fofuelling stations of fuel cell vehicles and the electricity market data will be used for

simulation.

The transport sector and the electricity sector &@th includedin the model, however, the method can
also be used tanalyseother energy systems that use hydrogen as a fuel, for examgdidential heating.
The simulations will produce an energy balance, allowing the cost and performances of several new

energy systm topologies to be compared.

Following this approach, the present thegidl propose a scheduling strategy fmanaginghe operation
of both distributed and centralized hydrog@noductionand storage systems integrated with tbaergy

grid. The thes willprovide a comparisonf two system configurations by assuming that thera &ingle
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investor who will owrand operate the facilities, and distributed systems are aggregated to provide the

same grid serviceas thecentralizedform.

Eventuallythe modelallows for customizedesearchon either the system configurations of the hydrogen

generation and storage systewhichcould be used as:

i. abenchmark for assessing tleeonomicviability of both configuration forms to assist private investors

in decision makingegarding whicltonfigurationis more profitableand to enhance the understanding of

the benefitsof coupling sectors

ii. Adeployment andscheduling of the hydrogen facilities to utilize the full system benefit. This means to
effectivdy use the system for the mobility sector, as well as enhancing the economics of seasonal storage
and flexibility to the electricity sectpto maximize the profitability of theystem

iii. A modelfor comparingtechnical and economicharacteristicsof different compositions.More
specifically, a off-site centralized system will be compared to a distributedsia refuelling system.
Furthermore, different ways of transportirand distributingthe hydrogenfor the centralized systemwiill

be taken into account, as well as varying the technical side of the compooktsh systems

The model wilbe operated tameet different interconnected services, such as serving a specific hydrogen
demand for the mobility sectoand the provisionof ancillary serviceso the power grid in order to
AYONBIa&aS GKS NBE@SydzS 2F (KS KE&hRdaRefint@agcduntSné | y R
physical restrictions of the power grid as weltlssystem components, su@s thehydrogen prodiction

and storage unitsFurthermore the compositionof the fuel cell units connectedo the hydrogen
production sitesare considered, allowinthe system to function as a full energy storage umigximizing

the benefitsof the grid servicegontributions The available grid services will belected based on the
specified composition.

In the following chapterthe system description is described. This includes the assumptions considered

for the design and modelling of thmnfigurations
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4. System description

In this section, the details of theystem its boundaries and potential scenarjcasnd the operation
frameworkare described. Firsthe generaldescription of thesystem flow including a visualization of the
systemaregiven.Subsequently, theystemsupply chain including th&ystem boundaries and component
parameters are specifiedlhen the applications of the supply chains are elaborated, as well as the

descripton of markets it can participate in.

4.1.0verall system flow

The networkconsideredin this thesisrepresentsa scenario where hydrogefuelling stations and its

supply chain can fulfil joint applications between thebility and energygecta. The networlkconsists of

solarPV arrays, wind generation unitg) AC/DC converter, electrolyzeompression and transportation,

storage, load, power systemand different load. As mentioned before, the system is operated by one

owner, wherethe network aimsto simulate a wide range of present and future scenarios that the power

and mobility sector may encounter.

For the sectorintegration of the mobility sector and the electricitysector based orhydrogen supply

chains two energy carriers play a role, which are electricity and hydrogen. The energy carrier hydrogen is

considered to b@roducedonly fromelectricity from wind turbines and solar PV uniédter the hydrogen

generation, the hydrogen is compressed to enable stooiithe energy carrier. From there, the hydrogen

can be dispersed to the road mobility demand, whecimprised=CEVSs, likeedium to large car fleets to

large busesThe systenmust satisfy the mobility demand. Additionaliy times of offpeak demand of

road mobility, the hydrogen can be converted baato electricity through a fuel celfrom which it can

provide balancing servicet® the power grid.Overall four main requiements of the systenare

considered which are:

1. Electricity and hydrogen are used as energy carriers.

2. Hydrogentransportation and distributiorby trucks or pipelines, in gaseous form and stored in tube
trailers.

3. Hydrogen supply chain systaivisioninto the mobility sector and electricity network.

4. Hydrogen supply chasystemincludingwind and solar power as energy source to fulfil electricity and
mobility demand.

Following this, aepresentation of theoverallsystem is depicted iRigure4.
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Figured4. Renewabldased hydrogen supply chain with joint applications in the mobility sector and the electricity grid.

As depicted irHgure 4, the following essential components are presenthe supply chain ofiydrogen
fuelling stations hydrogen production and supply, hydrogen storage, and hydrogen refueller. The
hydrogen rduellingsystems can be deployed in twigstinctways

1. Off-site hydrogn refuelling station consisting only of a dispensing station, and

2. Onsite hydrogen refuelling station consisting of a hydrogen storage with reservoir or both a

production and dispensing statiqgikhani, 2020).

Asonly a dispensing station, theydrogen is produced centrallyith stacked electrolyzers, whereafter

the hydrogen is delivered to the site in gaseous form by tube trailers or through pipelifesonsite
hydrogenfuelling systems produce the hydrogen site by the utilization of electrolysis of waterhis
supply chain includes the production of hydrogen from renewable sources, hydrogen compression,
preservation, and distribution for utilizatioWhile the centralized deployment would result in lower
capital costs than distributed onsite, distributed onsite would remove transportation and distribution
costs to the stations, whicimay greatly increase overall costs (Xiao, 2011).

Based on thigjifferent configurations of renewable hydrogeefuellingsystemswill be considered in this
thesis as depicted ifigure5 and6. Figures depictsthe hydrogerrefuellingsystemwith onsitehydrogen

production whereadHgure 6 visualizes the hydrogen figelling system with onsite electrolysis
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Figure5. Schematic diagram of centralized-sife refuelling system. Hydrogen is produced through stacked electrolyzers using
renewable electricitythereafterit is transported from the central productiaenterto the refuelling statins.The electrolyzer
includes a compressor to enables storage of the hydrogen.
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Figure 6. Schematic diagram of distributed -site refuelling system. Hydrogen is produced through an electrolyzer using
renewable electricityThe éectrolyzer includes a compressor to enables storage of the hydrdggengeneration and storage
system, as well as dispenser are allsite on site with this configuration.

Overall, he hydrogenfuelling system processes hydrogen by electrolyzing watéh wirect current,
supplied by powefrom renewable energy sourcdsirst, e converterassists the electrolyzer in obtaining
the AC into DCurrent instead of AC current and the appropriate voltafmsthe electrolysis reactian
Subsequently, the hydgen producedis compressed into a higbressure gas and stored in the storage
tank by the compressor. The hydrogen in the storage tank cartiger utilized to generateelectricity
via a fuel cell or directly feed the hydrogen vehickesnore detailed dscription of the hydrogen supply

chain and integration with the electricity and mobility sector will be presented in the following sections.

4.1.Description of supply chain
Each component in the network, described in the previous section, has its unique technological and
economic characteristic. These characteristics, which are given in theulgsections are crucial for the

construction of the system, as well fig modeling its dynamics.

4.1.1Energy sources
In orderto cope with the ambitions of the European Commissitite system is assumed to include
renewable energy generatioto produce only renewable hydrogeifhere are numerous renewable

energy sources available in tle@mergy mix, such as geothermal, hydropower, wind, photovoltaics, and
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biomass.Nevertheless, the production of engrgources is dependern multiple conditions, sut as
climate changes, location, and seasonal variatigkesrordingto European and natiogplans of the
Netherlands, wind and solar energy sources are most likely to dominate the energy market in the
Netherlands (European Commission, 2022a; Rijksoverheid, n.d., a; Rijksoverheid, n.d., b).
Therefore in this thesis, wind and PV generation urdte be consideredo supply electricity to the
system The renewable generation units supply electricity to the systeae to the flexible characteristics
of the hydrogen generation and storage units for nplé applications, the system can be usead¢hannel
and proliferate variable renewable energf/ RE sources Since the primary function of the supply chain
network is to meet the mobility demandufficienthydrogenmust be produced. For this, wind turlds
and solar PV units are required to supply the electricity to producedfairedhydrogen.

The standaravind generation units produce alternating current (A8)utput, while electrolyzers require
direct current (DG)resulting in the need for conviers in the systemSolar PMnits, howeverproduce

DC Hence, the solar generation undse considered tde connecteddirectlyto the electrolyzer.

The developers of the wind and solgeneration unitsare requiredto pay for the connection between
the electricitygeneration units and theower grid orwith the electrolyzer Tresecostsand sizes depend
on the capacity of the connectiomhich is lowerwhen delivering directly to the eleailyzer,reducing
the required connection capacity, as well as the investment costhis thesisjt is assumed thathese

costsare not modelledand onlythe renewable energy generation will Ineodelled based offixed data.

For thiswind turbines with a nominal mechanical output power of 5000 W are considétathermore,

solar PV characteristics are retrieved from the NREREL, 2021where the solar panels are tested in
four areas: grid integration, technology validation, solasaurce assessment, and balance of system
development. As a result, SunteSi P2624/Vb solar panels anesed sincehese areapplicablefor grid
connected systemslThese PV arrays consist of Npar strings of modules connected in parallel, whereas
each sting consist of Nser modules connected in sedesording to this, the component characteristics

are summarized iffable 1. Moreover,historic electricity market price data of the Netherlands from 201

will be used.

Tablel. Wind and solar PV characteristics.

Wind and solar PV characteristics

Wind nominal power output 5000 W

Wind speed (m/s) 12

42



Electrical efficiency (%, LHV) 71

Number ofsolarcells per module 72

Number of serie€onnected modules per string 2

Number of parallel strings 50

Following this, the next sectiodescriles how the electricity from renewable energy sources can be

transformed to hydroge.

4.1.2Power to hydogen

As mentioned before, hydrogen can be produced from electricity by the electrolysis of water, which is a
simple process that can be carried out with relatively high efficiency (Breeze, 281@3picted in Figure

7, during this process, water reactt the anode to produce oxygen and protorihe electrons flow
through an external circuiwhilehydrogen ions selectivelyigrateacross the membrane to the cathode.

At the cathode, hydrogen iomaix with electrons from the external circuit peneratehydrogen gas (U.S.
Department of Energy, n.d.Jhis procesgenerates carboiffree hydrogen when using renewaldaergy
sources suchs wind and solagr nuclear energy, but the process can also entail high emissions by using
high carbonintensiveelectricity sources. (IEA, 2028s mentioned beforenithis thesis, solar and wind

energy will be considereals electricity sources
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Figure?. Electrolyzer process (U.S. Department of Energy, n.d.).

There are four electrolyzeatesigns available, which are alkaline and polymer electrolyte membrane (PEM)
electrolyzers, solid oxide electrolyzer cells (SOECSs), and anion exchange membranes (AEMs). Alkaline and

PEM electrolyzers are already commercially available, whilst SOECpresmmercial stage, and AEMs
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at the start of development. The most mature electrolysis technology are the alkaline electrolyharis
have histrorically dominated the markethis is becausef the widespread deploymenof these
electrolyzers in industal operations, such ae chloralkali industry However, in the last three years,

PEM designs are more adopted than alkaline electrolyzers for the dedicated hydrogen production.

Nonetheless, as technology advances, it is unknown which desigdowiihate the market. Wite the

alkaline technology is more mature and have lower cost, PEM electrolyzers are becoming more affordable,
are less carbon intensive, and can supply hydrogen at high pressures, such as 30 to 60 bar, compared to
1 to 30 bar for Kkaline technology. Furthermorepill overtechnical learning gains from the development

of PEM fuel cells might aid PEM electrolyzers. Therefore, in this thesis, PEM electrolyzers will be

considered. The techreconomic characteristics of the PEM eletyaer are summarizeith Table 2

Table2. Techneeconomic characteristics of tlHREM electrolyzer (IEA, 2019).

PEM Electrolyzecharacteristics

Electrical effi@ncy (%, LHV) 71
9y SNHE& LISNJ {3 012KK |ppPpXocn
factor (m¥/MWh)

Operating pressure (bar) 30-60
Stack lifetime (years...hours) 20...80000
Coldstart time (min) <20

Gas purity (%) 99.99
CAPEX (incl. power supply aindtallation cost) 700
6ekl20

OPEX (%f the CAPH}ear) 2.7

aAy LIR266SNI ISYSNI GA2Y|nXHpT
(m¥h)

Furthermore, he water which is used as feéd product should be of high purity. This to extend the
lifetime of the electrolyze(Oldenbroek et al., 2017In this thesis it is assumed that the water is treated

outside the system boundaries and received with requiredliy for the electrolyzer.

After the generation of the hydrogen, the hydrogen must be compressed, stored, and transported and

distributed. This is elaborated in the next section.
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4.1.3Hydrogencompressiontransportation,andstorage
As depicted ifHgure4, after the generation of hydrogen, the hydrogen must be compressed, transported,
and stored, before distributiomto the applicationsVarious technologies are available for transporting
and distributing the generated hydrogen (EOG, 2021)These technologies enable transport of
hydrogen, as well as storage. The straightest way is hydrogen in compressed form. This compression can
be applied to pure hydrogen or hydrogen mixes with other ga&#éier the compression, the hydrogen
can be stored in stationary tube systems or traileffar the selection of the most appropriate system,

several aspects have been considered and are presented as follows;

A compression stage is required for compressed hydrogen storage in a tube thdilen.the storage is
connected to a fuelling station,wo more compression stages are necessdfgllowing that, the
compressed hydrogen must be stored, for example, in hydrogen té&lykisogentanks has its advantage
because it offers high discharge rates asfticiency of approximately 99 per cent, making it ideal for
smallerscale applicationssuch as the fuelling stationshere a local supply of fuel is required. At 700 bar
pressure, the energy density of compressed hydrogen is 15 per cent of the dehgagoline, resulting

in a need for a seven times larger storage space compared to gasoline (IEATR@1®)drogen can also
be stored on a trailer, wheredas has thepotential to sellor moveit to other utilities in times ohigh
abundancy of hydrogg such as whemore hydrogen is produced than sol@wo types can be deployed
to store hydrogen on trailerswvhich are a tube trailer and a containat pressures ofespectively 200

250 and 500 bar. The hydrogen tube trailer of 200 kg cost approximately 146.000 euros.

The pressure in stationary tube systems is typically between 200 and 350 bar (KlellF20Edprage in

the tube trailer, the initial compressiortage is from 30 to 250 bar pressure acohsumesl.5 kWh/kg

H2 (DOE, 2009). To dispense hydrogen at 350 bar at the filling station, the hydrogen must first be
compressed to 440 bar, which consumes 2.23 kWh/kg H2 when starting at 30 bar (DOE, 2009y, Similar
to distribute at 700 bar, hydrogen must be compressed to 880 bar, which consumes 3.2 kWh/kg H2 when
starting at 30 bar (DOE, 2009). In reality, the hydrogen fofuk#ingat 350 and 700 bar is compressed

using hydrogen from the tube trailer at 25@t) which reduces the required energy for the second
compression phase. Because the step from 30 to 880 bar, as well as 30 to 250 bar, consumes the same
energy, it is assumed that the hydrogeruellingat 700 bar costs 3.2 kwh/kg.

The most suitable solign is depending on the required amount of seasonal hydrogen storage. Because

of the flexible characteristicand its adaptability and ability to storelativelysmall volumes of hydrogen
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tube trailers will be considered in this thesis. A tube trailerdn 'y Ay AGAIf O2aid 27

operating expenses of @ercent and a lifespan of 30 years (Oldenbroek, 2019).

Gaseous hydrogen at 700 bar is the most practical storage technology-fwvasd hydrogen storage in

automotive applications (Edwds, 2014).

Hydrogen can also be stored in liquid organic hydrogen carriers (LOHC). This is a technique that allows for
the safe and efficient storage of higlensity hydrogen in an eagg-handle organic liquid, eliminating

the need for pressurized stoge and transportation tanks. Another way is hydrogen in liquefied form. The
hydrogen liquefies at minus 253 degrees Celsius. Liquefication raises the density of hydrogen by around
800 times, resulting in a reduction of storage volume (Adolf, 2017). Onleasitliquefied, it can be
preserved as a liquid in compressed and thermally insulated containers. There is, however, relatively low
experience using licgfied hydrogen (L) in a distributed energy system.

An additional technology is synthetic gas, wherdiydrogen is mixed witlCQ to produce methane
through a chemical process. This produces synthetic gas, consisting mostly of methane, the primary
component of natural gas, which can be conveniently transported and stored using the existing gas
infrastructure without modification. Hydrogen can also be combined with nitrogen to produce ammonia,
allowing for transport and storage of energy in liquid form around minus 30 degrees Celsius. Similarly, the
combination of hydrogen witlCQ to produce mehanol enables the transportation and storage of energy

in liquid form.

However, he costeffectiveness of the various alternatives is determined by the distance that hydrogen
is distributed, as well as the scale and final usage. For distances belowri50@rksporting hydrogen in
gaseous form via pipelines is most often the cheapest metfwdthe other handior delivery above 1500

km, shipping hydrogen as ammonia or as LOHC are the more realistic option (IEAFgaeh@ymore,
conversionlossescan tave a considerable effect on the business cas®es exampleduring the LOHC
dehydration,up to 28 percent, around 11 kWh/kg, of the delivered energy might be consumed (GmbH,
2020).

Besides the distance, the most appropriate storage @nathsportation nethod also depend on the
volume, time, required speed of discharge, and geographic availability. Because the distances between
the fuellingstationsin the network of this thesiare considered to béelow 1500 km, and hydride and

refrigerated storage adl to the complexity and energy losses, gaseous storage and transportation by
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pipelines and trucks will be considered in this theSike transportation is only considered for the
centralized supply chain. This is because the hydrogen production faciliéi@#the vicinity of the fuelling
stations, and therefore, the hydrogen requires transportatitm the refuelling stations.For the
decentralized formthe hydrogen is produceand storedat the stations, and thereforgno transportation

isrequired

Eventually, the cost of hydrogen transportation from the production site to distribution facilities comes

down to around 1Z k3Y

The other characteristicef the compression, storage, and transportation secti@ne summarizedin
Table 3.

Table3. Transportation, storage, and compression characteristics.

Transportation storage, compressionharacteristics

Hydrogen transportation from production t{ 12
RA&GNKOzG N3y FI OAf A QA

Pressure in storage tubes (bar) 200-350
¢dzo6S GNI AT SNI O2ali 0e€e K730

Compression energy consumption at 700 K 3.2
(kWh/kg H2)
aiAy {2/ (dzoS UGN} Af SN®EcnXcnn

Min SoC hydrogen tarfkellingd G | G A2y XHnnnXpnannn
hydrogen tanKuelling station (n3)
Hydrogen tank efficienc{fo) 99
Discharge rate (%) 99

Hydrogen storage energy dissipation rate (%/h O

Following this, the next section descr#ieow the hydrogen can be dispensed by fuelling stations.

4.1.4Retiellingstation
Hydrogen refuelling statiorare designed for storage of hydrogen and dispersing it to applications, such
asto road mobilitydemand The system may include equipment for thepply, compression, storage,

and dispensing of fueFurthermore, wo refueller systems are availabbae cascade storage fill system,
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and the booster compressor fill system (Clean Hydrogen Partnership, n.d.). A cascade filling system is a
high-pressure ga cylinder storage system that allows smaller compressed gas cylinders tiubked: A

booster system passes air through additional stage to augment or magnify the air pressure produced by
an existing compression system. This allows an increase ofittenc air pressure fronbetween0.6and

10barto 138bar (Clean Hydrogen Partnership, n.d.).

The investment costs of a hydrogduelling station is determined by the delivery pressure of the
hydrogen, a system with 700 bar is expected to cost between 0.6 and 2 million dollars, while 350 bar will
cost between 0.15 and 1.6 million dollars. The compressor and storage tanks are the mostivexpens
components.Since hydrogen booster stations provides sage and clean hydrogen compression which is in
the range of the required pressure needed in the vehicles, it is considered in this thesis. faatfilla
station with a single 700 bar dispenseist@.2 million euros according to the IEA (2019). The operational
cost and the lifetime are respectively 1%/year and 15 years (Oldenbroek et al., 2017). Because two
dispensers, one at 700 bar and one at 350 bar are included in this thesis, it accoungsfullion euros
investment cost. These two dispensers are chosen since the road mobility refuel at 350 or 700 bar. The
expenditures of the compressor, as well as the storage at 440 bar and 880 bar are considered in this
estimate. According to this, he daracteristics of thefuelling station considered in this thesiare

summarized inmable4.

Table4. Retielling station characteristics.

Fuellingstation characteristics

/17t 9- G Tnn o6k NJ 6eka1.2milion
OPEX (%f the CAPH}ear) 1

Lifetime (years) 15

Air pressure (psig) 9/150-2000

4.1.5Hydrogen to electricity
The abovementioned section describes how easily hydrogen can be formed through electrolysis, and how
it can be separated and storedowever, he hydrogen can also be converted back into electricity through
heat engines, or more efficientlyja fuel cells(Steilen, 2015). A fuel cell consists of two electrodes, an
anode and a cathode, with an electrolyte in the between. The anode receives a fuel, like hydrogen, while

the cathode receives air. In a PEM fuel cell, a catalyst splits hydrogen atoms intospaoiorelectrons,
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which take distinct pathways to the cathodEhis process is conversely to the electrolyzer proedgssh

was depicted irHgure?7.

Although all different types of fuel cells perform the same basic functions, numerous types have been
designed to take advantage of differing electrolytes and satisfy varied application demands. The fuel and
the charged species that migrate through thedatelyte are differentput the concept remains the same
(Steilen, 2015)as shown inigure 8 depicts the processes of the fuel c8lince hydrogen is typically used

as the fuel in PEM fuel celtbjs type of fuel cellsvill be considered in this thesi¥hese cells function at

low temperatures and can react quickly on changing power needs. PEM fuel cells are the most suitable
technique for powering vehicles. They are also suitable for the generation of stationary electricity (U.S.
Department of Energyn.d.). The electrons flow through an external circuit, causing an electricity
pathway. The protons move through the electrolyte to the cathode, in which they react with oxygen and

electrons to form water and heat.

electrical vy
current ™ -
load —

e- e

| \
fuel, pressurised fuel, pressurised
hydrogen gas (H;) in oxygen gas(0z) in
H, e e- H+ H+ 00 O
anode plate —— proton <— cathode plate
catalyst ——— exchange €——— catalyst

membrane

H0

‘waste’, water
(H;0) out

Figure8. Fuel cellhydrogen conversion to electric{fyulcher, 2019)

The capitalexpenditure ofPEM fuel cellsst n n € TheY Gpapational cosis 1.6 pecent of the total

capital cost per year. The characteristics are summarizédhhe5.

Tableb. Fuel cell characteristics.

Fuel cellcharacteristics

/1t9- O0ekYZU 700
OPEX (%l/year) 1.6
Efficiency (%) 70
Hydrogen to power conversion factor 1/360
(MWh/m?3)

[ ATSGAYS o0@&SI NAXK2 dzNF 20...80000
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4.1.6 Applications: mobility sectatemand and balancing servidespower grid
The network has taleal with a diversity of mobility and electricity demand patterns, and balancing
authorities that operate in or near locationghe hydrogeriuellingstations should serve hydrogen fuel to
road mobility, but the storage capacity would not always be ehtitgilized for transportation purposes.
The energy stored in th&uelling stations, for example, would not be used effectively duringpef@k
demand by hydrogen powered cars. Given the possibility of several hydrogen storage systems distributed
across awide area, a considerable percentage of storage capacity would be underutilized by the
transportation sector during offeak hours. At this moment, a potential arrives to utilize the available
storage capacity in these stations to provide balancing sesvioethe power sectorThis concept is
considered in this thesis based on al#3ur forecast at hourly resolution and an actual load profitehe
next section, a description of the hydrogéurelling system concept will be given, as well as an energy

market background to elaborate in which market the system can operate.

Mobility sector demand

One of the applications fathe hydrogensupply chairis selling hydrogerfor transportation purposes,

such as the mobility fleet. There are a variety dfigdling infrastructure alternatives available, ranging
from single car rtuelling to largescale rduelling facilities capable of feelling a vehicle fleeton a
continuoushasisIn this thesis, éixed hydrogen demand, generated by the NREL will be considered (NREL,
2021, which will further be delineated in Chapter 5.

When consideringenewablehydrogen for the transportation fleefuel cellelectricvehicleqFCEVsjffer

a lowcarbon transportationsolutionwith the drivingrange and refuelling timef conventional vehicles
FCEVhas the potential teexpand the market for electric mobility teeavyduty cyclecategories, such as
longrange or high utilization rate vehicles, e,dgrucks, trains, buses, taxis, ferry boats, cruise ships,
aviation, and forkliftswhere batteries are currently limitedz=CEVshould therefore be considered as
complementary to BEVs; while they may compete in someket segmentsgither FCEVs or BEVs have a
clear competitive advantage in each segment.

According to IRENA, possible future segmentation ofR6&Vsonsists of medium to large cars, fleets
and taxis, and buses to trucks and trains (IRENA, 2018)sltinesis, only road mobility will be considered,
which means all fuel cell electric vehicles from medium cars to large triitlesaverage sale price of

hydrogen in the transportation sector is expected tornespectively0.355 € k3Yorc ®n H (IRENA 3

50



2019; NREL, 2019; H2Council, 2ES;aweel, 2019Furthermore, according to the NRHEhe average
fuelling amount is 1.4 kg of hydrogen, which compris@€97m? hydrogen(NREL, 2019)

Balancing services to power grid
The other application of thaydrogen supply chain is offering aetectrification pathway, in which the
hydrogen can be converted back to electricity to balance the power grid. In the next section, background

information is described to give an overview of the energy market.

Electicity market background

In the electricity market, an intraday market opens after the -démgad and the reserve market. In this
thesis two different electricity markets are considered, which are the-dhgad and the secondary
reserve market. The intrday market is excluded because the hydrogemrlling system does not
participate in this market. Finally, the market for the imbalance settlement is also considered.
Participants in the dagphead market submit 2our power sale and purchase bids for thexhday. A
market operator handles the electrical transactions, followed by a clearing price which is announced after
the bids.

The secondary reserve market provides ancillary service to preserve the difference between the
generation and demand of electifg during the power delivery process. This market applies a strategy
where participants submit their available upward and downward reserves. When needed, the committed
reserve is called upon to bridge the gap between anticipated and the actual power.

At the end of each day, the differences between the actual power generation of the market participants
and the cleared energy in the dajhead market are determined. Participants are compensated if the
actual power generation exceeds the cleared energy. Ceele when the cleared energy exceeds the

actual power generation, the participants are required to pay.

Figure9 depicts the sequence of event in the electrical markets. Until 12:00 in ebytliz bids of all the

hours in day D should be submittedttee dayahead market. At 12:00, the daahead market shuts down.
Before 13:00, the clearing price is publicized. After the-alagad market closes, the reserve market for

day D starts. Before 14:00, the hydroderllingsystem operator can send the resergffer for day D to

the reserve market, whereafter the clearing price is publicized at 15:00. The power imbalances are
computed, and the imbalance prices are published in day D+1 after the actual power is supplied on day D

(Wu, 2021).
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Figure9. Sequence of electricity markets (Wu, 2021).

In the next subsections, the three most important imbalance services will be elaborated. Moreover, a

general calculation approach is given.

Ancillary services

For the safe and secure functioning of power systems, system operators have indicatedyeseilleces,

which primarily comprise energy scheduling and dispatch (Jay 2B249heduling andlispatchingare

required to remain the frequency, voltage, and power load within certain linfitds happens on
continuous basisTo avoid loss of generaljtyhree dfferent system services are deployéedthis thesis

which are VAR support, DR, and OR (Next Kraftwerke, n.d.). Therefore, in this section, the VAR support
mechanism will be elaborated. Subsequently, the DR approach is specified, followedxpfearaton of

OR.

VAR support

In any AC power system, reactive power management is an integral part of the control process related to
voltage level (Avenston, 2016). This is required due to the reactive, inductive or capacitive, nature of
electrical loas and transmission and distribution networks. Reactive power support must equalize this
reactive power demand locally, as well as maintaining systéte voltages within the permissible limits

(Jay, 2021). When the is a deficit inoad, the systenproducesreactive power that should be absorbed.

On the contrary, duringbundancy of loadthe system consumes a large amount of reactive energy that
requires compensatianThis is because reactive power results in excess currents that flow back into the
power supply system, which are not only destructive but also costly in terms of money. These currents in
both electricity transmissiorines andsolar power station, wind turbine and hydrogen generation

equipment cause financial losses. This is due to the conversion of electric energy to thermal energy, which
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include lowering the generation amount and thus decreasing the profit of theisysand increasasset
degradation resulting in norfailure operating time and an increased maintenanegpenditure
(Avenston, 2016).

Furthermore,generatingreactive energy into a national gridcurspenalty charges, resulting in direct
financial losss. As a result, controlling and compensating reactive power is an apparent way to increase

the profitability of a powesstation (Jay, 2021).

The reactive power can be determined by averaging the voltage and current product with a running
average window eross one cycle of the fundamental frequency, with the powers being assessed at
fundamental frequency (MathWorks, n.d.). For instance, a current that flows into the redinctoctor
branch, which are passive circuit components such as resistors and ansleonnected to a current or
voltage source within a circuit (Linquip Technews, 2021), produces positive active and reactive powers.
Becausehe block employs a running window, osienulationcycle has to beonductedbefore the output

providesthe correct active and reactive powers.

Reactive power balancing can be supported by local reactive power sameescted to the power grid

such as a hydrogen supply chain integrated with the power. gt system can either absorb reactive
power, preventing gltage boost in the connection point or create it, preventing voltage spikes. Hereby,
the reactive power consumption or production may be altered, allowing the voltage to be controlled
within certain operating limitgJay, 2021).

According to the IEC, tafe fluctuationsare cyclical variations of the voltagavelope,or a series of
random voltageshiftsup to around ten percent of the nominal, this means 0.9 todet unite pu) as
defined byANSI C84:1982(ESIG, 2021 herefore in this thesis, the followingharacteristics are used,

as given ifable6® ¢ KS NBF OGADBS LI26SNI aSNBAOS LINKAOS A& |
to EFTaweel (2019)This is the average from up and down pritiest are paid when operatar provide

ancillary services.

Table6. VAR support characteristics.

VAR supporcharacteristics

Reactive power service pricee K a £ ! NI K 37.50

Min voltage of power system busesof | n d@dhp XmMmdnp
RAAGNRAROdzOA 2y yofadesoRphider

system busesf distribution network (pu)
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Min voltage of power system busesof | 0.91.1
GN¥ yaYAaAaarzy yS olage N
power system buse®f transmission netwd

(pu)

DR

The transformation of the electricity system to enable net zero trajectories is exerting pressure on both
supply and demand, necessitating increased flexibility, which may increasingly be provided through
demandside resources, such demand response mechanisms (IEA, 2021).

On the one side, the share of renewables in total output expands, driving the need for additional system
flexibility. On the other side, also the share of electricity in final energy demand expands. As a result, the
role of demand response grows rapidly in advance economies. These demand response mechanisms can
be deployed to manage the correlating power system problems, such as high generation costs, high peak
to average ratio of demand, reliability difficulties, dartongestion in generation, transmission, and
distribution networks. Their primary purpose is to help power systems during peak demand periods as
well as during emergencies (Jordehi, 2019).

To appropriately determine the amount of load reduction, the @&u3tSNDa ol aSt AyS ft2FR Y
A few days prior to the event, the base load can be monitofedcompute the load deduction, gtid

purchasesnadeduring the demand response event ateductedfrom this baseline (Francklyn, 2019)

So, if autility forecasts an exceptionally high peak in the next few hours or days, demand response
customers will receive a notificatiott.will typically include information such as when and how long the

DR events anticipated to occur. Customersuch as theoperators of hydrogen supply chainsan
subsequentlyplanto reduce their grid purchases during those hourds can be achieved Hgwering

their consumption during that time period, shiftirpnsumption to either before or after the demand

response event or temporarily relying on-site energy productiorrather thanusingpower from the

grid. For each kW saved, the ender will be rewarded with a prdetermined amount (Jordehi, 2019).
ThispreRSGSNYAYSR F'Y2dzyd Aa Ay (KAa (KSaia RSFAYSR |

down priceghat are paid when operatorprovide ancillary services.
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OR

ORrefers toexcess operating capacif®Q that can quickly respond to a suddésein electric load or a
suddenfall in renewable power generation.Rprovides a safety margin thaids inassumg consistent
power supply despite fluctuations in electric load and renewable power supply.

Becauseelectric loadis volatile power systems mustonstantly offer soméevelof OR In absent 0lOR
the load wouldoccasionally surpatgke OCof the system resulting inpower outages Renewable energy
systems including, for example, wind and solar energy souregsijre additionalORto protect against

unpredictabledropsin the renewable power supply.
TheORequakthe OCsubtracted bythe electric loadEL) given as
60N OO BE 00 D.

Where the OCis the total available and operationadlectrical production capacitat a specific time
moment It refers to the maximum amount of electrical load that the system could senanyagiven
moment In this thesis, thenodel will keep track of th©C and hence th®©R separately for the AC and
DC buseswWhen the OR at one bus is required dompensate lod at the other bus, it evaluates the
efficiency and capacity of the converteFr instancea dieselstorageinverter systenthat serves an AC
load has a capacity 6kW. If the storage is offloadirigkW, it can offed kW of DC ORVhen the inverters
efficiency of 90% is considereahd the capacitys within the operating limits3.6 kW of AC OR can be

served.

The requireddRis the minimumvolumeof ORthat the system must bable to provideThis reservetate-
of-charge $OCfor contribution toORmarket is 15% times the maximum SOC of hydrdge&h TheOR
service availability prics37.50 € k a 2 His is the average from up and down prittest are paid when

operators provide ancillary services.

A summary of the simulation parametersensidered in the model argiven inTable?7.

Table7. Simulation parameters.

Simulation parameters Value
DR service price—@ 37.50
VAR service price—yo%8 37.50
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ORreserve service availability price 37.50
Electrolyzer capital co$€C)— 700
Fuel cell unit capital co$€CY— 700
OPEX of electrolyzelg( 3.02% *
OPEX of fuel cell uni{—'% 3.02 % *
Cost of hydrogen transportation from production | 12
distribution facilities

Power to hydrogen conversion facter{— 360
Efficiency of the electrolyzer (%) 71
Minimum power of electrolyzer (MW) 0
Maximum power of electrolyzer (MW) 257
Hydrogen to power conversion facter— 1/360
Efficiency of fuel cell unit (%) 70
Volumetric storage density-{) 1/630
Minimum hydrogen flow of fuel cell uniti( ) 257
Maximum hydrogen flow of fuel cell unif () 0
Minimum hydrogen So@ibe trailers(¢ ) 60
Maximum hydrogen SofDbe trailers(a ) 600
Maximum SoC hydrogen tarfkelling station (n3) 5000
Minimum SoC hydrogen tarfkelling station (m?) 2000
Maximum power at power system branches (MW)| 9
Minimum voltage at powesystem buses (pu) 0.9
Maximum voltage at power system buses (pu) 1.10

Admittance magnitude between buses (pu)

Admittance matrix

Reserve SoC for contribution to OR market )

15%*"Y¢ O
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5. Modelconceptualization and optimization

In thischapter,the systemdescribedn the previous chapter is transformed insocomputer modelThis
model can be used to evaluatiee different configuratiors of the hydrogen generation and supply chains
In the first subsectiorthe modelling approacks presented.Then the characteristics cdachcomponent

in the modelsare described as well as thinput data Subsequently, theéecisionvariables optimization
problem and constraints are specifiedrollowing thaf the model testing including the verification,
validation of the model is presenteds well as thesensitivity analysis. Lastlthe economic evaluation

parametersare formulated

5.1.Modelling approach
To convert the systenof Chapter 4into a computer modl, a suitable modelling approach must be
consideredEnergymodels can be implemented for the efficient forecasting, planning, desjgration,
and optimization of future energy systems&aldellis, 2010 Depending orthe implermrentationsand uses
of the problem, the model paradignean be encounteredssimulation oroptimization,andtop-down or
bottom-up. A simulation modeprovidesthe performanceof a system over a predetermined period and
a certain set of conditionsAn optimization modeproposes the decisionvariablesthat generates the
optimaldesigncorresponding to a set @ssumptions andonstraints While bottom-up models are based
on technolaical features to balance supply and demand in a system;-down models show the
economic linkages among various sections of a national or regional s@@tdmann, 2019 Asthis thesis
examines the optimal design for hydogen generation and storage suly chainssystemdor the coupling
between the transporation sector andthe power grid including renewable power generation, where

achievingan energy balances required a bottomup optimization model is considered.

For theestablishingpf the modelthe context and positioning, as well as thyge of optimization criteria

that may be utilizedn different future energy systenshouldbe defined(Ostergaard, 2009Y he context

and positioninginclude different aspects, such as thepresentedenergy carriers, the evolution over
time, the computation logic, the studied approach, and the choice of dynal&mentioned beforén
Chapter 4the system uses electricignd hydrogen as energy carriers. Furthermore, the model uses fixed
and evolving parameters, such as economic and technical paranugecsibed in the previous chapter

Additionally, an optimization logic is used to find the optimal systiesignfor hydrogen generation and
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storage supply chain systen@perators Lastly operational planning decisions are considered to
investigate theoptimal design for hydrogen generation and storage supply chains.

Besides the context and positionindpetcriteria shouldrepresentthe economic functions, such as net
present value (NPV)otal cost, and profit, or alternatively a walefined performance measure
dependingon the operation of the energy system, or even the consideration of sustainabilitgsissu
(Ostergaard, 2009)n this thesisdifferent economic functions, such as the gross income, net incomie,
present value, breakeven time, internal rate of return, and profitability are considémedompare
different designswhilesatisfying differenbperational boundaries of the systefurthermore, thenodel
should also incorporate thephysical techrological and resourceconstraints of the system under
consideration Figure 10 visualizes the approach to generate the mouglding the input and diput

flows, to obtainthe optimal design for hydrogen generation and supply chains

Data to simulink model: Conditions to code to Matlab:
* Hydrogen fuel demand * Decision varibales’ search ranges
* KNMI weather data * Objective function calculations
« Electricity and hydrogen price + Constraint matrices and vectors
= Electricity market signals + Convergence rate/ lower bound
* Modelling and simulation vector

parameters * Optimization problem

Case scenarios: 1 1

Context and

positioning of the Matlab code: Scheduling

madel including —— S|mulat!on n M::tlab < strategy under various
the components environmen operating conditions
and its
parameters

Matlab Toolbox: Multi-
objective optimization
algorithm and link
between platforms
Optimal system
design for hydrogen
generation and
storage systems to
fulfil mobility

demand and provide
ancillary services

FigurelO. Flowchart of optimization model.

As depicted in Figure 10, first, two case scenarios are designed bagbd mviewedliterature. This
includes the frameworkfor exploring thecontext and positioning of the model based farture energy

perspectives, including various combinations ottealogy options and their implicationas described in
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Chapter 4 Other input parameterso the Simulink modelsuch agslemand and generation patterns are
consideredn this sep, which are described in this chapter.

Another component of the generation of the optimization moddhis determination ofconditions into
the MATLAB environment, suchtag decision vagbles, whicharethe quantitiesthat canbe controlled
and changed subjected to the optimization probleRegarding this optimization problenobjective
functions are utilized to describe the target variables whose optimal value is searched by the model and
also the direction of the search which is conducted by the mdeakllythe optimization modeseardies
the solution spacdy means of mathematical formulationgherefore,a scheduling scheme, as well as
constraints are formulated to describe the relatgiips between the real system and the mod&iom
this, the model including itsconstraints describghe feasible solution in the moddby means of
optimization algorithmsso that the optimal solution can be foundfter the optimization process, the

designs will be numerically evaluated.

Following the flowchartjn the next section, the modelystems that will be numerically evaluated are

described including the elaboration on how the model components are modelled.

5.2.Model characteristics
Forthe optimization different RTS bus power systerage consideredthe IEEE 3d8listribution and IEEE
30-transmission systemsThe IEEE 33 bus system is meant for testing the efficacy of the distributed
hydrogen supply chain system whereas the IEEE 30 bus system is meant for evaluating the centralized
hydrogen supply chain systemas depicted in Figusd1l and 12. Both supply chain systems are supported
by wind turbines and solar PV panels. As depictedgure 11, the IEEE 33 bus system is equipped with
six numbers of hydrogen production and preservatfawilities. Fordcal electricity production, each
hydrogen generation andtorage systenare allocated with FC unit, electrolyzer, dumydrogen storage
tank. As depicted in Figure 12,he centralizedbased hydrogen generation and storage syst&m
connected toa bulk transmission systerihe system includesne centralizechydrogen generation and
storagefacility includingstacked electrolyzers, fuel cell units,damydrogen tanksThe hydrogen will after

the generationbe stored at the central facility where it can be distributed to the applications.
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Figurell. IEEE 33 bus system: Distributed hydrogen generation and stuwpgly chain system.

Figurel2. IEEE 30 bus system: Centralizgdrogen generation and storage supply chain systene. central facility include a
stacked electrolyzer, fuel cells, and a storage tank.
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