Z,

0
g2 &
SITAs AR

AARHUS| SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

Assessment of a RES-based H; production-storage system
towards a zero-emission cycling based transportation

PhD dissertation

Dimitrios Apostolou

Aarhus BSS
Aarhus University
Department of Business Development and Technology (BTECH)
2020



%,

%, &
SITAS A

AARHUS| SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY




AARHUS| SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my supervisor Associate Professor Dr. George Xydis for
the guidance, support, and motivation he selflessly offered during the realisation of this PhD research.

His guidance helped me to improve as a researcher and as a person.

I would also like to express my sincere thanks to the ‘Centre of Energy Technologies’ research group
members of Aarhus University and especially Associate Professor Dr. Peter Enevoldsen for his

guidance, support and collaboration throughout the entire PhD project.

My sincere thanks also go to the team of ‘Aragon Hydrogen Foundation’ research centre and especially
my co-supervisor Dr. Vanesa Gil, Mr. Pedro Casero, and Mr. Nicolas Van Dijk for their precious support

and guidance throughout the experimental phase of this research.

I would also like to thank the researchers and personnel of ‘INRASTES Demokritos’ research centre for

hosting and helping with my research on different hydrogen storage topologies.

My gratitude also goes to the entire Academic and administrative personnel, and students of the
‘Department of Business Development and Technology’ of Aarhus University for their collaboration,

support and fruitful discussions.

Last but not least, my sincere gratitude goes to my family who believed in me during this journey.

To Kalypso and Jason for having patience with me and providing endless support and encouragement



%,

%, &
SITAS A

AARHUS| SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY




AARHUS| SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

EXECUTIVE SUMMARY

During the last two decades, the research on energy storage systems able to facilitate the penetration of
renewable energy sources in the electricity grids has enhanced the development of novel technologies
to mitigate the environmental impacts from the use of fossil fuels. The achieved reduction of energy
industry-induced greenhouse gas emissions in many countries via the implementation of renewable
technologies indicated the path to be followed in other carbon-intensive sectors contributing
significantly to environmental pollution. One of the sectors still presenting a continuous increasing trend
in the emission indicators comprises the transportation. As documented in many reports and scientific
articles, urban road transportation contributes to more than 40% of the total transport-induced emissions
suggesting that there is a large potential to reduce the urban pollution by adopting ‘green’ vehicle

technologies and their respective refuelling/recharging infrastructure.

The scope of this PhD project was to assess the implementation of hydrogen production technologies in
the light-duty urban mobility infrastructure through the investigation of the relevant socio- and techno-
economic relevant aspects to the transition to carbon-free mobility. To this end, eight articles were

presented aiming to address the problem of interest as described by the following research questions:

1. What are the socio-economic prospects of the light-duty FCEVs’ private transportation and its

respective infrastructure?

2. Why and how a ‘green’ hydrogen production system participating in wind power and electricity

markets could be a viable solution towards sustainable light-duty hydrogen transportation?

3. Which type of hydrogen refuelling infrastructure for cycling-based transportation is the most

economically feasible solution from an investor and customer perspective?

Two scientific articles were submitted and published in the context of the first research question
focussing on the one hand on the techno-economic prospects of hydrogen transportation as documented
in the international literature, and on the other on the socio-economic perspective of the Danish public
concerning the adoption of hydrogen technologies in private transportation. The first article consisted
of a literature review to identify the status of hydrogen technologies including vehicles and the
respective refuelling infrastructure, in terms of number of entities and associated costs. Analyses of the
future trends of how entity numbers and capital cost of refuelling infrastructure, and refuelling cost will
evolve revealed different scenarios including pessimistic and optimistic cases. The refuelling stations’

capital cost is expected to increase in the short term but subsequently decrease to lower than current
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cost, while the renewable hydrogen refuelling cost is expected to decrease and stabilise by 2040 below
6 €/kgH, on average. The second paper consisted of a survey applied to a sample of the Danish
population aiming to identify the socio-economic prospects of hydrogen private mobility in Denmark.
The questionnaire the respondents were asked to answer, was developed accordingly to assess the stated
hypotheses describing the socio-techno-economic aspects of the transition to hydrogen mobility. The
results indicated that lack of technology knowledge, high vehicle capital cost, absent media support, and
inadequate infrastructure are the most important factors hindering the expansion of the hydrogen

mobility market.

The second research question was investigated through two published scientific articles including a
literature review on the state-of-art of hybrid wind and hydrogen configurations, and a research paper
comprising a modelling and simulation of a hydrogen system participating in the electricity and
transportation markets. The first article documented the benefits and drawbacks of wind-hydrogen
topologies either connected to the electricity grid, operating as autonomous systems, or providing fuel
for transport applications. The results showed that the round-trip energy efficiency of such systems is
dependent on the under-investigation topology, while the hydrogen fuel cost is dynamically affected by
the production method and refuelling process applied. The second article presented an optimisation
method to find the most financially viable solution of a hydrogen system participating in the electricity,
the transportation or both markets. The methodology focussed on assessing the economics of such a
system from the investor’s perspective by identifying the scenario and the respective hydrogen fuel cost
in the context of participating in the transportation market, which would provide a feasible business
case. The results showed that in the Danish energy market, the most realistic scenario comprises of a
‘green’ hydrogen system participating in the electricity market as a consumer (i.e. load demand/response
role) and in the transportation market as a fuel provider to end-user industries with an average hydrogen

production cost of 4.1 €/kgHo.

To address the third research question, four research articles were published/submitted including the
investigation of different hydrogen refuelling process options delivered by the respective station
topologies. The first article examined a case study of sizing and optimising the operation of an
autonomous hydrogen refuelling station to produce electrolytic hydrogen from wind power. The sizing
algorithm of all components was based on the assumed hydrogen demand of a small Danish city and the
respective available wind resource. The hydrogen demand was assumed to be used for cycling mobility
through the adoption of fuel cell bicycles. The results showed a high hydrogen cost, exceeding 50
€/kgH5, due to the estimated low demand, limited wind resource, and high capital and operating costs
of the station. However, the actual cost that the consumer is called to pay during a refuelling process is

less than one Euro per refuelling process as the hydrogen storage of this type of vehicles is in the order
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of grams. The applied sizing and optimisation algorithm resulted to a proper sizing of the system as
approximately 90% of the annual demand could be covered without implementing a system that would

present a non-affordable refuelling cost for the consumer.

By taking into account the results of the previous article, the second paper experimentally examined the
operation and hydrogen consumption of a fuel cell bicycle. Low-pressure refuelling options of the
vehicle were theoretically computed, the responses of a survey shared to the experiment’s participants
concerning hydrogen-cycling mobility were documented and analysed, and the final economic results
were compared to urban vehicle counterparts. The results showed that the most feasible refuelling
business option also accepted by the participants comprised the grid-connected on-site refuelling station
with a low-end hydrogen cost at 22 €/kgH». Following the results of the second article, the third
published paper experimentally investigated the refuelling costs of a high-pressure grid-connected on-
site refuelling station and compared it with the low-pressure alternative. Subsequently the results were
disseminated to a workshop’s participants to get an overview about what would be, from an economic
point of view, their opinion concerning the refuelling processes. The analysed results indicated that
although the refuelling cost per kgH: increases at higher dispensing pressures, the cost ratio per travelled
km remains almost constant at 0.019 €/km. Despite this, the workshop’s participants stated that what
matters to them was the final cost they need to pay for a refuelling process in conjunction with the
autonomy of the vehicle and their commuting habits. To this end, the most appealing option to them was
the low-pressure refuelling process, which would secure the lowest price without compromising their

commuting needs.

The fourth and final article presented in this thesis to find the most financially feasible solution for both
investors and consumers in the context of ‘green’ hydrogen light urban mobility, consisted of a
comparative analysis between a grid-connected on-site and an offsite hydrogen refuelling station. The
investigated scenarios included hydrogen refuelling stations able to dispense hydrogen fuel to either
low-pressure compressed or metal hydride vehicle on-board tanks. The above-mentioned scenarios were
applied in two European Union countries with different economic indicators to assess how external

parameters could affect the hydrogen fuel cost.

The results indicated that the lowest investment cost with the lowest hydrogen fuel price but with higher
refuelling times could be achieved in the offsite metal hydride configuration. However, due to the
intrinsic characteristic of metal hydride storage materials consisting of the inability to reversibly release
all the absorbed hydrogen quantity, the initial quantity of stored hydrogen needs to be higher than the
demand. This results to a higher cost for the consumer that is at least similar or even higher than the

compressed refuelling option. It was also computed that the hydrogen fuel cost is highly dependent on
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external factors including the labour and operating and maintenance costs, and taxation. All these factors
differ significantly between countries and thus it can be said that the best refuelling option for this type

of transportation in one country might not be valid for another.

In conclusion, this PhD project provides a guideline to transportation stakeholders towards a transition
from a fossil fuel- to a renewable-based transport sector via the implementation of hydrogen urban
mobility. The methodology described in the quoted papers can be used to develop a viable and adequate
hydrogen refuelling market. The decision about which type of refuelling infrastructure is the best from
a socio-techno-economic perspective needs an in-depth and multi-dimensional investigation. For
Denmark where the electricity mix is significantly based on renewable energy sources, an offsite
compressed gas delivery-to-vehicles hydrogen refuelling station supplied from a centralised ‘green’
hydrogen production facility is the most renewable-based feasible solution for both investors and
consumers. In contrast, countries where the electricity mix is based on conventional power generating
units, an autonomous compressed-to-vehicles on-site hydrogen refuelling station might be the next

environmentally accepted alternative.
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DANISH EXECUTIVE SUMMARY

I de seneste to artier har forskning i energisystemer, der kan understatte integreringen af vedvarende
energikilder i elnettet, udviklet nye teknologier til at reducere miljgbelastningen fra anvendelsen af
fossile breendstoffer. Mange lande har nedbragt deres udledning af drivhusgasser i industrien ved gget
brug af vedvarende energi. Dette vil ogsa kunne implementeres i andre sektorer, der udleder store
mangder af CO, og dermed bidrager vesentligt til miljgforurening. En af de sektorer, der udger en
stadig stigende del af udledningen, er transportsektoren. Ifglge flere rapporter og videnskabelige artikler
udger bytransport 40 % af de samlede transportrelaterede emissioner, hvilket peger p4, at der er et stort
potentiale i at reducere forurening i byer ved at indfase ’grenne’ keretgjsteknologier samt udvikle

tankningsinfrastrukturen.

Formalet med indevaerende ph.d.-afhandling var at vurdere implementeringen af lette brintdrevne
karetgjer i byer gennem en undersggelse af relevante samfundsmaessige, teknologiske og gkonomiske
aspekter, der fremmer en kulstoffri mobilitet. | den forbindelse blev der udarbejdet otte artikler, der

skulle belyse problemstillingen beskrevet med fglgende forskningsspargsmal:
1. Hvad er de samfundsgkonomiske udsigter for brintbiler samt den dertilhgrende infrastruktur?

2. Hvorfor og hvordan kan et "gront’ brintproduktionssystem pd vind- 0g elmarkedet vaere en fremtidig

lgsning i omstillingen til beeredygtig brinttransport?

3. Huvilken type tankningsinfrastruktur til brintdrevne elcykler er den mest gkonomiske set fra et

investerings- og kundeperspektiv?

For at besvare det farste forskningsspargsmal blev der publiceret to videnskabelige artikler, som 1)
fokuserede pa det teknologiske og gkonomiske aspekt ved brinttransport med udgangspunkt i
internationale publikationer samt 2) den danske befolknings skepsis over for brintbiler set ud fra et
samfundsgkonomisk perspektiv. Den farste artikel var en litteraturgennemgang, der havde til formal at
give en status pa brintteknologier, herunder brintbiler og tankningsinfrastrukturen bade i forhold til antal
brintstationer samt omkostninger. Analyser af fremtidige scenarier for dette samt prisen pa brint viste
bade positive og negative forhold. Pa kort sigt forventes udgifterne til brinttankstationer at stige, men
efterfalgende at falde til et lavere niveau end det nuveerende, mens prisen pa brint forventes at falde og
ligge stabilt i 2040 (i gennemsnit under 6 €/kgH). Den anden artikel beskrev resultatet af en
spgrgeskemaundersggelse blandt et udsnit af den danske befolkning med det formal at identificere
brintbilers samfundsgkonomiske udsigter i Danmark. Spargeskemaet blev udarbejdet med henblik pa at

vurdere hypoteserne vedrgrende de samfundsmaessige, teknologiske og skonomiske aspekter ved
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overgangen til brintmobilitet. Resultaterne indikerede, at manglende teknologiforstaelse, hgje priser pa
keretgjerne, manglende opbakning fra medierne samt en utilstreekkelig infrastruktur er de vigtigste

faktorer, nar det kommer til udbredelsen af brintbiler.

Det andet forskningsspgrgsmal blev undersggt gennem to publicerede videnskabelige artikler (herunder
en litteraturgennemgang af de nyeste hybride vind- og brintkonfigurationer) samt en forskningsartikel,
der omfattede en modellering og simulering af et brintsystem pa el- og transportmarkedet. Den farste
artikel dokumenterede fordelene og ulemperne ved vind-/brinttopologier, der enten er tilsluttet elnettet,
fungerer som autonome systemer eller leverer braendstof til transportapplikationer. Resultaterne viste,
at retureffektiviteten i sadanne systemer afhanger af topologien, mens brintomkostninger pavirkes
dynamisk af den anvendte produktionsmetode og tankningsproces. Den anden artikel prasenterede en
optimeringsmetode, der skulle finde frem til den gkonomisk mest fordelagtige lgsning pa et brintsystem
pa enten el- eller transportmarkedet — eller begge. Ved at identificere scenariet og de respektive
brintomkostninger pa transportmarkedet blev metoden brugt til at vurdere, om et sadant system ville
vaere en gkonomisk gevinst for investorer — og dermed ogsa et forretningspotentiale. Resultaterne viste,
at det mest realistiske scenarie pa det danske energimarked er et *gren’ brintsystem, der er pa elmarkedet
som forbruger (dvs. med et fleksibelt elforbrug) og pa transportmarkedet som brandstofudbyder til

industrien med en gennemsnitlig produktionsomkostning pa 4.1 €/kgHo.

For at besvare det tredje forskningsspergsmal blev fire forskningsartikler publiceret, inklusiv en
undersggelse af forskellige tankningsmuligheder pa de respektive tankstationer. Den farste artikel var
en casestudy til dimensionering og optimering af driften pa en selvejet brinttanksstation, der producerede
elektrolytisk brint fra vindkraft. Sterrelsesalgoritmen for alle komponenter var baseret pa det forventede
brintbehov i en lille dansk by samt den tilsvarende tilgengelige vindkilde. Det var en forudsetning, at
brintbehovet blev anvendt til cykelmobilitet i form af brintcykler. Resultaterne viste hgje brintpriser
(over 50 €/kgH>) som fglge af den anslaede lave efterspargsel, den begraensede vind samt stationens
hgje driftsudgifter. Imidlertid er den faktiske pris, som kunden skal betale for tankning, mindre end 1 €
pr. tankning, da brintlagringen for denne type karetsj er i starrelsesordenen gram. Den anvendte
dimensions- og optimeringsalgoritme gav en korrekt dimensionering af systemet, da ca. 90 % af den
arlige efterspgrgsel kunne dakkes uden at implementere et system, der ville veere for dyrt for

forbrugeren.

Med udgangspunkt i den farste artikel undersggte den anden artikel hypotetisk driften og brintforbruget
pa en brintdrevet elcykel. Mulighederne for at tanke karetgjet under lavt tryk blev teoretisk beregnet,
svarene fra undersggelsens testpersoner vedrgrende brintcykelmobilitet blev dokumenteret og

analyseret, og de endelige gkonomiske resultater blev sammenlignet med bykaretgjer. Resultaterne

10
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viste, at den foretrukne tankningsmulighed (ogsa blandt deltagerne) var en nettilsluttet tankstation, hvor
brinten laves pa stedet til en lav breendselspris pa 22 €/kgH,. Den tredje artikel undersggte hypotetisk
omkostningerne ved at tanke pa en nettilsluttet tankstation, hvor brinten produceres pa stedet og tankes
under et hgjt pafyldningstryk. Resultaterne blev sammenlignet med omkostningerne ved at tanke under
et lavt tryk og herefter formidlet til deltagerne pa en workshop for at finde frem til deres foretrukne type
brintoptankning set ud fra et gkonomiske synspunkt. Resultaterne indikerede, at selvom
brintomkostningerne pr. kg/H, stiger ved hgjere pafyldningstryk, er omkostningerne pr. tilbagelagt
kilometer stort set de samme med 0.019 €/km. Til trods for dette gav workshopdeltagerne udtryk for, at
de vigtigste faktorer for dem, var de samlede gkonomiske omkostninger samt karetgjets kareegenskaber
og deltagernes pendlervaner. Derfor foretrak de tankningen med det lave pafyldningstryk, da de her ville

skulle betale mindst uden at ga pa kompromis med deres pendlerbehov.

For at finde den gkonomisk mest fordelagtige lasning for bade investorer og kunder, nar det kommer til
valg af grgnne transportmidler, praesenterede den fjerde og sidste artikel i indeveerende afhandling en
komparativ analyse af en nettilsluttet tankstation, der laver brinten pa stedet, og en tankstation, hvor
brinten fragtes ud til tankstationen. De undersggte scenarier omfattede brinttankstationer, der bade kan
fylde brint pa bilens lavtryks- og metalhydridtanke. Scenarierne blev anvendt i to EU-lande med
forskellige gkonomiske indikatorer med henblik pa at vurdere, hvordan eksterne parametre kunne

pavirke prisen pa brint.

Resultaterne viste, at man med metalhydridmodellen pa tankstationer, hvor brinten skal fragtes til, kunne
opna de laveste investeringsomkostninger i forhold til prisen pa brint — dog med leengere tankningstider.
Men fordi metalhydrider ikke er i stand til at frigive den absorberede brintmangde, skal den oprindelig
meangde af lagret brint veere starre end forbruget. Det resulterer i den samme eller endda en hgjere pris
for forbrugeren end ved den komprimerede tankning. Det blev desuden beregnet, at prisen pa brint
afhaenger meget af eksterne faktorer, herunder udgifter til lgn, drift, vedligeholdelse og skatter. Disse
faktorer varierer fra land til land, og derfor er den bedste tankningsmulighed i et land ikke ngdvendigvis

den bedste i et andet.

Sammenfattende giver denne ph.d.-afhandling en rekke input til interessenter inden for
transportsektoren i forbindelse med overgangen til gren mobilitet. Metoden beskrevet i artiklerne kan
bruges til at udvikle et beeredygtigt og deekkende marked inden for brintdrevne transportmidler. Der er
behov for en dybdegéende og flerdimensionel undersggelse af, hvilken tankningsinfrastruktur der — set
ud fra et socialt, teknologisk og gkonomisk perspektiv — er den bedste. I Danmark, hvor en stor del af
den producerede energi kommer fra baeredygtige energikilder, er tankstationer, hvor brinten fragtes til

tankstationen af en ’gren’ producent af vedvarende energi, den mest baredygtige 1gsning for bade

11
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investorer og forbrugere, mens det bedste bzredygtige alternativ i lande, der producerer energi fra

konventionelle energikilder, formentligt er selvejede tankstationer, hvor brinten laves pa stedet.
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1. Introduction

During the last decade, the electric vehicle industry has been developed rapidly due to the associated
environmental impacts arising from the use of conventional fossil fuel-based ICE. This transition to
sustainable mobility presents several positive effects for the environment including air quality
improvement, noise reduction, and fuel independency in the case of RES utilisation. The main scope of
this research was the analytical examination of the prospects of light-duty hydrogen-based urban
mobility from the infrastructure perspective. The contents of this dissertation include three main
sections. The first introduces the problem statement, the motivation and the aims and objectives of the
research, described through the RQs. The second section includes the description of the methodology
followed to analyse the aspects related to the stated RQs and finally the third comprises the results of
the investigated aspects aiming to provide an overall assessment of the light-duty hydrogen vehicle

infrastructure that could be implemented in urban environments.

1.1 Background and motivation

Nowadays, hydrogen can be used in a wide range of applications, where fossil fuels dominate.
Nevertheless, the fact that hydrogen does not exist in its molecular form in nature makes essential its
efficient production. Although there are several available methods for producing renewable hydrogen,
such as through biomass fermentation or gasification and water photolysis, the most mature one
comprises water electrolysis (Hosseini and Wahid, 2016; Penconi et al., 2015). Electrolytic hydrogen
presents significant advantages over other widely used methods of energy storage such as batteries
because it allows storage of large energy amounts, up to GWh, for a long period of time. Hydrogen
energy storage in conjunction with its ability to be transported as compressed gas or liquid makes it an
emission-free alternative to conventional fuels used in the transportation sector and/or the electricity
generation market (Kavadias et al., 2018). However, the high cost of producing, storing and using
hydrogen as transportation fuel or in the electrical power sector consists of a significant factor for its

establishment in areas where other RES technologies could be implemented (Apostolou, 2020a).

The background and motivation of this study can be described through the analysis of the energy and

environmental aspects of this research problem (Fig. 1.1).
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Fig. 1.1. Representation of the research background and motivation aspects.

Fig. 1.1. indicates the different aspects of the problem from an energy and environmental/social

perspective and how these areas are combined together pointing out the problem of interest to be studied.

1.1.1 The problem’s energy aspect
1.1.1.1 The subject

The ongoing increase of the power capacity of RES, including mainly wind and solar energy converters,
poses a challenge to the electricity grids in integrating their energy production, which is inherently
intermittent (Conlon et al., 2019; Huang et al., 2019). The dynamic operation of RES power systems,
together with an increase of their cumulative capacity due to the targets set by EU countries in the ‘2030
climate and energy framework’ (a share of 32% of gross final consumption by 2030), suggests the
difficulties that the TSOs will have to cope with in the years ahead (Child et al., 2019; European

Commission, 2020a).

Several researchers have studied the transition to high shares of RES in the European electricity grids,
suggesting various methods for supporting a RES-based electricity system. Among others, grid
expansion and energy storage have been identified by (Rasmussen et al., 2012), while Kavadias et al.
(2018) supported that energy storage and demand side management could play a significant role in
managing RES intermittency, allowing for higher RES integration (Kavadias et al., 2018). Becker et al.
(2014) suggested that the transmission capacity for harvesting 90% of the RES potential in Europe
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should be quadrupled, while Rodriguez et al. (2014) argued that additional cross-border interconnection
investments between European countries would reduce the need for power balancing in the case of high
RES capacity in the energy mix (Becker et al., 2014; Rodriguez et al., 2014). In the same context, Brown
et al. (2018) presented two prerequisites for allowing high shares of RES in the European electricity
mix: 1) Energy storage, including power-to-gas units, electric mobility and long-term thermal energy
storage, and 2) upgrade and expansion of the cross-border interconnection of the European electricity
grids (Brown et al., 2018).

Among all EU-28 countries, Denmark is one of the few with a significant RES share in electricity
consumption, reaching more than 60% in 2017. Fig. 1.2 shows the RES and electricity import/export
shares in total consumption in EU-28.
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Fig. 1.2. Shares of electricity consumption by fuel type in EU-28 countries in 2017. Based on
(Eurostat, 2019a).

According to the figure above, most European countries present low RES shares in their final electricity
consumption, and they mainly rely on fossil fuel and nuclear-based electricity production. It is also
apparent that most countries import electricity from cross-border transmission lines to meet their electric
demand. Excluding the share of large hydropower plants in Fig 1.2, Denmark presents the highest share
of RES in the final electricity consumption and the lowest share of fossil fuels among the countries with

no nuclear-based electricity production and imports lower than 30% of their final consumption.

The high share of RES in electricity consumption in Denmark is, on the one hand, due to the high wind
power capacity and the good wind potential, and, on the other hand, because of the well-structured
transmission interconnections with Germany, the Netherlands, Norway and Sweden. These

interconnections allow the export of electricity in the case of high RES production and low demand and
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vice versa (Aziz and Huda, 2019). However, there have been cases since 2008, where the annual balance
of electricity imports-exports leaned towards the import side (see Fig. 1.3), suggesting that the
interconnection of the transmission network limits the further increase of the RES grid penetration
(Unger et al., 2018). The rising trend in electricity imports in Denmark during the last decade, compared
with a decline in exports, although electricity production from wind power increased (see Fig. 1.3),
indicates the necessity of implementing topologies allowing higher RES penetration in the electricity
grid.
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Fig. 1.3. Wind energy production and import-exports of electricity in Denmark from 2007 to
2017. Based on (Energinet, 2019).

1.1.1.2 The area

Among all energy storage technologies, hydrogen-based storage presents significant benefits for long-
term bulk energy storage (Kavadias et al., 2018), and according to Apostolou and Enevoldsen (2019),
the financial costs of a hydrogen plant are considerably lower than other RES storage technologies with
the exception of the pumped-hydro storage. Apostolou and Enevoldsen (2019) also reviewed the
prospects of wind energy storage and presented the positives and drawbacks of wind-hydrogen energy

storage topologies over the last two decades (Apostolou and Enevoldsen, 2019).

Lyseng et al. (2018) investigated a power-to-gas system in Alberta, Canada, allowing penetration of
RES in 80% of the grid by 2050. The simulated data showed that the RES capacity could be reduced by
23% and curtailments by 87% through the implementation of hydrogen production units such as PEM
electrolysers. In this study, the produced hydrogen ranged from 1% to 20% of the current annual global
electrolytic production and could be successfully injected into Alberta’s NG grid (Lyseng et al., 2018).
Colbertaldo et al. (2019) presented a simulation of the Californian power system with increased RES
penetration. The study concluded that in order to have a network in California based entirely on RES, a

large capacity of solar and wind converters along with an appropriate energy storage system is required
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to be installed. The research focused on hydrogen storage and re-electrification via a FC. The
optimisation algorithm resulted in capacities of 37, 80, 77 and 33 GW of PVs, wind power, water
electrolysis and FCs systems, respectively (Colbertaldo et al., 2019). Weidner et al. (2018) also
demonstrated the prospects of using hydrogen for power-to-mobility and power-to-power schemes in
Germany, Belgium and Iceland. According to the presented levelised cost analysis, the price of hydrogen
fuel produced from water electrolysis to secure a viable business case would range from 5.96 to 8.55
€/kgH> depending on the country and the scale of the system, showing a comparable price to that of
conventional fuels. The power-to-power scenario included hydrogen production from excess RES via
water electrolysis and repowering of the stored energy back to the grid through FCs during electricity
shortages. For large systems, the authors concluded that the cost of selling electricity would exceed 500
€/MWh and expected to drop to 300 € MWh, which compared to other technologies is considered to be
high (Weidner et al., 2018).

Alshehri et al. (2019) documented the utilisation of hydrogen systems, including water electrolysis and
FCs in providing ancillary services to electricity networks. The authors simulated four scenarios of the
electricity network in the northern region of the Netherlands, including a base scenario (current
operation) and a scenario with water electrolysis and FCs used for frequency control. A simulated
reduction of the rotational inertia resulting to a steeper drop of the frequency was countered by the
inclusion of the hydrogen-based topologies that improved the value of the lowest frequency (i.e.
frequency nadir) up to more than 0.15 Hz, suggesting the technical benefits of FCs in the frequency
balancing markets (Alshehri et al., 2019).

Based on Mehrpooya et al. (2019), the characteristics of high temperature hydrogen technologies (i.e.
solid oxide FCl/electrolyser) also make them ideal for tri-generation of hydrogen, power and heat. In
their research, the authors presented the optimal operating point of a 500 kW net output power system
in terms of efficiency and cost evaluation. The results showed a FC power capacity of 633.4 kW, an
electrolysis power capacity of 166.4 kW, a hydrogen production rate of 5.64 kg/h and a heat recovery
of approximately 34 kW (Mehrpooya et al., 2019).

Nagasawa et al. (2019) investigated the use of wind-produced hydrogen to meet the potential hydrogen
demand of light-duty vehicles in the USA and the state of Texas. The model proposed by the authors
provided results concerning hydrogen production with a maximum profit. Calculation of the marginal
price of hydrogen showed values of approximately 3.6 €/kgH, for an economical operation of the
system. Low hydrogen prices (e.g. 0.9 €/kgH>) indicated that hydrogen production is only favourable in

the morning when electricity prices are lower (Nagasawa et al., 2019).
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Shabani and Moghaddas-Tafreshi (2020) studied a multi-purpose hydrogen system supporting thermal,
electrical and hydrogen loads. The system consisted of an electrolyser, a FC, a PV generator, a battery
electric storage, an anaerobic digestion reactor, a hydrogen and thermal storage, and auxiliary power
electronics. The authors simulated the operation of the system to cover specific loads when a
decentralised unit was connected to the electrical grid and then compared it with a respective centralised
unit in terms of social welfare and financial profits for private ownership. The results indicated that
social welfare with the centralised unit is advantageous than the decentralised unit, while the economic

assessment showed higher profits for the decentralised unit (Shabani and Moghaddas-Tafreshi, 2020).

The ability of hydrogen technologies to be used in many applications was assessed by Widera (2020),
who reviewed and compared hydrogen production methods in terms of their respective environmental
impacts and costs. The analysis of various case studies revealed that by 2050, hydrogen technologies
for the integration of large RES capacities into the electricity networks would play a critical role,

supporting simultaneously the mobility and the building sectors (Widera, 2020).

1.1.2 The problem’s environmental aspect
1.1.2.1 The problem environment

Since the beginning of 1990, the UN have identified the impacts of climatic change occurring due to the
profligate exploitation of finite energy sources and have committed to decrease the GHG emissions by
18% compared to the 1990 levels by 2020 (United Nations, 2020). The EU-28 respective targets were
set to 20% and 40 % reduction of the GHG emission from the 1990 levels by 2020 and 2030 respectively
(European Commission, 2020a). The new EU ‘Green Deal’ initiative consisting of a roadmap towards
tackling climate change was presented late 2019 and focussed on actions required to implemented by
EU to be carbon neutral by 2050 (European Commission, 2019a). Based on Fig. 1.4, the GHG emissions
in EU-28 for 2018 were decreased by 20.7% compared to 1990 levels indicating that the 2020 target
was reached. However, transportation induced GHG emissions were increased at the same time by
approximately 20% compared to 1990 levels accounting 21.6% of total GHG emissions (Eurostat,
2020a). The EU ‘Green Deal’ suggests a reduction of 90% of current mobility-induced emissions by
2050 through adopting different modes of transport (i.e. rail and water) and by boosting the supply of
sustainable alternative transport fuels. Moreover, the transportation policy of the EU ‘Green Deal’
guoted that the requirements on new alternative fuel and recharging stations by 2025 would be a

seventhfold increase from current station numbers (European Commission, 2019a).
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Hence, it is apparent that for meeting the 2050 transportation emission targets suggesting a 60%
reduction compared to 1990 levels (European Environment Agency, 2020), no- to low-emission vehicle

technologies and infrastructure should be extensively implemented.
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Fig. 1.4. EU-28 GHG emissions by sector between 1990 and 2018. Based on (Eurostat,
2020a)

Among all means of transportation, road transportation in EU-28 presents the highest share in GHG
emissions reaching 93.7% of total transport (898.89 out of 950.05 Mt CO-eq.) from which
approximately 40% is estimated to come from urban transportation (European Environment Agency,
2020; European Union and Interreg Europe, 2018). To this end, urban transportation induced emissions
constitute an important factor affecting global climate change mitigation and thus is significantly studied

in the recent international peer reviewed literature.

Cheng et al. (2015) investigated urban transportation policies to reduce the CO, emissions in the city of
Kaohsiung in Taiwan. The authors used a system dynamics model to simulate a real urban transportation
system and evaluated how parameters such as CO, emissions altered by the dynamic behaviour of factors
such as population and vehicles numbers. The outcome of their study indicated that policies including
increased fuel tax, and setting a strict motorcycle parking management would reduce emissions by 9.9%,
and 5.1% respectively (Cheng et al., 2015). Likewise, Sun et al. (2020) evaluated how control policies
including vehicle population constraint, public transportation promotion, new energy vehicles, and
shifting freight traffic from highways to railways and waterways could mitigate CO, emissions in a
middle-size city in China. The outcome showed that all these policy measures would reduce future CO;

emissions, with the most significant reduction reported to occur through the freight traffic optimisation
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for the CO, NOy and PMyo, and the vehicle population constraint for the volatile organic compounds
(Sun et al., 2020).

Yuan et al. (2019) presented a study of the evolution of urban transportation induced emissions in China
and the factors contributing to their increase. The growth of private vehicles number compared to public
transportation along with the GDP growth, were found to pose a negative impact to the urban emissions
in seven cities. For example, Beijing presented an increase of annual emissions between 2004 and 2014
by approximately 11 Mt of CO2, mostly due to the private vehicle fleet growth. The authors concluded
that the introduction of ‘green’ and low-carbon urban transportation would be important in order to reach
the target set by the Chinese government to reduce CO; per unit GDP by 60% - 65% from the 2005 level
(Yuan et al., 2019).

Li and Yu (2019) presented in their research a forecast concerning the evolution and peak of CO;
emissions from urban transportation in China. The model used by the authors assessed how the
introduction of low-carbon measures such as shifting to alternative ‘green’ vehicles could alter the CO;
emissions trend. The results indicated that car urban emissions account for 60% of total transport
emissions suggesting that replacing conventional vehicles with contemporary technologies of alternative
clean fuel or with improved fuel efficiency counterparts could contribute to a peak of CO, emissions
between 171 and 214 Mt at around 2020 (Li and Yu, 2019).

The replacement of conventional vehicles by EVs in Beijing, China was also found by Kolbe (2019) to
reduce vehicles’ fuel combustion CO2 emissions and the associated emission from air condition systems
operation. The author examined two EV concepts including BEVs and FCEVs, which presented the
highest CO. reduction in the case of using wind generated electricity and ‘green’ hydrogen fuel,
respectively. Using a regular energy mix for the recharging and hydrogen generation processes was
found to lower emissions but this reduction was less compared to a scenario of enhanced metro
transportation (Kolbe, 2019).

Breuer et al. (2020) used a bottom-up approach to estimate the road transport emissions in urban areas
of the North Rhine-Westphalia in Germany aiming to determine how the transportation sector should
transform in terms of alternative vehicle technologies and different fuels. The results indicated that 91%
and 9% of NOy emissions and 71% and 29% of PMi, emissions are coming from diesel and petrol
vehicles, respectively. The potential reduction of these emissions by replacing the conventional vehicle
technologies with either BEVs or FCEVs was found to be 65% and 11% for the NOx and PMi
respectively (Breuer et al., 2020).
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The benefits of adopting EVs in urban transportation in terms of reducing emissions was assessed by
Siskova and van den Bergh (2019). The authors investigated how city activities contribute to overall
emissions and concluded that among others, shifting from conventional vehicles to EVs charged from
RES-based energy mix, emissions could be threefold reduced compared to a scenario of a conventional
vehicle fleet. However, it was stated that in the case of a fossil-fuel based electricity mix, the emissions

reduction would be diminished (Siskova and van den Bergh, 2019).

Krause et al. (2020) studied the prospects of road transport decarbonisation and the CO, emission
reduction that could be achieved in EU by 2050. The research was based on the assessment by a group
of experts of potential transportation measures aiming to reduce future emissions. Three SCs of road
vehicle technology composition were examined including: a) a maximum market penetration of BEVs
and PHEVs, b) an inclusion of FCEVs in the first SC, and c) a mixed composition of lower
electrification, no FCEVs and conventional vehicles dominating in the mix. The results showed that CO;
emissions could be reduced by 85%-90% and 40% compared to 1990 levels, for the two optimistic and

the third pessimistic SC respectively (Krause et al., 2020).

A comparison between the LCA of light-duty alternative vehicles in urban environments was presented
in a research published by Marmiroli et al. (2020). The authors compared three different powertrain
topologies of commercial vehicles including diesel, NG, and electric in identified impacts including
depletion of fossil fuels, acidification and global warming. The outcome showed that the electricity-
based powertrain provided savings in all categories associated with fuel combustion even if the energy
mix was based on fossil fuels. However, it was quoted that EV's present higher impacts compared to NG
and diesel powertrains in photochemical oxidation, eutrophication and acidification (Marmiroli et al.,
2020).

A part of the international peer-reviewed literature quoted in this section investigated the prospects of
reducing the transport-induced GHG emissions in China through the adoption of ‘green’ vehicle
technologies. It is documented that transportation emissions in large Asian markets such as China could
be significantly decreased by the integration of AFVs and EVs. During the last years, China’s policy to
support EV technology (Hsieh and Green, 2020) resulted to a great contribution in the global market
with 2019 and 2020 sales exceeding 2.5 million vehicles and accounting more than 50% and 40 % of
the global EV market respectively (EV-volumes, 2020). The recent policy of China to impose a mandate
to auto-manufacturers concerning the production of EVs to reach 40% by 2030 will expand significantly
the EV market as it is expected that it will bring down worldwide cost of batteries and vehicles (Stauffer,
2020).
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1.1.2.2 The problem context

Based on the above, it is apparent that one of the most promising solutions towards the mitigation of
urban transportation emissions is the replacement of the conventional vehicle fleet with alternative-
powered vehicles including EVs. EVs consist of three main powertrain technologies: BEVs, PHEVs and
FCEVs. Among these, PHEVs are low emission vehicles, while BEVs and FCEVs present zero direct
GHG emissions (McKinsey & Co, 2010). Apostolou (2020b) suggested that light-duty EVs for urban
transport such as scooters and bicycles are a feasible alternative to larger vehicles as they present better
environmental footprint and comparable ownership costs (Apostolou, 2020b). The two powertrains with
zero direct emissions (i.e. BEVs and FCEVs) present advantages and drawbacks once compared
between each other. Bicer and Dincer (2017) compared FCEVs with BEVs and methanol-fuelled
vehicles in a LCA analysis. Their results indicated that FCEV technology presents lower global warming
potential than its counterparts (Bicer and Dincer, 2017). Thomas (2009) in his study suggested that the
fossil-fuel energy mix in many countries would have an environmental impact during the charging
processes of BEVS, resulting to a lower LCA carbon footprint of the FCEVs, especially in the case of
using by-product hydrogen fuel from the chemical industry (Thomas, 2009). In the same context, Li et
al. (2016) compared the environmental prospects of both BEVs and FCEVs concluding that the
powertrain with more environmental benefits depends on the electricity mix and the methods used to
produce and subsequently store the hydrogen fuel (Li et al., 2016). Likewise, the energy mix for
producing hydrogen from water electrolysis was framed by Kolbe (2019) as being an important factor
in evaluating the carbon footprint of FCEVSs. The results showed that a regular energy mix contributes
to less environmental benefits of FCEVs compared to AFVs (Kolbe, 2019). Kim et al. (2020) suggested
however that in S. Korea the exclusion of FCEVs from the vehicle mix in 2030, would result to an

increase of GHG emissions although the BEV market share would be higher (Kim et al., 2020).

Acknowledging the above, hydrogen-based light-duty vehicles such as scooters and bicycles could play
a significant role on one hand in the decongestion of urban traffic and on the other in a better
environmental performance compared to larger alternative vehicles. Brey et al. (2018), Apostolou and
Xydis (2019) and Apostolou (2020b) indicated that FCEVs also present similar to conventional vehicles
values of driving range and refuelling times suggesting that this type of EV is a considerable candidate
in the future urban vehicle mixed fleet (Apostolou, 2020b; Apostolou and Xydis, 2019; Brey et al.,
2018).

Reichmuth et al. (2013) suggested that by replacing 40% of the light-duty vehicles with FCEVs in USA

in conjunction with an optimistic biofuel production and use in conventional vehicle fleet, could be a
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solution of reaching a target of reducing GHG emissions of this type of vehicles by 80% compared to
1990 emissions (Reichmuth et al., 2013).

Hwang and Chang (2010) compared the environmental performance of BESs and FCESs in Taiwan
under different hydrogen fuel production schemes by using as reference a conventional petrol scooter.
The results showed that although the tank-to-wheel emissions where zero for the BESs and all the FCES
cases, the WtW emissions of FCESs were found to be significant if hydrogen fuel is produced from
water electrolysis powered from the electricity grid. On the other hand, if a water electrolysis system is
powered from RES such as PVs, WtW GHG emissions are reduced to minimum (i.e. less than 5 gCO»-
eq./km) (Hwang and Chang, 2010).

Tso et al. (2012) published the results of a FCES program in Taiwan for coping with the intense air
pollution in urban areas. The outcome of their experimental study showed that FCESs would help in
reducing urban emissions, though several problems occurred during the experimental phase such as low
drivetrain endurance and issues with the MH storage system at low ambient temperatures (Tso et al.,
2012). Similarly, Shang and Pollet (2010) tested the operation of a FCES in Birmingham, UK and
compared the results with a BES and a petrol scooter. The results included a WtW CO; emission analysis
indicating a value of 9.37 gCO./km in the case of wind-produced hydrogen fuel, while the BES
presented a CO; footprint of 24.07 gCO»/km under a normal energy mix (Shang and Pollet, 2010). A
SWOT analysis for the development of FCESs in Taiwan was published by Hwang (2012). The author
used as input to the analysis, the energy density and GHG emissions of FCESs, BESs, and petrol
scooters. The results showed that FCES drivetrain performed better in energy consumption and GHG
emissions per km compared to its counterparts with 123 Wh/km and 23 gCO»-eq/km (Hwang, 2012).
Likewise, Chang et al. (2016) compared the carbon footprint between a conventional an on-board SMR
hydrogen, a methane SMR, a plug-in and a hybrid electric scooter. The lowest performance was found
in the conventional scooter with approximately 137.8 gCO./km, while the best has been observed in the
SMR and on-board SMR with a footprint of 11.5 and 11.7 gCO./km respectively (Chang et al., 2016).

Mellino et al. (2017) compared BEBs with FCEBs in an LCA perspective. The LCA was performed
under the same distance range of 100 km and the results showed that although the FCEB performed
worst in the production phase due to the complexity of the powertrain components, the emission
footprint of the BEB was worst during the operating phase (Mellino et al., 2017). The prospects of PV-
based hydrogen fuel production for a FCEB sharing program in Italy were presented by Minutillo et al.
(2018). The authors proposed a sustainable energy chain including a 103 kW PV power plant and a 16

kW alkaline electrolyser able to annually produce 2,190 kg of hydrogen fuel. The annual travelling
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distance equalled to 3,772 km contributing to an avoidance of 490 kg of CO; emissions (Minutillo et
al., 2018).

The obvious environmental benefits arising from the adoption of alternative fuel vehicles and
specifically FCEVs in urban environments could be deemed as the keystone for coping with the
environmental impacts associated to conventional transportation. However, a factor playing a significant
role in the transition to sustainable urban transportation is the social acceptance of new mobility

technologies.

Iribarren et al. (2016) studied the prospects of hydrogen transportation from a social perspective in
Spain. The authors’ methodology consisted of a quantitative approach based on empirical data gathered
from a survey focussing on the technology awareness, the costs and the required infrastructure. Although
the results were based on a sample of relatively young participants (<35 years old), it is indicated that
technology knowledge was high but the increased costs and limited infrastructure negatively affected

the willingness of the participants to adopt this technology in the short term (Iribarren et al., 2016).

In the context of the transition from conventional vehicles to AFVs, Hackbarth and Madlener (2016)
documented the level of public acceptance of AFVs in Germany. The results of their research showed
that the German public is not homogeneous in regards to consumer’s perspective. The distinct groups
were identified among others as ‘PHEV enthusiasts’, ‘purchase price sensitives’, and ‘fuel cost savers’.
The outcome indicated that tax exemptions and non-monetary governmental incentives could enhance
the AFVs market, while fuel cost reductions were not valued as much as expected from the consumer’s

side to strongly favour the expansion of the market (Hackbarth and Madlener, 2016).

Itaoka et al. (2017) investigated the awareness, perception and acceptance of hydrogen-based
transportation. The published results compared to older relative studies performed in Japan showed that
there was a small improvement in regards to the knowledge of the technology and people were more
positive toward the adoption of this mobility option. However, increased awareness resulted to a more

cautious public about the risks and benefits of the technology adoption (ltaoka et al., 2017).

Wang et al. (2018) presented the results of an empirical study concerning the acceptance of EVs by the
public in Shanghai, China. The authors concluded that public’s willingness to replace their conventional
vehicle with an EV alternative was low and was highly dependent on the educational level and income
of the participants. Consumers with secondary and lower educational level, and low income responded
not to be willing to invest in an EV, while consumers with higher income and graduate education level

were considering EVs to replace conventional vehicles (Wang et al., 2018).
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The prospects of electric-based transportation in Malaysia were assessed by Asadi et al. (2021). The
paper studied the propensity of the public to purchase an EV through a survey focussing on factors
affecting the consumer’s attitude toward the transition to ‘green’ transportation. The results indicated
that ‘personal norms’ suggesting the moral commitment of the individual for environmental friendly
technologies poses significant effect on the intention to adopt EVs. ‘Awareness of consequences’ of
using conventional vehicles affected positively ‘ascription of responsibility’, which in turn affected
positively the ‘personal norms’. Therefore, it is documented by the authors that environmental
awareness consists of a significant factor for the transition to sustainable transportation (Asadi et al.,
2021).

In the same context, Cui et al. (2021) investigated the consumers’ purchase motivation for EVs in China
based on different human needs that play a significant role in the decision-making processes. The results
presented, showed that environmental concern is the most significant factor in EV adoption followed by
price consciousness, social influence, openness to experience, and self-esteem. All factors except price
consciousness were found to positively affect the purchase motivation of EVs in China, indicating that
the environmental and social aspect of the transition to new ‘green’ transportation tachnologies are a

significant parameter to be taken into account for the policymakers and stakeholders (Cui et al., 2021).

1.1.3 The problem of interest

The presented context of the under-investigation problem revealed that the key interest of this research
topic is the sustainable production-storage and delivery of hydrogen to light-duty vehicles in urban areas
in order to cope with the respective indisputable GHG pollution. Although there is a significant amount
of research articles in the international literature concerning HRSs, urban located HRSs and particularly
those able to additionally provide ‘green’ hydrogen refuelling processes to light FCEVs such as FCESs
and FCEBs are not adequately studied.

Urban located HRSs for FCEVs are considered to present higher risks compared to conventional
refuelling stations. Gye et al. (2019) presented a quantitative risk assessment of high-pressure HRS
located in an urban area in order to evaluate the main associated risks from the implementation of such
stations in density populated city centres. The results indicated that the main risks might be found in the
compressor and dispenser systems, which need to be installed with an additional safety barrier to prevent

continuous release of hydrogen in the case of leaks (Gye et al., 2019).
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Campifiez-Romero et al. (2018) proposed the introduction of urban HRSs to support a FC taxi fleet as a
start-up hydrogen supply infrastructure. The results of their research indicated that a capital of $415
million along 25 years through public funding would provide during a development period of six years,
an adequate network of 112 HRSs able to meet the fuel demand of 15,000 FC taxis in the city of Madrid,
Spain. The estimated CO; emission annual reduction would reach 300 kt (Campifiez-Romero et al.,
2018). Likewise, Micena et al. (2020) studied the implementation of an urban PV-powered HRS for
replacing an existing taxi fleet in the Brazilian city of Guaratingueta by FC taxis. The authors
documented that 185.4 kgH- are required to meet the entire fuel demand with a hydrogen fuel cost
between 8.96 and 13.55 $/kgH: (Micena et al., 2020).

Kova¢ and Paranos (2019) published an experimental study of the operation of a FCEB in Zagreb,
Croatia, refuelled from a small PV-based refuelling station with hydrogen outlet flow of 2,000 cc/min.
The authors quoted details on the operation of the FCEB in terms of autonomy and hydrogen
consumption (i.e. approximately 66 km and 4.5 gH- respectively), while the respective refuelling station

was able to provide hydrogen fuel for five bicycles in a daily basis (Kova¢ and Paranos, 2019).

1.2 Aim and objectives

The analysis of the background of this study indicated that a multi-dimensional hydrogen market
including among others the energy and transportation sectors is emerging. RES-based hydrogen could
serve as a potential large-scale energy storage topology that could provide clean fuel in a LC timeline
to both electricity production and mobility. Hydrogen infrastructure and particularly HRSs for passenger
vehicles including cars and busses can be quoted to currently present a significant investment cost with
the majority of stations ranging between €1.5 and €3.5 million depending on the type, and capacity
(Apostolou and Xydis, 2019). To this end, investments of HRSs able to accommodate FCEVs with a
fuel demand similar to the one of their contemporary conventional counterparts could be characterised

as unappealing for a market that is currently at an infant stage of development.

Taking all the above into consideration, there is a gap in knowledge regarding the infrastructure
investment opportunities arising from the implementation of light-duty FCEVs in urban environments.
Hence, the aim of this project focussed on the investigation of ‘green’ hydrogen production, storage and
utilisation SCs for light-duty transportation in urban environments. The purpose of the analysis of those
SCs was the identification of the best business case of hydrogen infrastructure required to support a
future fleet of light-duty FCEVs such as FCEBs and/or FCESs in terms of CAPEX, O&M costs and

dispensed hydrogen fuel costs. The investigated SCs aimed at locating the lowest financial investment
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from the infrastructure investor’s side with at the same time securing the best fuel price for the future

customers.

The aim of this PhD research is further described through the frame of objectives in order to assess the

prospects of the light-duty hydrogen vehicles refuelling market.

¢ Identification of the socio-economic parameters affecting the transition to hydrogen mobility.

e Investigation of a hydrogen production and storage unit that will include a hydrogen generator,
a compression, and a dispensed stage to refuel FC light urban vehicles.

e Investigation of the viability of such system by estimating CAPEX, O&M cost, energy cost,
and range of the vehicle.

e Development of a model for the short-term prediction of hydrogen production based on the
characteristics of the hydrogen production-storage unit. Integration of the model into the
pricing mechanisms of the electricity market.

e Study and analysis of the emerging market regarding the cost benefit of both wind farm and
hydrogen light urban mobility scale refuelling infrastructure investors to secure at the same
time the lowest possible hydrogen fuel cost.

e Techno-economic assessment of different types of HRSs for meeting the fuel demand of

FCEBs in an urban area.
The above-mentioned objectives can be described by the following RQs:

1. What are the socio-economic prospects of the light-duty FCEVs’ private transportation and its

respective infrastructure?

The first RQ seeks to explore the prospects of hydrogen mobility both from the social and financial point
of view. It also deals with the first and second objective of the research aiming to identify the social
factors affecting the hydrogen market development, the different types of HRSs and their respective
economic parameters. Moreover, the social acceptance of such technologies has been deemed highly

significant towards the light-duty passenger FCEVs and infrastructure market development.

2. Why and how a ‘green’ hydrogen production system participating in wind power and electricity

markets could be a viable solution towards sustainable light-duty hydrogen transportation?

RQ2 was set to ensure if a hydrogen production system coupled to wind energy and/or the electricity
market could be a financially feasible case to support a hydrogen light-duty refuelling market. This RQ

aimed at finding answers regarding the economic benefits from the wind farm (i.e. by avoiding energy
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waste) and the hydrogen infrastructure (by gaining income from both selling hydrogen fuel and

participating in the electricity market) investors’ perspective.

3. Which type of hydrogen refuelling infrastructure for cycling-based transportation is the most

economically feasible solution from an investor and customer perspective?

The scope of the third RQ could be defined as the identification of the best techno-economic SC for the
hydrogen infrastructure market in regards to light-duty urban FCEVs. The hydrogen transportation
market development is often characterised by the ‘chicken and egg’ dilemma, suggesting the two-way
relationship between hydrogen infrastructure and FCEVs (Campifiez-Romero et al., 2018; Ogden et al.,
2014); the lack of adequate infrastructure hinders the FCEVs market and vice versa. The acceptance of
this transport technology by the public is quoted to be influenced apart from economic factors by the
accessibility to the relevant refuelling infrastructure. Therefore, a limited number of HRSs poses a
negative effect on the public’s willingness to purchase a FCEV. Moreover, investments on hydrogen
refuelling infrastructure is highly dependent on the demand of the hydrogen fuel. Low demand of the
fuel induces either high fuel prices or limited future investments or both. Hence, it is apparent that the
expansion of this market is required to be financially assessed from both the HRS investor and the

vehicles owners’ perspective.

The next chapters of the dissertation focussed on the thorough investigation of the stated RQs, firstly by
configuring the appropriate methodology to be implemented and secondly by presenting and discussing
the results answering the respective RQs. The acquired results analysing the stated problem of interest
were presented through respective publications in international peer-reviewed literature quoted in the

following sections.
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2. Methodology

The methodological approach of this research is described in this section, which initially introduces the
main approach leading to the final research design of this dissertation. Following the research design, a
presentation of the applied methodology in the quoted articles is documented and discussed. The main
dimensions considered during the methodology development included the research philosophy and

reasoning, and the research data.

2.1 Background theory

The research dimension named ‘philosophy’ consists of the philosophical stance of the researcher and
is considered to be subjective. According to Sutrisna (2009), the philosophical stance of a researcher
does not require justification and that is why the title PhD abbreviates ‘Doctor of Philosophy’ and not
‘Doctor in Philosophy’ (Sutrisna, 2009) indicating that a researcher is required to demonstrate a
thorough understanding of the philosophical issues in the context of his/her scientific field. The two
main philosophical concepts namely the ontology and epistemology describe the philosophical stance

of a researcher and consequently affect the reasoning of the research (Sutrisna, 2009).

The reasoning of the research describes the logic behind the study. It is based on the background of the
study, the existing knowledge and provides the general approach of how the research should be
designed. The two main types of research reasoning comprise the deductive and inductive research. On
the one hand, in deductive research, hypotheses are formulated based on an analysis of the existing
literature. Identification of knowledge areas that are inadequately studied results in the formation of the
stated RQs in a ‘If...then’ relationship that is either confirmed or rejected by the acquired results. On the
other hand, inductive research begins with the identification of the general problem based on existing
theory and observation and seeks to find the possible results to the problem of interest by collecting data

in order to answer the stated RQs (Jonker and Pennink, 2009).

The identification of what type of research data should be adopted during the research design process is
crucial for the completion of a scientific research, as it constitutes the main input to the methodology
application used to find the answers to the problem of interest. The two types of data that are usually
gathered and analysed in research studies include the quantitative and qualitative data. A quantitative
approach is about gathering factual data that can be quantified and analysed to provide the results of the
under-investigation problem. The researcher is the neutral observer who although examines the
phenomena occurring during the research process, he/she is as objective as possible acting independently

in the data assessment (Jonker and Pennink, 2009; Sutrisna, 2009).
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A qualitative approach, as its name indicates, deals instead of the factual characteristics, with the quality
of the under investigation phenomena (Sutrisna, 2009). A qualitative method involves mostly linguistic
sources of data such as surveys or interviews seeking to interpret phenomena from the perspective of
the subjects involved. In qualitative data acquisition, the researcher should be unprejudiced in order to
achieve the best evaluation of the results without introducing biased conclusions (Jonker and Pennink,
2009).

The combined use of quantitative and qualitative approaches for achieving valuable insight and
comprehension of the under investigation problem is called multi-method research approach (Jonker
and Pennink, 2009). The multi-method approach, often cited as mixed-method research, established in
the early 2000 and evolved in correspondence to overcome the limitations of quantitative and qualitative
methodologies (Lund, 2012). These limitations might include difficulties in generalisation and
duplication, and utilisation of immaterial hypotheses and swallow descriptions for the qualitative and
guantitative methods respectively (Caruth, 2013). The most common multi-method approaches used in

academia include among others (Creswell and Guetterman, 2019):

e The convergent parallel, where quantitative and qualitative data are simultaneously collected.

e The explanatory sequential, where quantitative data are initially gathered followed by
qualitative to enhance the findings.

e The exploratory sequential, where qualitative data are gathered to examine a topic and
guantitative to explain the qualitative findings.

e The multiphase, where the problem of interest is investigated through a series of studies.

2.2. Research design

The identified problem of interest of this PhD research project and the emerged aim and objectives as
described by the stated RQs in section 1.2 are showing a multi-dimensional perspective of the subject.
Apart from the technological and financial aspects of the problem that need to be investigated in order
to find a viable SC that could be integrated in the already existing vehicle refuelling market, there is an
important factor that substantially affects all new technologies entering into a commercialised stage of

development.

Social acceptance of new technologies has been quoted as one of the most significant key issues in peer-
reviewed literature showing that the opinion of the public for new technologies plays a significant role

in the development of new markets (Assefa and Frostell, 2007; Cohen et al., 2014; Niehaves et al., 2012;
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Pantano and Di Pietro, 2012; Schepers and Wetzels, 2007). In this context, the social perspective
regarding a hydrogen refuelling infrastructure market for urban light-duty FCEVs consists of a major
parameter in the investigation of the prospects and the features characterising this market. To this end,
the multi-method research approach has been selected to be the most appropriate method for meeting
the objectives of this research through the implementation of the different data acquisition and analyses
in the respective articles presented in the next sections of this dissertation. Hence, among all various
approaches of multi-method research methods, the multiphase type suggesting the examination of the
research problem through a number of studies was assessed to be the prevailing general methodology to

ensure an in-depth investigation of the identified aim of this research.

Acknowledging the above, the main core of the methodology adopted to meet the aim and objectives
and answer the stated RQs included three main research approaches. Initially, in respect to RQ1 a
literature review on hydrogen transportation market was compiled to assess the state of art of the
technology and secondly the prospects of hydrogen mobility in Denmark were investigated via a survey
to identify the social acceptance of this technology by the Danish public. Thereafter, in the context of
RQ2 and 3, an experimental section was designed to get the refuelling process data of a FCEB. The
experimental part was divided in two major phases. The first phase included an investigation of low-
pressure refuelling processes of a light-duty urban FCEV such as a FCEB. The laboratory refuelling
system used consisted of a small-scale water electrolysis unit able to provide hydrogen of high purity at
an outlet pressure of 30 bar. The gathered experimental data (i.e. quantitative data) provided results
concerning energy consumption of the hydrogen generator and delivered autonomy range of the FCEB.
Likewise, the second phase included the acquisition of the same data but with refuelling pressures of up
to 200 bar (i.e. 100, 150 and 200 bar). The second phase of the experimental part occurred in a pilot

HRS adapted to provide hydrogen fuel in a pressure range between 30 to 200 bar to small vehicles.

The results from both experimental phases were financially analysed to get an overview of the different
perspectives that a light-duty urban refuelling market for FCEVs could be developed. The calculated
refuelling prices based on the specifications of HRSs for low to high refuelling pressure capabilities
were disseminated to potential adopters, who provided feedback on how the respective market would

become attractive to end-users. Fig. 2.1 indicates a flow diagram of the applied methodology.

The gathered experimental data were used to model the operation of all the types of HRSs and in
conjunction with the CAPEX, and OPEX, the hydrogen refuelling price was calculated based on a
positive NPV and IRR of future business SCs.
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Fig. 2.1. General methodology applied towards the light-duty urban hydrogen refuelling

market.

The outcome of the disseminated to future adopters hydrogen refuelling prices linked to the respective
SCs was then assessed to find out which of the business SC was the most prevailing among the survey

participants.

The number of research studies stemming from the multi-method approach is linked to the
accomplishment of nine research tasks used to meet the objectives of the PhD project and consequently
answer the stated RQs.

Task 1: Experiments of hydrogen production processes and use on a FCEB under different driving
patterns and routes.

Task 2: Review of WH systems and identification of the central Denmark’s wind power status and
pricing mechanisms of the spot and balancing electricity markets.

Task 3: Development of a model for short-term prediction of hydrogen production.

Task 4: Integration of the hydrogen production system into the wind power and electricity market.
Task 5: Design - Analysis of the new hydrogen production-storage-fuelling market. Integration with the

developed model.
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Task 6: Application of the developed model on a small-scale autonomous HRS case study in the city of

Herning, Denmark. Investigation of the viability of a future attempted business integrated in the

particular market.

Task 7: Identification and analysis of the social factors to affect the new market.

Task 8: Investigation of the market economic factors under a different storage technology.

Task 9: Application of the new market to broader regions — Analysis of the results.

Table 2.1 summarises the publications linked to the RQs and the respective research tasks.

Table 2.1. Journal articles presenting-discussing the results of the PhD tasks as linked to the

RQs.
Research . .
RQs Title of the article Author(s) Journal Year
Tasks
A Literature review on hydrogen o Renewable &
. . . Dimitrios Apostolou, .
- refuelling stations and infrastructure. Georde Xvdis Sustainable Energy 2019
Current status and future prospects ge 2y Reviews
RQ1 Prospects of the hydrogen-based
Q p_ - y J . Lo International
mobility in the private vehicle Dimitrios Apostolou,
7 . . ) Journal of 2021
market. A social perspective in Sissel N. Welcher Hvdrogen Ener
Denmark yarog 9y
The past, present and potential of o Renewable and
. . Dimitrios Apostolou, .
2 hydrogen as a multifunctional Sustainable Energy 2019
- . Peter Enevoldsen .
storage application for wind power Reviews
RO2 Optimisation of a hydrogen
production — storage — re-powering
2,3,4 system participating in electricity Dimitrios Apostolou Applied Energy 2020
and transportation markets. A case
study for Denmark
Supporting green urban mobility —  Dimitrios Apostolou, International
6 The case of a small scale Peter Enevoldsen, Journal of 2019
autonomous H; refuelling station George Xydis Hydrogen Energy
Assessing the operation and .
. . . International
different refuelling cost scenarios of L
1,5 L. Dimitrios Apostolou Journal of 2020
a fuel cell electric bicycle under
Hydrogen Energy
low-pressure hydrogen storage
RQ3 . . - N
Q Integration of a light mobility urban ~ Dimitrios Apostolou, International
scale hydrogen refuelling station for Pedro Casero,
1,5 y .g uert g I ) Journal of 2021
cycling purposes in the Vanesa Gil
. . Hydrogen Energy
transportation market George Xydis
Refuelling scenarios of a light urban .
. . . N Energy Transitions
8,9 fuel cell vehicle with metal hydride Dimitrios Apostolou, 2021

hydrogen storage

(Under review)

The first article comprised a literature review aiming to present the current situation of the hydrogen

transportation market from both the vehicles and the refuelling infrastructure perspectives. The article
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followed a methodology including the presentation of current HRS topologies, evolution and current
status of the FCEVs and HRS and forecasts about how infrastructure, vehicles’ number and hydrogen
fuel cost is going to evolve by 2050. The article’s contribution was not limited only to a simple
representation of the quantitative gathered data but it provided an in-depth analysis of the data by
presenting different SCs in regards to the prospects of hydrogen mobility market in a horizon of 30

years.

As discussed above, the social acceptance of hydrogen technologies in the transportation sector is of
high importance regarding the prospects of a new hydrogen mobility and infrastructure market. To this
end, the second article aimed at the identification of the social perspective on hydrogen-based
transportation in Denmark and the possible reasons that may affect positively or negatively its prospects.
The methodology followed included the examination of nine hypotheses linked to the identified
variables posing an impact on the prospects of hydrogen urban private mobility. The stated hypotheses
were either confirmed or rejected based on the answers’ chi-square crosstab analyses received from a

13 questions survey.

The third article linked to task two and RQ2, consisted of a literature review to study the evolution and
state of the art of WH systems. The applied methodology identified, presented and discussed past studies
concerning hybrid topologies including wind power and hydrogen generation and utilisation systems,
from a technical, financial and environmental perspective. Three categories of WH systems were
investigated and discussed; grid-connected and autonomous energy storage systems, and configurations

used to provide fuel to the transportation sector.

In correspondence to the second, third and fourth task of this PhD project, the second article linked to
RQ2 aimed at investigating the wind power sector and electricity market in Denmark and the financial
prospects of a hydrogen system participating in the electricity market either as a demand response load
or/and a power generating unit. To achieve that, an algorithm of sizing and calculating hydrogen
production of the hydrogen system for each examined SC was developed to identify the most financially

efficient SC for the investor with the least hydrogen fuel price.

The next article linked to task six and RQ3, comprised the sizing and optimisation of a low-pressure
autonomous on-site HRS for light-duty FCEVSs in order to meet the hydrogen fuel demand of the city of
Herning, Denmark in the case where all bike owners would use FCEBs for their daily commutes. The
methodology followed included three main steps consisting of the sizing of the wind turbine based on

the wind resource of the region and the estimated hydrogen fuel demand, the sizing of the water
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electrolysis system and the storage configuration based on the maximum hydrogen production from the

wind turbine output, and a financial analysis to estimate the hydrogen fuel cost.

The sixth article documented in this dissertation presented the experimental results of the first phase
(see Fig. 2.1) and a comparison analysis of different low pressure refuelling SCs as the first step towards
the market development. The methodology followed in this research paper consisted of quantitative
analysis of the experimental data and qualitative analysis of the data gathered based on a survey taken
by the experiment’s participants. The experimental results were compared to the respective results
acquired from the application of the algorithm developed in the fourth article to assess the best low-

pressure refuelling SC.

Likewise to the sixth article, the next research output presented the results of the second experimental
phase and discussed the refuelling processes of the FCEB under different storage pressures. Similarly
to the previous paper, a quantitative approach was used to process the data followed by a qualitative
analysis of a survey’s results regarding the distance the participants were willing to travel and the cost
they were willing to pay for refuelling the light vehicle. The most economically favoured SC indicated
the type of refuelling infrastructure with the best prospects in the urban light-duty hydrogen mobility

market.

The last article investigated the prospects of the light-duty refuelling market from the perspective of a
different on-board hydrogen storage of a FCEB for two different regions and compared the results with
those acquired from the above-mentioned studies. The methodology included a financial analysis to find
the minimum cost of hydrogen where NPV becomes positive for the type of HRS identified to present
the most economically appealing case study from both the investor and the consumer perspectives

(according to the results of the sixth paper) and an offsite counterpart.

The following sections of the dissertation present the research results as those expressed through the

documented articles in respect to the tasks quoted and linked to each of the three RQs.
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3. What are the socio-economic prospects of light-duty FCEVs’
private transportation and its respective infrastructure?

The first RQ has been investigated through two articles following the main methodology as described
in the previous section. The aim of these journal articles was on the one hand to identify the state of art
of hydrogen technologies in the transportation market and its expected future evolution and on the other

to assess the prospects of these technologies from a social perspective.

e D. Apostolou, G. Xydis (2019). A literature review on hydrogen refuelling stations and
infrastructure. Current status and future prospects. Renewable & Sustainable Energy Reviews,
113, 109292, https://doi.org/10.1016/ j.rser.2019.109292.

e D. Apostolou, S. N. Welcher (2021). Prospects of the hydrogen-based mobility in the private
vehicle market. A social perspective in Denmark. International Journal of Hydrogen Energy,
46(9), pp. 6885-6900. https://doi.org/10.1016/j.ijhydene.2020.11.167

3.1 A literature review on hydrogen refuelling stations and infrastructure.
Current status and future prospects

During the last years, hydrogen based transportation presented a significant growth consisting of the

commercialisation of fuel cell electric vehicles and the development on new infrastructure schemes.

This study demonstrates the state-of-the art and the future potential of the emerging hydrogen-based
market in road transportation. To this end, a detailed analysis of the current technologies associated with
hydrogen refuelling stations including stations’ components and categories is presented. Subsequently,
future forecasts concerning the development of hydrogen infrastructure along with its corresponding
financial evaluation is documented through a thorough literature review. All the referred sources were
discussed and compared, concluding to a general outcome showing the prospects of hydrogen in the

transportation sector.

Acknowledging the above, this review identified a growing trend in the expansion of hydrogen
infrastructure, albeit at this time is still at an initial stage of development, mostly due to the low H; fuel
demand for transportation. However, based on the acquired information and the analysis of the presented
data, an increase of the H; fuel demand in the future will require high investments in the infrastructure
sector, which may exceed several billion EUR through the construction of an adequate number of

hydrogen refuelling stations. In this regard, the presented studies indicated a number of hydrogen
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refuelling stations for the next decades based on different scenarios of the future alternative vehicles

mix, ranging from several thousands to hundreds of thousands.

Hence, it is concluded that there is a two-way relationship between hydrogen infrastructure and H; based
vehicles. Investments in hydrogen refuelling stations are profitable if the fuel cell vehicles number will
grow, and on the other hand, fuel cell vehicles market will be hindered if there is no adequate hydrogen

infrastructure development.

3.1.1 Introduction

Since the dawn of the 20th century, industrial evolution and rapid economic growth in most western
countries induced the need of more energy resources in order to cope with the increasing demand. The
vast majority of these resources originated from finite energy sources based on fossil fuels, which
comprised the raw material in many sectors of modern society including electric power generation,
industrial applications, and transportation. However, this profligate use of fossil fuels resulted on the
one hand to major environmental impacts associated mostly to combustion emissions and on the other
to an increasing awareness of a future depletion (Day and Day, 2017; Masnadi et al., 2015). Total GHG
emissions in 2014 comprised 65% from fossil fuel and industrial processes induced CO2, 11% from land
use CO, emissions, 16% from methane, 6% of nitrous oxide and 2% from fluorinated gases (IPPC and
Edenhofer, 2014). The global CO, emissions from fossil fuels combustion, gas flaring and cement
production increased dramatically by 90% especially after the 1970’s, reaching in 2014 to more than
36.1 Gt (Fig. 3.1.1), which represented an all-time high (Boden et al., 2017).
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Fig. 3.1.1. Carbon dioxide emissions 1900-2014. Based on (Boden et al., 2017).

One of the main contributors in total emissions from fossil fuel utilization is the transportation sector
accounting 24% of global CO, emissions in 2015, an increase of 68% since 1990 (IEA, 2017a).

Specifically, in the EU-28, the transportation sector (excluding civil aviation) was responsible for more
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than 878 Mt of GHGs CO;-eq. in 2010, while in 2015 this value reached 862 Mt CO.-eq. (European
Commission and Eurostat, 2017). Fig. 3.1.2 illustrates the total GHGs and the transportation sector
emissions share in EU-28 between 1990 and 2015. Based on the results, although the EU policy for
reducing GHG emissions by 20% compared to 1990 levels (European Commission, 2016a) resulted to
a gradually reduction of GHG in the last 25 years, the road transportation share increased from around

12% to approximately 20%.
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Fig. 3.1.2. EU-28 total GHG emissions and the respective road transportation share 1990-

2015. Based on (European Commission and Eurostat, 2017).

In this context, the European policy for reaching a low-carbon economy in 2050 suggests to cut down
total GHG emissions to 80% below 1990 levels, which would correspond to approximately 1,143 Mt
CO2-eq., a value close to contemporary emissions caused only by transport applications (European
Commission, 2016b). Hence, it seems that nowadays, the introduction of new emerging technologies
for supporting the transition to environmentally friendlier means of transportation can be considered
mandatory. During the last years, “green” mobility technologies are developing constantly with the
introduction of new vehicles by the automobile industries and RES based refuelling infrastructures
(Bekiaris et al., 2017; Morrison et al., 2018). The most widely accepted and utilised “green”
transportation technology is based on BEVs, which use the energy stored in an on-board battery pack to
supply an electric motor for the vehicle’s propulsion through auxiliary electronic components
(McKinsey & Co, 2010). However, the BEV technologies nowadays present still drawbacks such as
limited driving range, long recharging time, deep discharging problems of the battery bank, and high
initial investment cost resulting to a scepticism regarding if they can adequately replace conventional
vehicles (Serrao et al., 2009; von Helmolt and Eberle, 2007).

One of the most promising alternative options for supporting in parallel to BEVs “green” mobility

comprises the introduction of the first commercialised FCEV in 2014 by a major car manufacturing
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company. Compared to BEVs, FCEVs present several advantages in the sectors where BEVSs struggle
such as high driving range due to the much higher energy density by weight of hydrogen, very low
refuelling time and no battery degradation problems in conjunction to the capability of long term storage
of the hydrogen fuel without losses (McKinsey & Co, 2010; Thomas, 2009). Although FCEVs are
actually electric vehicles, the energy input to the electric propulsion, stems from hydrogen gas, stored
in on-board tanks, which supplies a fuel cell that through electrochemical processes generates electricity
(McKinsey & Co, 2010; von Helmolt and Eberle, 2007). In this regard, contemporary light duty FCEVs
present similar characteristics with conventional vehicles in terms of utilisation including range
autonomy, which may reach 650 km, and low refuelling time that does not overpass 3 min (Brey et al.,
2018). Since 2014, when the first FCEV model has been introduced in the market, several automobile
companies launched their own mass production FCEVs while others consider developing their models
in order to obtain a share in this emerging hydrogen market in the transportation sector. Nevertheless,
the establishment of this new technology faces several obstacles that hinder its further expansion and
development. The most significant negative factors associated to the feasibility of this venture include
the lack of adequate infrastructure and the high cost of ownership (Brey et al., 2018; Michalski et al.,
2011).

Based on the above, the main objective of this research is to gather the most relevant studies concerning
hydrogen infrastructure development in order to provide an analysis of the current situation of hydrogen
technologies in transportation and how these are going to support the transition to “green” mobility in

the future. Hence, this study aims to investigate the following RQs:
RQ3.1.1: Which is the current status of hydrogen infrastructure in supporting the FCEVs’ fleet?

RQ3.1.2: What are the prospects of hydrogen technologies towards a low emission transportation in the

future?

Hydrogen-based infrastructure in the transportation sector comprises all the important components and
facilities associated with the sufficient support of the hydrogen fuel demand of FCEVs. This H> network
includes all the WtW processes of producing and delivering the hydrogen gas to vehicles through HRSs
similar to the conventional automobiles. In this context, a hydrogen infrastructure can be defined as a
supply chain including production, storage, and transportation and deliverance of hydrogen to final
consumers, which in this case are the vehicles’ owners. The above-mentioned stages present a variety
of different options concerning their implementation in the supply scheme. Specifically, hydrogen can

be produced by utilisation of different mature technologies.
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Fig. 3.1.3 shows the basic methods used nowadays for producing hydrogen gas. Up to date, the highest
production of hydrogen stems from fossil fuels (i.e. >95%) (Nikolaidis and Poullikkas, 2017). The main
methods used in fossil fuel processing to produce H,, are the steam reforming, gasification, pyrolysis,
and partial oxidation. All these methods involve catalytic processes, which take place inside specific
reactors operating at high temperatures that in some cases may reach 1500 °C (Guandalini et al., 2016;
Nikolaidis and Poullikkas, 2017). On the other hand, the most developed methods for hydrogen
production from RES comprise the water electrolysis and the processing of biomass. Water electrolysis
is the process of splitting water in hydrogen and oxygen by using electricity to support the reaction,
while processing of biomass can be performed either by conventional thermochemical methods (i.e.
pyrolysis, gasification) or through biological processes. The latter consists of anaerobic digestion and
waste-water treatment through the production of raw biogas, which is then used in a reformer to get
hydrogen (Guandalini et al., 2016).

Biomass
Electricity Coal : Heavy Oil Natural Gas
Y

) - v . Anaerobic Waste

i s e . artiz I Digestors Water
Alkaline PEM Gasification || Pyrolysis Partial Reforming g Treatment
Electrolysis || Electrolysis Oxidation reatmen

Hydrogen

Fig. 3.1.3. Main hydrogen production technologies. Based on (Guandalini et al., 2016;
Wietschel et al., 2006).

Currently, more than 100 million metric tons of hydrogen are produced annually (Brown, 2016a), with
almost half of this quantity (i.e. 48%) derived from natural gas through steam reforming processes. The
lowest share in total production came from water electrolysis (i.e. 2%). The second major source of
hydrogen originated from oil through partial oxidation (i.e. 30%), and the third process for producing
hydrogen was based on coal through pyrolysis and gasification accounting 18% of total production
(IRENA, 2018).

Regarding hydrogen storage processes, H, can be stored as pressurised gas or as liquid inside proper
tanks and via new technologies including metal hydride canisters. Transportation of H to retail stations
where it is dispensed to customers is accomplished either through road trucks/tankers, tankers by rail or
ship, or via dedicated pipelines over long distances (Li et al., 2008). Based on the above, hydrogen

infrastructure can be developed under two main topologies. Firstly, similar to conventional fuels,
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hydrogen can be massively produced at a central site and then distributed to the respective refuelling
stations, or it can be generated locally through the use of small-scale H, production units, resulting to
lower fuel transportation requirements. However, both options present advantages and disadvantages

associated mainly to cost, reliability, safety and social impacts (Li et al., 2008).

This study aims to analyse the current status and future prospects of HRSs through a literature review
in order to provide the necessary information to researchers and stakeholders that focus towards a
hydrogen economy in the transportation sector. Moreover, by considering that hydrogen-based vehicles
are already commercialised and in contrast, hydrogen infrastructure studies are either outdated or limited
in parameters such as investigation of specific locations and different technologies, an overview of the
available reports and researches on hydrogen mobility will contribute in acquiring a more detailed and

complete perspective on the subject.
3.1.2 Methodology

In order to be able to carry out this literature review, the authors followed a specific approach comprising
three basic steps (Onwuegbuzie, 2016). Firstly, the collection of the available data on hydrogen
infrastructure in the existing literature was of great importance. During this stage, it was essential to find
the most relevant articles to the subject in order to discover the exact volume of research done already.
Based on the review process, the number of studies concerning the evolution of hydrogen mobility
infrastructure was relatively low compared to other technologies in the transportation sector.
Specifically, the literature review resulted in approximately 44 papers published since 2000, including
journal and conference articles found in different databases including “Scopus”, “Google Scholar” and
“Science Direct”, while the reports from international recognised research centres and organisations

were estimated to 42.

The contribution of each source to the investigated subject has been determined in order to assess the
importance of the findings, locate possible interactions between them, and organise the relevant
information. The investigation revealed that studies and reports published a decade ago, tended to be
optimistic concerning hydrogen technologies deployment in transportation by 2020. For this reason,
publications prior 2005 were excluded from the literature review in order to provide as much accurate

and up-to-date data for the current status and future prospects of hydrogen-based mobility.

Additionally, papers presenting identical results from a specific source were also excluded by presenting
exclusively the initial research they were based on. The literature review deduced also studies regarding
general concepts of hydrogen utilisation for mobility purposes with no specific reference to the status

and prospects of the H; infrastructure and the vehicles’ fleet. For this reason, these studies were not
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included in the final pool of the presented data. Conclusively, the aggregated data presented in the next
sections of this research have been extracted from 21 journal and conference articles, and 35 reports

published by research centres and hydrogen-oriented organisations.

At this part, the assessed data concerning hydrogen infrastructure have been used via an iterative process
in order to identify and categorise the content of each chapter. In this regard, the retrieved studies were
divided to the ones investigating only hydrogen technologies evolution, to others presenting the
economic aspects of this evolution, and finally to those that included both the financial and deployment
prospects of hydrogen in transportation. Subsequently, the results obtained from the acquired data were
compared among each other for creating the general idea of what is the status and the prospects of
hydrogen infrastructure in the transportation sector. The third stage of the methodology followed
included the presentation of the findings, along with a display of ideas regarding the validity and the
common ground of all the analysed information processed during the review. Fig. 3.1.4 depicts the steps

followed during the review process.
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Collection Y Presentation
Most of Data —
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Fig. 3.1.4. Methodology followed during the hydrogen infrastructure review.

In this context, the paper’s structure consists of four sections including a description of the H» retail
stations’ categories, an analysis of the evolution and the current status of the stations, and a
documentation and comparison between different studies concerning future prospects. Finally, the last
section includes an examination of the financial issues of hydrogen infrastructure in the transportation

sector.
3.1.3 Results and discussion

This section of this research presents the retrieved data from the selected sources described in the
previous chapter along with a comparative analysis and discussion on the topics. The first main
subsection of the results’ section consists of definition and categorisation of HRSs in order to

comprehend the main components and available types in the hydrogen infrastructure market.
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Subsequently, the current status of HRSs and FCEVs are presented and compared to the alternative
BEVs’ technology schemes. Following, based on the most recent published data, future prospects of

hydrogen-based technologies in the transportation sector are quoted.

Beside the evolution of hydrogen infrastructure, the investigation of the investments required to support
the aforementioned evolution is of great importance. In this context, the second part of the results and
discussion section comprised the presentation of the financial aspects of hydrogen technologies in
mobility including current investment cost of infrastructure components, and retail H. fuel retail prices.
Furthermore, forecasts on how these values are expected to evolve based on the expansion of the market

have been analysed.
3.1.3.1 Hydrogen refuelling stations

One of the most important components in hydrogen infrastructure for transportation purposes is the
HRS. As it was aforementioned, the design of stations can be categorised based on the type of hydrogen
production technology used and the fuel generation location, which is either on-site or produced and
delivered from a central production unit. Despite the differences arising from the method of producing
and delivering hydrogen, the vast majority of retail stations require most of the following components
(Alazemi and Andrews, 2015; Qin and Brooker, 2014):

e Hydrogen production unit.

e A purification unit is required in order to secure that hydrogen purity meets the standards for
supplying fuel cells (purity above 99.97%) (Ohi et al., 2016).

e Hydrogen compressor for high-pressure storage inside the station’s main H» tanks.

e Hydrogen storage tanks for either compressed gas or liquid Ho.

e Hydrogen gas booster, which regulates pressure to 350 bar or 700 bar during the refuelling
procedure.

e Cooling unit to reduce hydrogen gas temperature down to -40°C in order to ensure that during
fast refills the vehicle’s hydrogen tank does not exceed 85°C and ensure safety (de Miguel et
al., 2016).

o Safety equipment including pressure relief valves, hydrogen sensors, and waterless fire
suppression.

e Mechanical and electrical equipment such as valves, piping, control panels, and high voltage
connections.

e Dispensers used to supply the vehicles’ Hz high-pressure tanks from the station’s compressed
storage tanks.
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3.1.3.1.1. HRS categories
3.1.3.1.1.a. Off-site hydrogen production

The first type of HRSs includes all the stations where hydrogen is delivered from a central production

unit through road transport or specific pipelines.

The delivery of hydrogen through road transport is done by heavy-duty trucks where hydrogen is stored
in tube trailers as compressed gas (GH2) to pressures of more than 180 bar, or as liquid (LH2) in
specialised tanks at cryogenic temperatures of -253°C for long distances. However, this latter method of
H, transportation is much more costly than gaseous H; delivery because of the high amount of energy
required to liquefy hydrogen and thus is not currently widely used for supplying HRSs (Qin and Brooker,
2014).

On the other hand, gaseous hydrogen is initially produced in large industrial facilities at relatively low
pressures of up to 30 bar, and then is compressed to approximately 180 bar to 200 bar for truck delivery

or up to 70 bar for pipeline transportation (Gillete and Kolpa, 2007).

Pipeline H; transportation is considered a low cost solution in the case of an existing pipeline network
such as the one located in USA reaching approximately 2,600 km; otherwise, the high initial cost of new
pipelines’ construction consists of a major barrier for a network’s expansion. This is associated to the
inherent properties of hydrogen concerning its molecule characteristics, which mandates the use of

certified equipment and materials (US Department of Energy, 2018a).

Acknowledging the above, this type of HRS does not require the first two components mentioned in the
previous subsection, but instead it is necessary to include a receiving port able to support proper
connectivity with the respective method of H, deliverance (Alazemi and Andrews, 2015). Fig. 3.1.5

presents the main components comprising the HRS with off-site compressed gas hydrogen production.
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Fig. 3.1.5. Off-site H, production hydrogen gas refuelling station’s main components.
3.1.3.1.1.b. On-site hydrogen production

The second type of HRSs is similar to the first one in terms of operational stages, but the hydrogen used
to refuel the FCEVs is generated locally. The two most frequently used technologies for on-site
hydrogen production comprise the SMR and the water electrolysis. Compared to the off-site HRSs, on-
site configurations present technical capacity limitations, which depends on the output quantity of the
H, generators, with a typical range between 100 kg/day to 1000 kg/day (Qin and Brooker, 2014).
However, current operating on-site HRSs do not present daily H2 production capacities above 400 kg,

with the most predominant systems being in the order of 100 kgH»/day (H2Tools, 2018).

The SMR consists of a number of reactors, where fuels such as natural gas or biogas, in presence of a
catalyst react with steam under pressures up to 25 bar and produce H, and CO. The process also includes
a water-gas shift reaction where the produced CO reacts with water vapour to form CO, and hydrogen.
Hence, for the SMR unit operation, water and a heat sources are required (US Department of Energy,
2018b).

Water electrolysis on the other hand, is the process where water splits to hydrogen and oxygen with the
application of direct current electric voltage. The technologies that are mostly used in HRSs are the
alkaline and the PEM electrolysis (Kavadias et al., 2018). Apart from a sufficient electric power input,
both applications require a deionised water input along with a cooling system for preventing the
operational temperature of electrolysis to reach values above 100°C. Alkaline electrolysers operate at

approximately in the range of 65°C and 100°C for safety reasons, while commercialised PEM
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electrolysers operational temperature does not exceed 100°C in order to protect the Nafion membrane
from dehydration that results to lower proton conductivity (Bessarabov et al., 2016). However, research
on PEM systems indicates that operation under temperatures of 130°C through the utilisation of
enhanced membranes contributes to higher cell current density and therefore hydrogen production rates

increase (Toghyani et al., 2018).

The produced hydrogen from both technologies (i.e. methane reformer, water electrolysis) may include
impurities, which should be removed from the gas stream prior the refuelling processes due to technical
constraints of the FCEVs’ operation. To this end, it is mandatory to introduce a hydrogen purification
system. Additionally, the produced hydrogen exits the generator units at relatively low pressures and
thus a buffer storage tank is required before storing the hydrogen at higher pressures (Nistor et al., 2016).
Thus, it is apparent that although delivery of hydrogen is not required in on-site production HRSs, this
type of stations includes more processes arising from the introduction of additional technologies for

hydrogen production. Fig. 3.1.6 depicts the main components of an on-site HRS.
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Fig. 3.1.6. On-site H, production hydrogen gas refuelling station’s main components.
3.1.3.1.1.c. Comparison between the two HRSs types

The inherent differences between the two main types of HRSs stem from the hydrogen source used for
providing the fuel during the refuelling processes. Concerning the HRS’s hydrogen storage topology,
the off-site stations are simpler and apart from the relative infrastructure for receiving the delivered
hydrogen, the system is more oriented towards the compression-refuelling processes. In this regard, off-
site HRSs” capacity can vary and depending on the storage facilities, it can be sized based on the demand.

Most of the stations nowadays present capacities in the range of 100 kgH»/day to 520 kgH./day for
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compressed GH2, while for LH2 storage this capacity increases to more than 1000 kgH»/day (H2Tools,
2018).

On the other hand, on-site hydrogen production refuelling stations include the equipment for producing
and handling the H, gas prior its initial storage. The main equipment used comprises a hydrogen
generator (either a methane steam reformer or a water electrolysis unit) along with a purification system
in order to increase the purity of hydrogen fuel to acceptable values (i.e. fuel index above 99.97%) in
compliance with the ISO regulations (Ohi et al., 2016). Most of the current on-site HRSs present a
capacity between 100 kgH2/day and 400 kgHz/day (H2Tools, 2018), while plans to increase the capacity
to up to 8,000 kgH2/day are considered for future HRSs for fuel cell trucks (O’Dell, 2019a).

From a financial perspective, on-site hydrogen production stations exhibit a significantly higher capital
cost due to the extra hydrogen production components. Especially, for HRSs with on-site water
electrolysis H, production, the investment may reach more than 1.5 times higher capital cost than a same
capacity off-site station. In this context, the levelised hydrogen fuel cost for on-site stations is currently

higher reaching in some cases twice the cost found in the off-site counterparts (McKinney et al., 2015).
3.1.3.1.2. Current status

Since the 1970s, many automobile industries focussed in developing new non-fossil fuel based
propulsion technologies such as fuel cells powered motors due to the increasing environmental
awareness and the oil crisis occurred in 1973. These prototype vehicles however were limited only to
one-off demonstration purposes (Fuel Cell Today, 2018). It was not until 1994 when the first
experimental production of a passenger FCEV (the ‘NeCar I’) was introduced by Daimler-Benz (Panik,
1998). During the last 20 years, most of the automotive industries developed FCEV models aiming to
keep up with the transition to environmentally friendlier ways of transportation but none of these models
entered actually the market. To this end, this development of prototypes did not require an extensive
network of hydrogen stations but only facilities able to support the experimental phases of each project.
However, apart from the deployment of these pilot FCEVs, hydrogen powered fuel cells have been
extensively used in material handling vehicles such as forklifts for many years. For instance, more than
15,000 and 7,000 FC material handling vehicles are in operation globally and in USA respectively today,
suggesting the need of an adequate HRSs” number (Fuel Cell & Hydrogen Energy Association, 2018).

As already mentioned, the first commercialised FCEV was introduced in 2014 followed by four other
automotive industries with three more commercialised vehicles, and one in the pre-production phase
(Daimler, 2018a; Fuel Cell & Hydrogen Energy Association, 2018; IEA, 2019a). At this time, the
number of FCEVs reaches 12,900 with more than 4,500 units sold only in 2018, suggesting an increasing
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trend during the last three years (IEA, 2019a, 2019b). In this context, the support to a continuous

increasing number of fuel cell vehicles necessitates the introduction of a more complex HRSs’ network.

Regarding the global number of HRSs, more than 375 stations are in operation today compared to 320
in 2017 with the majority being publicly accessible (IEA, 2019a; Ludwig-Bélkow-Systemtechnik, 2017;
SUD, 2017; US Department of Energy, 2018c; Wasserstoff-Tankstellen weltweit, 2019). At the end of
2018, the region with the most HRSs in operation was Europe with more than 170 HRSs, while second
ranked Asia (most of them in Japan) with approximately 130 HRSs, and third America (mostly in USA)
with more than 70 stations installed (IEA, 2019a; SUD, 2017; US Department of Energy, 2018c). Fig.
3.1.7 indicates the number of HRSs by country at the end of 2018.
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Fig. 3.1.7. Global HRSs in end 2018. Based on (IEA, 2019a).

On the other hand, although Europe compared to other regions presents a more developed hydrogen
network in terms of HRSs, the leader in FCEVs number is North America with more than 45% of total
vehicles, followed by Asia with 43%, and last Europe with approximately 11% share in the FCEVs fleet
(IEA, 2019a).

The European hydrogen market in the transportation sector is relatively new, where the first light duty
FCEVs have been introduced (for leasing only) in 2013. Compared to other alternative propulsion
systems such as the BEVs that entered the vehicle market earlier, FCEVs present a similar increasing
trend, although their number are still very low. At the end of 2017, total FCEVs in Europe numbered
799 vehicles from which 602 were passenger cars and 197 light duty commercial vehicles, while total
BEVs reached 447,150 vehicles (EAFO, 2019a; European Automobile Manufacturers Association,
2018). At the end of 2018, the number of FCEVs in Europe increased to approximately 1,110, which
corresponds to almost 40% of increase compared to the 2017’s number (EAFO, 2019a). Figs 3.1.8 and
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3.1.9 present the evolution of BEVs and FCEVs (including passenger and commercial vehicles)

respectively in Europe by country since 2010.
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Fig. 3.1.8. BEVs evolution in Europe since 2010. Based on (EAFO, 2019b; European
Automobile Manufacturers Association, 2018; IEA, 2017b).
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Fig. 3.1.9. FCEVs evolution in Europe since 2010. Based on (EAFO, 2019c).

Based on the above figures, both vehicles present an increasing trend in all countries, but one may
observe the high increase of the FCEVs numbers occurred after 2014, when the first commercial FCEV
has been introduced in the market. Similarly, the number of HRSs in Europe presented an increasing
trend during the last years, in order to support the increasing trend in passenger FCEVs but also to
provide hydrogen to private company fleets and other leased vehicles. Fig. 3.1.10 indicates the evolution
of charging stations in Europe and the number of BEVs per station since 2011. Similarly, Fig. 3.1.11
illustrates the respective diagram for FCEVs — HRSs for the period 2011 — 2017.
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Fig. 3.1.10. BEV chargers and number of BEVs/charger evolution in Europe since 2011.
Based on (EAFO, 2019d; IEA, 2017b).
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Fig. 3.1.11. HRSs and number of FCEVs/HRS evolution in Europe since 2011. Based on
(EAFO, 2019c; Ludwig-Boélkow-Systemtechnik, 2017).

These diagrams (i.e. Figs 3.1.10, 3.1.11) show the relationship between the respective investigated
vehicles and the infrastructure schemes for each one of those during the last years in Europe. As the
results indicate, the number of HRSs used mostly to support company fleets of material handling
vehicles and other pilot projects remained almost constant until 2014, when it presented an increasing
trend due to the increased demand after the commercialisation of the first FCEVs. In terms of vehicles
served per HRSs and BEVs chargers, it is apparent that the network of BEVs charging stations in Europe
is developed simultaneously with the continuously increasing number of BEVs (see Fig. 3.1.8) and
between 2011 and 2016, there was no substantial deviation of the number of cars supported by each
charger. However, since 2017, it seems that the number of vehicles increases at a higher pace than this
of the relevant infrastructure resulting to more BEVs per charger in 2018. On the other hand, the
introduction of passenger FCEVs in the European market since 2014 required a more extended network

of HRSs. To this end, more HRSs have been deployed and as it was aforementioned, Europe at the end
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of 2018 ranked first amongst all regions globally in the total number of stations. However, Fig. 3.1.11
dictates that the number of FCEVs per HRS increased significantly during the last three years indicating
that in the near future it will be mandatory to implement new HRSs in order to support the expansion of
the FCEVs’ market.

3.1.3.1.3. Future prospects

Most of the studies including the future evolution of HRSs’ number and capacity indicate an exponential
increase, which will arise from the demand of H- to supply a growing fleet of FCEVs. The basic topology
behind this theory is based on forecasts concerning the evolution of conventional vehicles with the
introduction of FCEVs as a share in total vehicles’ fleet number (lordache et al., 2017). In this regard, a
significant number of reports focus only on presenting scenarios relative to the penetration of the FCEVs
in the transportation market. In this case, for being able to categorise these studies based on the required
number of hydrogen stations’ facilities for supporting the FCEVs’ fleet future projections, one may take

into account the following parameters.

According to Robinius et al. (2018), the number of fuel cell vehicles that can be served from a medium
sized HRS (420 kgH/day) in a daily basis reaches 75 cars (Robinius et al., 2018), while an indicative
autonomous range of contemporary FCEVs is approximately 550 km (Gurz et al., 2017) and is expected
to increase up to 1000 km by 2030 (Hydrogen Council, 2017a). The average annual travelled distance
of passenger vehicles is 15,000 km (Smit et al., 2007). Based on the data above, and by using Egs. 3.1.1

and 3.1.2, the minimum number of HRSs to support a FCEVs passenger fleet can be estimated.

Autonomous range

Days to refuel = (3.1.1)

km per day

No of FCEVs fleet/Days to refuel

No of HRSs =
Max No of FCEVs per HRS

(3.1.2)

The IEA, estimated by a rollout scenario of FCEVs deployment including USA, EU 4 countries
(Germany, France, UK, Italy), and Japan that the number of hydrogen based vehicles will reach 30,000
in 2020, 8 million in 2030, and 125 million in 2050. To this end, a feasible number of HRSs for
supporting the FCEVs’ fleet in 2020, 2030, and 2050 has been estimated to above 680, 16,000, and
57,000 refuelling spots respectively in all global regions (IEA, 2015). Additionally, within the
framework of Hydrogen Implementing Agreement (HIA), four countries (i.e. Germany, UK, Japan, and
S. Korea) enacted measures to support the growing trend towards the establishment of hydrogen
mobility as a supplementary solution to BEVS in ‘green’ transportation. According to official data,
Germany plans to implement up to 400 HRSs by 2023, UK 65 by 2020, Japan 1000 stations by 2025,
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and S. Korea 21 HRSs until 2020 and 211 by 2025. The hydrogen stations in Japan and S. Korea in 2025
should be able to support a forecasted fleet of 2 million and 10,000 vehicles respectively (Weeda and
Elgowainy, 2015). In this context, Tang et al. (2019) studied the vision of hydrogen mobility for the next
decades and presented their results in relation to the number of HRSs and FCEVs fleet. The main
markets identified as USA, Japan, and EU were examined showing a number of future HRSs in 2035 of
3,810 stations and 25,600 for USA and EU in 2050 (Tang et al., 2019). It is estimated that in 2050 only
in California at least 10,000 HRSs would be operative, while the assumption used for the number of the
anticipated FCEVs in 2040 was based on Morrison et al. (2018) who presented projected numbers of
FCEVs between 2020 and 2040 in USA (Morrison et al., 2018). The latter authors by using as a baseline
ramp up rate comparable to the growth of hybrid and BEVs, they concluded that a scenario for FCEVs
number could be 23,000 for 2020, 78,000 for 2025, 3,300,000 for 2030 and 28,000,000 for 2040
(Morrison et al., 2018; Tang et al., 2019).

Similar studies have been also published by other institutes and private companies including among
others ‘Shell GmbH’/’"Wuppertal Institute’, ‘Hydrogen Council’, and NREL / CEMAC. Shell GmbH in
collaboration with Wuppertal Institute presented through a 2017 report, estimations on how FCEVs fleet
will evolve by 2050 for USA, EU 4, and Japan. Based on their published report, FCEVs number will
show an increasing trend, with 12 million FCEVs in 2030, 58 million in 2040, and 115 million vehicles
in 2050 (Adolf et al., 2017). By using Egs. 3.1.1 and 3.1.2, these fleet numbers correspond to minimum
1,680 for 2030, 8,100 for 2040, and 16,000 HRSs for 2050 based on today’s specifications of FCEVs

and HRSs in terms of driving range and capacity respectively.

On the other hand, the ‘Hydrogen Council’ forecasts - a rather optimistic scenario compared to other
studies -that the hydrogen demand will reach 22 EJ due to the high share (i.e. 35%) of hydrogen
‘mobility” in transportation by 2050. Its estimations suggest a fleet of 15 million passenger FC cars and
500,000 hydrogen fuelled buses and trucks by 2030, while for 2050 these numbers are increasing to 400
million and 20-25 million respectively (Hydrogen Council, 2017a). This can be translated to a minimum
number of at least 15,000 HRSs by 2030 and 59,400 HRSs by 2050. Current announcements for HRSs
declare the development of 1100 stations by 2020, 2,800 by 2025 to support a fleet of two million
vehicles, and more than 5,000 HRSs by 2030, suggesting the feasibility of deploying the aforementioned
number of FCEVs by 2030 (Hydrogen Council, 2017a, 2017b).

In the context of future forecasts concerning FCEVs and HRSs deployment, NREL in collaboration with
CEMAC, presented in the ‘Fuel Cell Seminar and Energy Expo 2015° in Los Angeles, USA, estimations

on the future evolution of FCEVs fleets and HRSs. Based on the presentation, the 2020 estimations
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suggest more than 30,000 FCEVs and 990 HRSs globally, while for the 2030 the number of FCEVs and
HRSs is expected to exceed 250,000 and 3,300 respectively (Mayyas, 2015).

According to the previous sections of this paper, one of the regions presenting high development in
FCEVs’ fleet and hydrogen infrastructure is the west coast of USA and specifically the California State.
The ‘International Council on Clean Transportation (ICCT)’, in October of 2017 published a briefing
report on hydrogen fuelling infrastructure indicating that the FCEV’s fleet in California will increase to
more than 60,000 cars in 2025, while the HRSs’ number will reach 120 refuelling spots (Isenstadt and
Lutsey, 2017). Additionally, a detailed analysis on the prospects of hydrogen-based transportation has
been held by NREL suggesting the growth of FCEVs and HRSs by 2030 in California. Based on the
results, the number of HRSs will reach 100 by 2020 and 440 by 2030, while the corresponding FCEVs
on the roads by 2030 will reach one million vehicles (Melaina and Penev, 2013). A report published by
the “California Energy Commission’ in 2015 presented three scenarios concerning the evolution of the
number of HRSs for the years 2020 to 2025. The scenarios consist of an ‘expected’, a ‘delayed’ and a
‘robust’ option. It is argued that the projected number of FCEVs in 2021 would reach 34,300 vehicles
while the corresponding number of HRSs is projected to 69, 168 and 177 in the ‘delayed’ (dsc), the
‘expected’ (exsc) and the ‘robust’ (robsc) scenarios respectively. However, the evolution of the number
of stations is different for each scenario showing an increase to 109 HRSs in 2025 for the ‘delayed’
option, 813 HRSs for the ‘expected” option, and 1,739 HRSs for the ‘robust’ option (McKinney et al.,
2015).

lordache et al. (2017) analysed through their research the rollout of HRSs infrastructure and passenger
FCEVs in Europe by country. In their study, the development scenarios (sc) of HRSs and the FCEVs’
fleet were based on an assumed future share of the hydrogen stations and FCEVs by using as a reference
case the number of petrol stations and total vehicles in 2015. The acquired results for FCEVs in Europe
showed scenarios of 11.6 million (SC3.1), 23.2 million (SC3.2), and 34.8 million (SC3.3) cars in 2030,
while for the HRSs indicated an approximate number of 2,400 (SC3.1), 6,000 (SC3.2), and 9,000
(SC3.3) hydrogen stations by 2030 (lordache et al., 2017).

In this context, ‘Mc Kinsey’ consultancy in collaboration with other private companies in the hydrogen
sector and governmental institutions such as the fuel cell & hydrogen joint undertaking published a
report on prospects of ‘green’ mobility in Europe. According to the data presented, the balanced scenario
indicates a 25% penetration of FCEVs in the 2050s’ vehicle market reaching approximately 65 million
cars. On the other hand, the expansion of the HRSs’ network will evolve from 755 stations in 2020 to

5,100 in 2030 and 18,200 in 2050 (McKinsey & Co, 2010).

67



AARHUS| SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

The prospects of hydrogen mobility in Europe have also been presented in a roadmap report published
in 2019 by the fuel cell & hydrogen joint undertaking. The report included a forecast on the required
HRSs to cover the demand of the emerging FCEVs market. The number of vehicles projected for 2050
was estimated based on a no-consolidated (ncsc) and an ambitious (ambsc) scenario resulting to 2.5
million and 53.4 million FCEVs respectively. The corresponding HRSs number to support this growing
fleet of hydrogen vehicles is estimated to 1,500 stations by 2025, 3,700 by 2030, 8,500 by 2035, and
15,000 by 2040 (FCH 2JU, 2019).

The two European countries with the largest passenger vehicles’ fleet at this time comprise Germany
and Italy with more than 45 million and 37 million cars respectively (lordache et al., 2017). Kéhler et
al. (2010) presented their results concerning the transition to hydrogen transportation in Germany. The
lead scenario under investigation indicates that the number of FCEVs will increase to 400,000 in 2030,
and will reach 17,000,000 in 2040, 37% of today’s Germany’s car fleet. On the other hand, the number
of HRSs based on this scenario, will reach 4,000 stations by 2030, and will exceed 14,000 by 2040
(Kohler et al., 2010). Another recent paper by Emonts et al. (2019), examined different scenarios for
2050 regarding the introduction of hydrogen technologies in road transportation in Germany. The
authors estimated that number of FCEVs would range between 460,000 and 32,870,000, while the
respective scenarios for HRSs’ number would be between 420 and 10,747 (Emonts et al., 2019).

Similarly, another study focussing on the prospects of hydrogen-based transportation has been published
by Viesi et al. (2017), who investigated a scenario for the implementation of hydrogen mobility in Italy.
The authors distinguished the results into two categories for both HRSs and FCEVs. One concerning
passenger vehicles and another for hydrogen fuelled buses. According to their results, hydrogen is going
to be exploited significantly in the transportation sector mainly after 2025. Specifically, the Italian
FCEVs’ fleet is expected to comprise 293,700 cars and buses by 2030, 1.61 million vehicles by 2040,
and 8.52 million by 2050. The respective HRSs growth will encounter more than 440 stations in 2030,
approximately 3,200 stations in 2040, and will reach 6,000 stations by 2050 (Viesi et al., 2017).

According to Figs. 3.1.8 and 3.1.9, one of the leaders in the European BEV and FCEV market is Norway.
The transportation sector in Norway should decrease emissions by 75% from 2005 to 2050 in order to
support the set by the government GHG emissions reduction targets. To this end, it is expected that
BEVs and FCEVs will contribute significantly to this venture. Forecasts show that by 2020 Norway will
have more than 45 HRSs installed able to serve up to 22,500 FCEVs, and by 2050 these numbers will
increase up to 1,100 and 1.7 million respectively (Stiller et al., 2010).
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According to Fig. 3.1.7, the most developed hydrogen market and particularly hydrogen infrastructure
until now is in Japan. ‘Hydrogen Energy Navi’ is an online platform supporting research and
development of hydrogen utilisation in Japan and provides information regarding hydrogen
transportation in this specific country. In this context, Japan aims to reach a goal of 160 HRSs by 2020,
320 HRSs by 2025, and 900 by 2030 in order to support a growing fleet of FCEVs that are projected to
reach 40,000 by 2020, 200,000 by 2025, and 800,000 by 2030 (Hydrogen Energy Navi, 2019).

Xu et al. (2017) published a research on the strategy of introducing a hydrogen transportation market in
Shenzhen in China. The authors by taking into consideration that the Shenzhen government have put
restrictions to the new vehicle registrations along with the share of FCEVs in the annual new
registrations, they concluded to three possible scenarios. The ‘cautious’ (csc) scenario indicated a
number of 1,028 and 9,432 FCEVs by 2020 and 2025 respectively, while the ‘moderate’ (msc) scenario
showed that in 2020 and 2025 there will be 4,090 and 17,360 FCEVs. On the other hand, the ‘optimistic’
(opsc) scenario projected the number of FCEVs to 7,028 for 2020 and 42,640 for 2025. The respective
HRSs for 2020 are projected to be 10 (three medium and seven small) in order to cover the hydrogen
fuel demand (Xu et al., 2017).

In this context, China’s targets on hydrogen technologies in the transportation sector have been
addressed by the “Strategy Advisory Committee of the Technology Roadmap for Energy Saving and
New Vehicles”. According to the given data, China aims to reach 100 HRSs by 2020 to support a fleet
of 5,000 FCEVs, while for 2025 and 2030 these number are projected to 300 HRSs, 50,000 FCEVs, and
1000 HRSs and 1,000,000 vehicles respectively (SAE, 2016).

The next table (Table 3.1.1) summarises the basic scenarios concerning the expansion of refuelling

stations and FCEVs towards a sustainable transportation.

Table 3.1.1. Recent studies for the HRSs and FCEVs future evolution.

. No of FCEVs
Source Year Region/Country (thousands) No of HRSs
2020 USA 30 680
(IEA, 2015) 2030 EU 4 8,000 16,000
2050 Japan 125,000 57,000
2020 UK 65
2020 S. Korea 21
(Weeda and Elgowainy, 2015) 2023 Germany 400
2025 S. Korea 211
2025 Japan 1,000
2030 12,000 6,667*
(Adolf et al., 2017) 2040 USA, EU 4, Japan 58,000 32,2221
2050 115,000 63,888!
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No of FCEVs

Source Year Region/Country (thousands) No of HRSs
2035 EU, USA, Japan 3,810
(Tang et al., 2019) 2050 EU, USA 25,600
2020 23 23!
. 2025 78 80!
(Morrison et al., 2018) 2030 USA 3.300 1833
2040 28,000 15,555!
2030 15,000 15,000
H il, 2017 Ep— loball ' :
(Hydrogen Council, 2017a) 2050 Globally 425,000 2361111
2020 > 30 990
(Mayyas, 2015) 2050 Globally > 250 > 3,300
(Isenstadt and Lutsey, 2017) 2025 California (USA) 60 120
. 2020 e 100
(Melaina and Penev, 2013) 2030 California (USA) 1000 440
69 (dsc)
2021 34.3 168 (exsc)
. o 177 (robsc)
(McKinney et al., 2015) California (USA) 109 (dsc)
2025 813 (exsc)
1,739 (robsc)
2020 40 160
(Hydrogen Energy Navi, 2019) 2025 Japan 200 320
2030 800 900
11,608 (SC3.1) 2,400 (SC3.1)
(lordache et al., 2017) 2030 Europe 23,215 (SC3.2) 6,000 (SC3.2)
34,823 (SC3.3) 9,000 (SC3.3)
2020 755
(McKinsey & Co, 2010) 2030 Europe 5,100
2050 65,000 18,200
2025 1,500
2030 3,700
2035 8,500
(FCH 2JU, 2019) 2040 Europe 15,000
2,500 (ncsc) 2,564*
2
050 53,400 (ambsc) 29,666"

; 2030 400 4,000
(Kéhler et al., 2010) —2040 Germany 17,000 14,000
(Emonts et al., 2019) 2050 Germany 460 — 32,870 420 — 10,747

2030 293 440
(Viesi et al., 2017) 2040 Italy 1,610 3,200
2050 8,520 6,000

. 2020 Norway 22.5 45

(Stiller et al., 2010) 2050 1700 1100
2020 5 100

(SAE, 2016) 2025 China 50 300
2030 1000 1000
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. No of FCEVs
Y R t No of HR
Source ear egion/Country (thousands) 00 Ss
1
2020 4 10
. I
(Xu et al., 2017) — Shenzhen (China) 04
2025 17.3
42.6
! Based on authors’ estimations (Egs. 3.1.1, 3.1.2)

3.1.3.1.3.a. Discussion on the forecasted evolution of HRSs

As it becomes evident from the above indicative review of the literature, some studies present similar
results especially in short term forecasts, while others show large deviations. This is happening on one
hand due to the different perspectives the authors use during their research (optimistic/pessimistic
scenarios), and on the other because of the period each research was compiled. Reports that were
published at the first half of this decade indicate a rather optimistic view of hydrogen evolution in
transportation. However, after the commercialisation of the first FCEVSs, the market share of both HRSs
and FCEVs in the transportation sector seems to be hindered by several factors comprising mostly the

high cost of investment.

The next figure (Fig. 3.1.12) indicates the trend in the global evolution of HRSs based on the previously
described results from journal articles and scientific reports. Studies that provide data on specific regions
(i.e. California, Europe) have been also included but modified to global estimated values based on the
assumption that the current share of HRSs in these regions will be similar to the share in future global

stations.
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Fig. 3.1.12. Future evolution of HRSs based on different forecasts. Based on Table 3.1.1.
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According to Fig. 3.1.12, one can distinguish three main increasing trends concerning the number of
HRSs, which in two of the three cases is expected to increase significantly by 2030 and this growth
seems to accelerate even more between 2030 and 2050. The three trend lines indicate that there are three
possible scenarios showing the evolution of the number of HRSs based on the penetration of FCEVs in
the transportation market. All studies show that there will be an increase in the number of HRSs although
the increasing rate will vary depending on the demand. Most studies indicate a number of approximately
25,000 HRSs by 2030 and 50,000 stations by 2050. One can also observe that there are cases, where
some forecasts present significant deviations (i.e. for 2040, 2050) compared to the majority of other
studies’ results. By taking into account the majority of the forecasted values, it is more likely that the
deviated values in reality will converge closer to the derived trend lines in order to be in accordance to

the majority of studies.
3.1.3.2 Financial aspects

Currently, the major parameter limiting the development of the hydrogen market in the transportation
sector comprises the high investment cost of both infrastructure and vehicles’ fleet. To this end, most of
the studies published during the last years focus on the presentation of future forecasts in correlation
with the cost evolution of Hp-based technologies in transportation. The vast majority of these studies
indicate that the investment cost of HRSs and FCEVSs, along with the H; fuel retail price are going to be
reduced in the years to come following the transition to economies of scale in the hydrogen sector and

the expansion of the market.
3.1.3.2.1. Cost of hydrogen infrastructure development

According to IEA, the current investment cost of a HRS ranges between €1.2 and €2 million and is
expected to drop to approximately €0.8 to €2.1 million by 2020 and €0.6 to €1.6 million by 2023, if the
FCEVs’ market increase to a degree where H> demand for refuelling would grow significantly. For the
distribution of hydrogen fuel to HRSs, (offsite H2 production) tube trailer trucks with capacity of 300
kg of H, and pipelines are used extensively nowadays. The cost of compressed gaseous hydrogen
delivery is approximately €800 times the capacity of the H stored mass quantity. On the other hand,
although pipelines are considered a low-cost H, delivery option, the initial investment is very high
ranging between €400 thousands and €3.2 million per km. In terms of FCEVs cost, IEA’s report suggest
that compared to other ‘green’ vehicles, this will be at the same range. A contemporary FCEVs in the
USA costs approximately €48.5 thousands and this cost is expected to reduce to €27.2 thousands by
2030, and €27 thousands by 2050 (IEA, 2015; Weeda and Elgowainy, 2015).
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Adolf et al. (2017) compiled a report on behalf of “Shell GmbH” concerning hydrogen technologies.
The study presents the current cost of HRSs in California ranging from €0.8 to €8.0 million with the
majority of stations’ cost between €1.6 and €2.4 million. These values are highly depending on the daily
dispensing capacity and the type of the HRSs. For small HRSs with on-site H, production via a water
electrolysis system the cost is approximately €22.5 thousands/kgH»/day, while for the same capacity but
for gaseous H; offsite production it drops to €13.4 thousands/kgH»/day. For large HRSs, liquid H.
delivery the report suggests that the cost per hydrogen quantity is lower and does not exceed €3.4
thousands/kgH-/day. However, the study supports that there will be a substantial cost reduction of these
values up to 50% by 2025 (Adolf et al., 2017). In this regard, industrial companies in the field of
hydrogen refuelling infrastructure development have already launched stations with dispensing capacity
of more than 500 kgH2/day per dispenser meaning that large HRSs with two or more dispensers will
contribute to a further reduction of the H» fuel cost in shorter time than expected (NEL ASA, 2018).

The ‘California Energy Commission’ in its 2015 report presented data on the capital costs of the
operating and future HRSs based on the type of the station (on-site, off-site hydrogen production).
According to the report, the capital cost of operating on-site stations in 2015 ranged between €2.24
million and €4.11 million, while for stations with H delivery, the capital cost ranged from €1.72 million
to €2.90 million. The projected capital costs of on-site and off-site GH2 delivered HRSs is reported to
be €1.87 million and €1.42 million respectively in 2020, while for a LH2 delivered station, the cost
increases to €2.27 million. The respective investment costs for 2025 is argued to be €1.25 million, €0.98

million, and €1.51 million (McKinney et al., 2015).

Robinius et al. (2018) published a report for the hydrogen mobility prospects in Germany. The report
includes different scenarios of FCEVs’ penetration in the Germany transportation market indicating
FCEVs’ numbers per scenario equal to 0.1 million, 1 million and 20 million FCEVs by 2030 (Robinius
etal., 2018). The HRS’s costs are calculated based on data from Bonhoff (2016), who suggests a current
cost of €1.0 million for Germany, with a prospect to be reduced by 40% by 2020 (Bonhoff, 2016).
Additionally, the hydrogen stations’ capacity is assumed to increase for each scenario from 212
kgHz/day to 420 kgH2/day and 1000 kgHz/day to support the respective FCEVs’ fleet. According to the
report’s results, the investment cost for each scenario ranges approximately from €1.0 million to €2.2
million. In the case of 20 million FCEVs by 2030, Robinius et al. indicated a required number of 6,977
HRSs, while for the offsite H, production sites suggested a requirement of 3,000 trucks and 12,400 km
of pipelines. The respective cost for the development of this infrastructure is calculated to €2.2

million/HRS, €800 thousand/truck, and €475.8 thousand/km pipeline (Robinius et al., 2018).
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The cost estimations made by ‘Hydrogen Council” do not differ significantly from the above-mentioned
studies. Based on the report’s findings, the development of adequate infrastructure to support the
growing fleet of FCEVs in the future will require investment equal to €1,200 - €2,000 per FCEV until
2030, while after 2030 this cost is expected to drop to €1,000 per FCEV. In this context, developing a
refuelling infrastructure of 15,000 stations to support 15 million FCEVs will require approximately €16
billion (€0.9 million to €1.2 million per large HRS). Compared to current costs of HRSs in Germany,
which is €1.0 million/small HRS, and in Japan where the cost is much higher (i.e. €2.4 million to €4
million/HRS), it is apparent that by 2030 the cost of building a HRS will reduce significantly (Hydrogen
Council, 2017b). In addition, Isenstadt and Lutsey (2017), support this reduction of HRSs’ investment
due to increase of the FCEVs’ fleet, to values lower than €1.0 million per station from current costs

ranging between €2.0 and €3.0 million per station (Isenstadt and Lutsey, 2017).

A more detailed cost breakdown of the HRSs’ current components is presented by Mayyas (2015).
According to the given data, the cost of HRS in Europe for a small and large facility is approximately
€1.0 million and €1.6 million respectively, while in japan the same costs range between €2.0 million
and €4.0 million (Mayyas, 2015). The cost breakdown of the HRS’s components is shown in Table
3.1.2.

Table 3.1.2. Indicative cost of HRS’s components. Based on data from (Mayyas, 2015).

Medium HRS Large HRS
HRS Component
Cost (thousand €) Cost (thousand €)
Compressor 324 480
Chiller 162 200
Electrical 40 40
Storage Tanks 171 240
Dispenser 162 280
Piping-Control-Safety 16 16
Labour-Other Expenses 320 350

In the same context of classifying the HRSs based on the technology associated to hydrogen production,
Agnolucci (2007), suggested that on-site medium HRSs investment cost reaches €1.9 million, while for
large on-site H, production HRS this cost increases to €5.7 million (Agnolucci, 2007). Similarly,
Weinert (2005) and Gielen and Simbolotti (2005), suggest that on-site large SMR-based HRS costs
approximately €5.0 million, and €6.5 million respectively (Gielen and Simbolotti, 2005; Weinert, 2005).

Xu et al. (2017) presented in their published research the potential cost of HRSs depending on the daily
H: fuel capacity in Shenzhen in China. Based on the provided data, a small station (i.e. 100 kgH./day)

presents a capital cost of €0.93 million, a medium capacity station (i.e. 500 kgH»/day) has a capital cost
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of €3.70 million, while for a large HRS (i.e. 1000 kgH/day), the cost would rise up to €6.98 million
(Xuetal., 2017).

The development of H; transportation via pipelines in the Netherlands has been investigated by Smit et
al. (2007), indicating a growing trend in distribution pipelines for HRSs beginning from late 2010s to
2050. According to the study’s results, this pipeline network will expand by 2030 to 5,000 km, and will
reach 18,000 km by 2050. The annual investments required to develop this H distribution grid reaches
€3.8 billion (Smit et al., 2007).

The electric vehicle transportation centre (EVTC) through a report compiled by Qin et al. (2017), has
also performed a financial evaluation on the capital costs of HRSs to be installed in the next 5 to 10
years. HRSs in the report are distinguished according to their capacity and the type of hydrogen
production (i.e. off-site, on-site). The results of the capital investment for each case are presented in
Table 3.1.3, where it is observed that for the short term forecast, the cost of off-site H, production HRSs,

will be lower compared to on-site production (Qin et al., 2017).

Table 3.1.3. Capital cost of HRSs by type and capacity. Based on (Qin et al., 2017).

HRS Type
HRS C it
(kgszIg:;; y On-site SMR On-site Electr. GH2 Delivery LH2 Delivery
(M¢€) (M¢€) M¢€) M¢€)
100 09-2.6 1.0-26 1.1-138 0.7-21
480 1.9-46 1.9-54 19-24 15-29
1000 3.2-4.8 40-79 3.2 2.4

Brown et al. (2013), on the other hand, included in their research for the hydrogen infrastructure in
California, the O&M costs of a HRS. Compared to (Qin et al., 2017), the capital investment of a medium
off-site HRS with LH2 delivery is at the low end at €1.6 million, while for a small off-site HRS with
GH2 delivery the cost is lower to €0.8 million. The annual O&M costs for both investigated types of
stations has been estimated to €81 thousand. To this end, the authors assumed that the new HRSs that
are going to be constructed in the short term will comprise mostly off-site H, production refuelling spots
(Brown et al., 2013).

A detailed report concerning the capital costs of HRSs and the dispensing cost of the H; fuel is published
by NREL in 2013. The authors of this report, Melaina M. and Penev M., analysed data for the 2013
costs of HRSs and how are going to evolve in the near term. The report investigates similarly to other
studies different categories of HRSs based on their capacity and type. Table 3.1.4 summarises the future

capital costs given by Melaina and Penev (2013) and McKinney et al. (2015).
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Table 3.1.4. Capital cost of HRSs (2020-2025). Based on (McKinney et al., 2015; Melaina
and Penev, 2013).

HRS HRS Type
Capacity . On-site Electr. GH2 Delivery LH2 Delivery
(kgrz/day) On-site SMR (M€) Mé€) Mé) (M6)
2020 2025 2020 2025 2020 2025 2020 2025
100 5.9 - 1.9 1.3 - - - -
180 - - - - 14 1.0 - -
350 - - - - - - 2.3 15
400 11 - - 1.2 - - - -
1000 2.2 - - 2.4 - - - -

According to the results presented in Table 3.1.4, the most cost efficient types of HRSs in terms of
capital investment are the off-site GH2 and LH2 delivery stations. Particularly, for small HRSs GH2
delivery case presents the lower initial cost in 2020, while for larger stations in 2025, liquid H»
transportation is considered to be also cost beneficial. However, as NREL suggests, in the near-term,
the on-site Hz production HRSs will be highly competitive, especially for medium to large capacity

stations.
3.1.3.2.1.a. Discussion on the forecasted evolution of HRSs capital cost

By taking into account the above quoted studies, Fig. 3.1.13 presents the aggregated data showing the
evolution of the capital investment costs of HRSs. Due to the different types of HRSs concerning their
capacity and H; delivering options, the respective capital costs, which have been used in Fig. 3.1.13

were derived from the mean values of each study based on the year that the forecasts apply for.
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Fig. 3.1.13. Future evolution of HRSs’ mean capital cost based on different forecasts. Based

on (Adolf et al., 2017; Hydrogen Council, 2017b; IEA, 2015; McKinney et al., 2015;
Melaina and Penev, 2013; Robinius et al., 2018).
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It can be observed from Fig. 3.1.13 that the capital cost evolution of HRSs seems to follow three major
trend lines, which indicate an increase by mid-2020s, while after 2025 forecasts show that it will
decrease. This can be justified from the fact that compared to contemporary HRSs where the vast
majority of Hy is delivered from central production units, in the near future the HRSs’ type will move
to on-site production schemes via RES, resulting to an increased investment cost. Additionally, for the
high increase scenario, moving to on-site HRSs may increase further the cost through the transition also
to larger HRSs’ topologies with higher dispensing capacity. However, this cost is expected to reduce in

all scenarios due to economies of scale through the implementation of more HRSs by 2030.
3.1.3.2.2. Cost of hydrogen fuel

The competitiveness of hydrogen as a fuel compared to other ‘green’ and conventional technologies in
the transportation sector is of great importance in the development of the hydrogen infrastructure. For
this reason, several researches have been published during the last decade indicating the significance of

the retail price of hydrogen fuel to the final consumer.

Apart from data concerning the capital investment cost of HRSs, IEA suggested that the retailed cost of
the hydrogen fuel will be impacted by economies of scale in the future. It is estimated that the current
average price of 9.8 €/kgH, for small hydrogen stations (i.e. 100 kgH./day) will be reduced as low as
3.6 €/kgH, for future large HRSs (i.e. 1000 kgH2/day) (Weeda and Elgowainy, 2015).

Viesi et al. (2017) investigated the cost of H, production and transportation to HRSs along with H;
distribution cost from 2020 to 2050 for different HRS categories. The HRSs have been divided to those
with very small capacity of 50 kgH./day in 2020, to small HRSs in 2030 of 100 kgH>/day and to medium-
large in 2050 of 500 kgH/day. In terms of HRS technology, the HRSs were categorised to those with
on-site H, production from either RES alone or grid-connected water electrolysis, and those of
centralised H, production from either SMR or water electrolysis. The total retail cost of H; equals to the
sum of all the above costs. The results of the study revealed an H: cost range between 5.9 €/kgH> and
16.4 €/kgH, in 2020, 5.4 €/kgH, and 15 €/kgH> in 2030, and 5.8 €/kgH. and 16.8 €/kgH> in 2050.
According to the study, the most cost competitive technologies comprised the centralised large scale
SMR, and the on-site RES-based water electrolysis H, production topologies (Viesi et al., 2017). It
should be mentioned however, that these values correspond to a case study based on hydrogen

deployment in Italy.

McKinney et al. (2015) presented through their report regarding the hydrogen infrastructure in
California, data concerning the H, fuel cost in HRSs under operation, as well as the future evolution of

these retail prices until 2025. The prices are categorised based on the type and capacity of the stations.
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In 2015, real data from operating stations showed H; fuel prices ranging between 8.8 €/kgH; and 29.7
€/kgH,. On-site H, production stations presented the highest range of hydrogen prices between 16.3
€/kgH; and 29.7 €/kgH>, while for LH2 and GH2 delivery stations the hydrogen price was documented
between 8.8 €/kgH, and 12.3 €/kgH,. The projected average H. fuel cost for 2020 and 2025 was
forecasted to be 11.2 €/kgH> and 9.9 €/kgH, respectively (McKinney et al., 2015).

Melaina and Penev (2013) included also in the NREL report indicative costs of the H, fuel supplied by
the on-site hydrogen production HRSs. According to the provided results, the H- retail cost in 2020 for
an on-site SMR station will range between 3.2 €/kgH; for large HRSs and 6.1 €/kgH; for small capacity
stations. On the other hand, the respective costs of H; fuel in 2025 supplied via an on-site H, water
electrolysis production will be higher ranging from 4.5 €/kgH> for large stations to 7.7 €/kgH> for small
HRSs (Melaina and Penev, 2013). The results acquired are included in Table 3.1.5.

Table 3.1.5. Near-term retail H» fuel cost for on-site HRSs’ topologies. Based on (Melaina
and Penev, 2013).

HRS Type
HRS Capacity (kgH/day) Ho fuel cost on-site SMR H: fuel cost on-site Electr.
(€/kgH>) (2020) (€/kgH>) (2025)
100 6.1 7.7
400 3.6 5.1
1000 3.2 4.5

In contrast to Linnemann and Wilckens (2007), who suggest a hydrogen fuel production cost for on-site
water electrolysis HRS equal to 18 €/kgH (Linnemann and Steinberger-Wilckens, 2007), Le Duigou et
al. (2013), published results from the ‘HyFrance3’ project indicating production cost of Hz in an on-site
HRS via water electrolysis supplied exclusively from wind energy up to 17 €/kgH,. However, in the
case where the topology includes also additional grid connection, the fuel cost could drop to 11.5 €/kgH>
(Le Duigou et al., 2013).

On the other hand, in the case of hydrogen delivery from a central production unit, the cost of hydrogen
fuel is highly depending on the method of transportation. Shayegan et al. (2006), presented results
concerning the cost of transportation via pipelines for different distances at low H- flow rates (i.e. 0.4 t
d1). As the distance between the central H, production facility grows, the cost of H, delivery increases.
Specifically, the authors suggested that for 20 km distance the cost reaches 13.7 €/kgH>, for 40 km the
cost rises to 25 €/kgH>, and for 60 km distance the H; delivery cost exceeds 36 €/kgH>. In contrast, for
these relatively short distances, delivery of H; fuel via tube trailers or road liquid tankers, costs much
lower reaching 4.5 €/kgH» and 10.2 €/kgH, respectively. Based on the results, the use of pipelines for
distances between 20 km and 60 km is not cost efficient compared to road transportation. However, in
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the case of higher H» flow rates, the delivery cost of H, fuel via pipelines is substantially lower than
road delivery (Shayegan et al., 2006).

Furthermore, another study by the same scientific team presented results for different investigated
scenarios on Hy fuel retail cost for different HRSs’ categories. The scenarios took into account different
parameters comprising the evolution of H, demand, the energy prices, and the technological
development for 2020 and 2025. The scenario where all the aforementioned parameters presented low
growth (i.e. pessimistic scenario), indicated a hydrogen fuel cost range between 3.4 €/kgH, and 11.4
€/kgH; for 2020, and 2.3 €/kgH> and 8.0 €/kgH, for 2025. The least cost is observed for on-site SMR
HRS, while the highest for pipeline delivery to off-site HRSs (Shayegan et al., 2009).

Brown et al. (2013), presented also the H- fuel cost for GH2 and LH2 delivery to off-site HRSs to be
built in the near-term, based on the hydrogen demand of a growing FCEVs’ fleet. The fuel costs for each
case are included in Table 3.1.6 (Brown et al., 2013).

Table 3.1.6. Retail cost of H, based on the demand. Based on (Brown et al., 2013).

; : HRS Type
Share of FCEVs in vehicles’ - .
fleet (%) H_ fuel cost off-site GH2 H> fuel cost off-site LH2
(€/kgH?) (€/kgHy)
10 10.4 10.7
20 9.4 8.1
50 8.6 7.2
100 8.1 6.8

In the same context of H retail price, McKinsey & Co (2010), discussed the prospects of cost reduction
and presented forecasts of how the H; fuel cost is going to evolve by 2050. This report however, due to
the time it was published it assumes that the current cost (2017 values) of hydrogen fuel would be
approximately 7.7 €/kgH> which is rather optimistic. For this reason, the authors suggest that the average
retail price of H; at the dispenser will reach 6.6 €/kgH> by 2020, 5.0 €/kgH, by 2030 and 4.4 €/kgH; by
2050. Although the 2020s’ value seems that it will not be verified, the other estimations are similar to

other contemporary studies (McKinsey & Co, 2010).

The cost of hydrogen fuel in USA in 2040 is forecasted by Morrison et al. (2018), showing a value of
2.2 €/kgH,, which compared to other studies concerning 2050, is lower (Morrison et al., 2018).
Compared to that, Emonts et al. (2019), presented different scenarios for Germany in 2050 regarding a
respective hydrogen market in transportation. The range of the H» fuel price is documented to be in the
range of 6.0 €/kgH> to 9.9 €/kgH, (Emonts et al., 2019).
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Xu et al. (2017), following their study on the prospects of developing a network of HRSs to support a
growing fleet of FCEVs in Shenzhen in China, presented a financial evaluation of the project concerning
small, medium, and large HRSs. The derived breakeven H; prices for having a feasible within 20 years
return of the investment, showed values of 6.9, 6.2 and 6.0 €/kgH, for the small, medium, and large

stations respectively (Xu et al., 2017).
3.1.3.2.2.a. Discussion on the forecasted evolution of H; fuel cost

Acknowledging the above, Fig. 3.1.14 summarises the mean H; fuel retail prices based on the cost ranges
quoted by the described publications. Similarly to the HRSs’ investment cost, fuel cost is dependent on
stations’ type regarding fuel delivery and capacity. For this reason, Fig. 3.1.14 depicts the mean values
derived from the above-mentioned studies. According to the figure, the future cost of hydrogen fuel is
to either decrease significantly by 50% or present a reduction of approximately 30% in the next 15 years.
Subsequently, the forecasts show a stabilisation of the price by 2050 to values less than half of today’s
retail cost within a range between 4 €/kgH, and 7 €/kgH>. This forecasted trendlines can be explained
by the high increase of the number of HRSs (see Fig. 3.1.12) and the transition to stations of higher
capacity, which will induce a fuel cost reduction. However, depending on the hydrogen market

development, the reduction of H; fuel cost is expected to present different level variations.

As most of the referred studies suggest, the hydrogen fuel retail cost is forecasted to decrease by 2050
to appealing levels for supporting the transition to hydrogen-based mobility. In contemporary light duty
FCEVs, hydrogen fuel consumption reaches approximately 1.0 kgH»/100km and is expected to decrease
below 0.7 kgH»/100km by 2040 (Viesi et al., 2017). On the other hand, conventional vehicles are
expected in the near future to present a fuel consumption of approximately 3.7 1/100 km (Hydrogen
Council, 2017a). By taking into consideration that the cost of hydrocarbon-based fuels in Europe present
an increasing trend reaching 1.44 €/1 at mid- 2018 (European Environment Agency, 2018), an average
running cost of conventional vehicles will be higher than 5.1 €/100km. Hence, an unsubsidised fuel
price of hydrogen below 8.0 €/kgH> would suggest an average running cost below 5.6 €/100km, which

will be highly competitive with conventional vehicles.
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Fig. 3.1.14. Evolution H; fuel retail cost based on different forecasts. Based on (Brown et al.,
2013; Emonts et al., 2019; Le Duigou et al., 2013; McKinney et al., 2015; McKinsey & Co,
2010; Melaina and Penev, 2013; Morrison et al., 2018; Shayegan et al., 2009; Viesi et al.,
2017; Weeda and Elgowainy, 2015; Xu et al., 2017).

3.1.4 Conclusions

As a contribution to the development of an emerging hydrogen market in the transportation sector, this
study comprised of a literature review regarding hydrogen infrastructure for mobility purposes.
Hydrogen refuelling stations have an important role in the transition to a hydrogen based economy by
supporting the penetration of H, based vehicles in the transport market. However, in order to achieve a
substantial expansion of this emerging market, the network of refuelling stations must be developed

simultaneously with the introduction of commercial hydrogen vehicles.

In this context, more than 370 H, stations were in operation globally at the end of 2018, out of which
more than half are publicly accessible, while the others are used for demonstration/research projects,
and for supplying hydrogen to private fleets. On the other hand, the global number of fuel cell electric
vehicles is estimated that overpassed 12,900 in 2018, with forecasts indicating that more than 10 million

private vehicles will be hydrogen powered by 2030.

The research focussed on presenting findings from peer-reviewed literature and other published
scientific reports concerning the current status of hydrogen infrastructure and its future prospects in
transportation. The presented results indicated that hydrogen mobility is still at an infant stage, albeit it
presents promising prospects in the transition to a low-emission era in ‘green’ mobility. On top of that,
nowadays most of the past technological constraints have been eliminated suggesting that at least in the
technical area, hydrogen technologies are highly competitive with conventional and other “green”
technologies in transportation. Hence, the outcome of this research showed the present evolution of

hydrogen technologies in road transportation and examined the prospects of H; in the mobility sector
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towards sustainability. To this end, an analysis between different forecasts provided significant data
regarding possible scenarios of HRSs and FCEVs future deployment indicating a strategic roadmap to

electric-based transport.

The main conclusions suggest also that the factors associated with hydrogen deployment in
transportation lie in two axes, FCEVs and infrastructure development. Currently, many countries are
developing a network of HRSs in order to promote the expansion of hydrogen mobility. However, this
mandates the reduction of ownership costs of FCEVs in order to economically compete with other types
of low-emission vehicles. The vast majority of studies support that for most scenarios, hydrogen-based
infrastructure will present a substantial growth after 2025. This will be achieved on one hand through
the further technical development and cost reduction of FCEVs and on the other by lowering the

necessary capital investment for building the adequate infrastructure.

In any case, it will be highly beneficial to support hydrogen infrastructure in relation to a growing fleet
of FCEVs through the impetus of more research studies investigating how ‘green’ technologies in
mobility may contribute in the expansion of alternative ways of transportation. Certainly, hydrogen will
play a significant role in future mobility, and it will definitely support the challenging venture of a

non/low emission based transportation in the near future.
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3.2 Prospects of the hydrogen-based mobility in the private vehicle
market. A social perspective in Denmark

In 2017, the transportation sector in the European Union was responsible for 27% of the total greenhouse
gas emissions, of which road transportation accounted for 71.7%. As a result of the EU policy to reduce
the total greenhouse gas emissions by at least 40% in 2030 compared to 1990 levels, a social acceptance
of a new technology like hydrogen in transportation is important. This study investigates the factors that
may affect the public’s acceptance of hydrogen-powered vehicles in Denmark. To this end, four major
hypotheses were stated, assuming the direct effect of factors such as technology and environmental
awareness, financial status and infrastructure pertaining to the social acceptance of hydrogen-based
private road vehicles in the transportation market. The results showed that most of the hypotheses can
be confirmed, including environmental awareness, limited refuelling infrastructure as well as media
support for this market. These factors can be said to have an impact on one’s willingness to accept or
even purchase a fuel cell electric vehicle in the near future, while knowledge of and prior experience
with this type of technology, along with an upgrade of the hydrogen refuelling infrastructure, may prove

to contribute positively to ‘greener’ transportation.
3.2.1 Introduction

One of the greatest challenges of our time that affects both the environment, the ecosystem in total and,
of course, the economy comprises the prevention of the global climatic change (United Nations, 2019a).
Many countries, including the EU, have committed to reduce their GHG emissions via the Kyoto
Protocol, which in its 2nd commitment period have set a target of reducing GHGs by at least 18% below
1990 levels by 2020 (United Nations, 2020). However, the total GHG emissions of the OECD countries
have increased since 1990 from 15.17 Gt CO»-eq to 15.43 Gt CO;-eq in 2017. In the EU-28, on the other
hand, GHG emissions have been reduced from 5.65 Gt CO»-eq to 4.32 Gt CO;-eq, respectively, with
the highest decrease in the energy industries (i.e. from 1.67 to 1.18 Gt CO»-eq), while in contrast, GHG
emissions from transportation have increased from 0.79 to 0.94 Gt CO»-eq (OECD, 2019a).

Hence, the transportation sector is one of the main contributors to GHG emissions in the EU-28,
accounting for 27% (including aviation) of the total GHG emissions in 2017, of which 71.7% were
directly linked to passenger cars and vans (European Commission, 2020b). Fig. 3.2.1 shows the share
of GHG emissions by sector for the EU-28 in 2017.

83



'CV'
%

GP""'TAS AR‘«‘“"
AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

BEnergy Industries @ Manufacturing and Construction
ORoad Transportation B Other Transportation
B Agriculture, Residential and Commercial B Other (Industrial Processes, Waste, etc)

100% -
90% A
80% A
70% A
60%
50% +H
40% -
30% A
20% A
10% -

0% -

GHG emission shares by sector

Fig. 3.2.1. EU-28 GHG emission shares by sector in 2017. Based on (European Commission,
2020D).

It is apparent from Fig. 3.2.1 that the energy industries and the transportation sector in the vast majority
of the EU-28 exceed 50% of the GHG emissions. However, by taking into account the efforts to
decarbonise the energy sector over the last decades by integrating RES, it would be highly beneficial to

move towards similar pathways in the transportation sector, too.

According to Fig. 3.2.2, there were 13 EU countries in 2017 with road transportation emissions share
above the average (i.e. 21.6%). The transportation emissions are aligned with the rest of the carbon
intensity sectors presented in Fig. 3.2.1, meaning that in the case of lower emissions from the energy
industries, the share of transportation in total emissions increases accordingly. However, by also taking
into account on-road emissions per capita (see Fig. 3.2.2), in countries where the average transportation
emission share in total GHG emissions is exceeded, the average on-road emissions per capita of
approximately 2.5 tCO»-eg/capita is not. In total, seven out of 28 countries presented higher on-road
emissions per capita in 2017, of which only three did not emit more than the average share of road
transportation emissions. Hence, it can be assumed that the total emissions from road transportation in

the remaining four countries are more significant compared to the rest of the EU-28.

In 2017, transportation in Denmark (excluding international maritime) accounted for the highest share
among all sectors, reaching approximately 31.7% of the total emissions, of which 75.1% stemmed from
road vehicles (European Commission, 2020b). Denmark ranked 9th among the countries with higher-
than-the-average road transportation-induced GHG emissions in 2017 and was one of the four countries
with higher-than-the-average road transportation shares of the total emissions and on-road emission

ratios per capita.
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The goal for Denmark is to be free of fossil fuels in 2050 (Energistyrelsen, 2016), and considering the
fact that conventional fuels still play a significant role in Denmark, it is required to adopt alternative
solutions supporting sustainability and low GHG emissions. To this end, the transportation sector could
substantially contribute to the country’s decarbonisation targets through the implementation of new

vehicle technologies that are environmentally friendlier than conventional technologies.
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Fig. 3.2.2. Share of road transportation of the total EU-28 GHG emissions and road
transportation emissions per capita in 2017. Based on (European Commission, 2020b;
Eurostat, 2019b).

All the above indicate that there is a need for using alternative technologies in the mobility sector, such
as electric vehicles, which, compared to conventional technologies, present zero direct GHG emissions.
The public is already aware of the greener alternative of BEVs, although there are still some drawbacks
that hinder their further deployment, including high investment costs, short traveling range, limited
recharging infrastructure and fossil fuel-based electricity, minimising the sustainable benefits of the
technology (Priessner et al., 2018). Based on the EAFO (EAFO, 2019b), it can be derived that although
the number of BEVs increased from several hundred in 2008 to hundreds of thousands (= 750,000) in
2019, the annual increasing rate of new registrations has been hindered and seems to have stabilised
since 2016 to approximately 40-50%. The rapid pace of integrating BEVs in the transportation vehicle
market is challenged by the drawbacks that contemporary BEVs still present compared to conventional
vehicles. From a consumer perspective, BEVs are still more expensive than their conventional
counterparts, they have shorter driving range, high recharging times and an inadequate recharging
infrastructure, which do not favour their expansion (Carley et al., 2019; Coffman et al., 2017; Hardman
etal., 2018).
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An upcoming and already almost established fuel alternative for vehicles is hydrogen (Apostolou and
Xydis, 2019). Hydrogen vehicles have been found to present a three times lower global warming
potential than other alternative technology counterparts (Bicer and Dincer, 2017). Contemporary
vehicles running on on-board stored hydrogen use a fuel cell to chemically convert hydrogen energy
into electricity, which usually powers the electric motor while charging an on-board buffer battery bank.
The buffer battery is mainly used to support high power demand and as an energy storage device during
regenerative braking of the vehicle (Wang et al., 2019).

The use of hydrogen as fuel is gradually being developed, especially FCEVs, which provide several
benefits in terms of some of the factors that BEVs struggle to overcome, e.g. higher driving range and
fast refuelling times (Adolf et al., 2017; Apostolou and Xydis, 2019; Thomas, 2009). Although the
increase in such vehicles in Europe between 2014 and 2019 exceeded a percentage of 1000%, their
absolute number is still a very small fraction of the total alternative vehicles, reaching 1,286 vehicles in
2019 (including busses and light commercial vehicles) (EAFO, 2019c). Therefore, it would be important
to locate all the reasons affecting the further expansion of this technology. A major factor supporting
the establishment of a new technology includes the social acceptance of the public. Through an empirical
study, this paper investigated the social acceptance of FCEVs in Denmark and the factors that might

influence the willingness to purchase such a vehicle.

Nowadays, the use of hydrogen as an alternative technology in transportation compared to BEVs is not
supported by the public media, which instead, portray BEVs as the only sustainable choice for the future
transportation sector. The question is, however, whether a BEV is more sustainable than a FCEV. Would
it not make sense to use both types instead of BEVs only? Is the public lacking knowledge and awareness
of hydrogen vehicles as an alternative, or is it the current infrastructure and political commitment that

does not support hydrogen mobility as the next sustainable technology?

The following section consists of a literature review and describes previous studies that have been
associated with public acceptance of hydrogen technologies as well as the factors and their potential
influence on a successful market penetration. In addition, the hypotheses used in this paper to determine

the factors that may influence the social acceptance of the public are included in the second section.

The third section includes the methods and setting for the data collection as well as the analysis of the
data. Finally, the fourth section presents the results and discussion of the analysis and whether the stated

hypotheses from the second section can be confirmed or rejected.
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3.2.1.1 Literature review

Since the introduction of the first commercialised FCEV in the transportation market in early 2015, the
automotive industry’s interest is growing towards the development of FCEVs in line with other electric
vehicle types. Although there are currently three hydrogen passenger car models available in the vehicle
market, their share in this market is still at an initial stage (Apostolou and Xydis, 2019). This is further
enhanced by the fact that the availability of such vehicles in the market is limited as being a new vehicle
technology with inadequate infrastructure support in many countries. In the last half-decade, several
studies in the peer-reviewed literature analysed factors affecting the penetration of the FCEVs in the
transportation market. However, these studies either encountered only specific issues such as ownership
costs and lack of infrastructure or documented a comparison of FCEVs with other alternative vehicles
from a social perspective. Additionally, these studies did not take into account the media influence,
without presenting at the same time forecasts concerning the expected cost of evolving hydrogen

technologies and how this might affect the public willingness to purchase a FCEV.

Iribarren et al. (2016) presented the results of their quantitative research on the attitude of society in
Spain in relation to the use of hydrogen in transportation. The outcome of their study was based on a
survey focusing mainly on the associated costs, the required infrastructure and reliability in general. The
authors concluded that there is a high level of awareness of hydrogen technologies for transportation in
Spain, while infrastructure and high costs play a critical role in the willingness of the respondents to
purchase a FCEV (Iribarren et al., 2016). Similarly, the attitude of consumers participating in a test
process of FCEVs in the UK was assessed by Hardman et al. (2016). Although the participants stated
that the FCEV driving behaviour was similar to the one of conventional vehicles, they identified that
lack of infrastructure and increased investment and operating costs were significant barriers to be

overcome (Hardman et al., 2016).

The prospects of AFVs, including FCEVs in the German market were analysed by Hackbarth and
Madlener (2016). The results of their research revealed that fuel-tax reductions for AFVs would not
affect their deployment, but instead, future vehicle buyers would consider paying extra fees to have an
adequate fast recharging/refuelling infrastructure. Specifically for FCEVs, the respondents declared that
they are willing to pay an extra fuel fee of 5.14 €/kgH> in order to have a sufficient number of refuelling
stations (Hackbarth and Madlener, 2016).

Hardman et al. (2017) investigated from a consumer’s point of view the challenges FCEVs need to cope
with in order to establish their share in the market. Five key barriers were analysed in respect to the

adoption of FCEVs by the public, including cost issues, infrastructure, safety, hydrogen sources and the
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lack of recharging from home. The research was based on personal interviews of 39 owners of BEVs in
California, USA, who were asked about their opinion on FCEVs. The results showed that the most
important issue is the lack of infrastructure, followed by the carbon intensity of the hydrogen production
method and the challenge of home charging. The cost and safety barriers followed as less important for

the participants (Hardman et al., 2017).

Based on a public survey, the Japanese public’s awareness and opinion of hydrogen infrastructure were
assessed by Itaoka et al. (2017). The authors compared the results with the outcome of two similar
surveys conducted in 2008 and 2009 in Japan and concluded that public awareness of hydrogen
technologies has increased significantly in the last decade, while knowledge and public acceptance of
HRSs and FCEVs have heightened slightly due to the attention given by the media (Itaoka et al., 2017).

The social acceptance of hydrogen technologies in transportation in Japan was also documented in the
research of Hienuki et al. (2019). The authors identified that knowledge about hydrogen technology
contributed positively in the public attitude towards hydrogen vehicles and infrastructure, while
environmental and socioeconomic benefits of the technology were assessed to present little impact to
the acceptance of the new technology (Hienuki et al., 2019). In the same context, Ono et al. (2019)
examined the acceptance of HRSs sited near the residence of a survey’s respondents. The received data
showed that safety concerns induced a reluctance of the people towards the implementation of hydrogen
infrastructure near their homes, which however was overcome after the provision of guantitative risk

information concerning the operation of a HRS (Ono et al., 2019).

The investigation of the public opinion and acceptance of hydrogen technology in transportation in
Stavanger, Norway was performed by Tarigan et al. (2012). The authors identified that knowledge and
attitude towards hydrogen transportation and refuelling stations affected the acceptance by the public.
The residents living near a HRS located in the Stavanger area demonstrated an increased knowledge
about hydrogen transportation, which contributed to a ‘Back Yard’ model implying lower support to

hydrogen transportation compared to residents living in the greater area (Tarigan et al., 2012).

Bogel et al. (2018) published the results of a survey conducted in seven EU countries regarding the
public attitude towards stationary and mobile hydrogen applications. The outcome of their study showed
that the attitude of the respondents presented a low level of strength and stability, which however
changed to the positive direction once information about the technology was provided. This indicated,
according to the authors, that the dissemination of the technology characteristics to the public through
proper communication strategies is crucial for increasing the acceptance of hydrogen technologies by
the public (Bogel et al., 2018).
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The assessment of the driving behaviour of FCEVs was investigated by Lipman et al. (2018) who
examined the opinion of 54 FCEV drivers in California, USA concerning their experience compared to
conventional vehicles. The results indicated that most of the drivers believed that the FCEV was ‘as
safe’ or even safer than its conventional counterparts, the infrastructure was not an issue, and the
refuelling cost was at the same level of gasoline. More than 70% of the participants declared that they
were willing to pay up to $40,000 for a FCEV suggesting a high level of acceptance (Lipman et al.,
2018).

Kim et al. (2019) examined the prospects of the FCEV market in South Korea in relation to the
willingness of the public to purchase a hydrogen-based private vehicle. The results of the survey, which
focused on the fuel efficiency, infrastructure accessibility, vehicle type and environmental benefits of
FCEVs, showed that the South Korean public expressed a significant interest in this vehicle type and
provided an estimation of the marginal willingness to pay per household per year. An increase in the
fuel efficiency by 1 km/L, a 1% increase in assessable refuelling stations, a 1% decrease in CO;
emissions and a shift to SUV instead of sedan vehicles would give a total marginal willingness to pay
of approximately 12,000 €/year (Kim et al., 2019). In their study on the preferences of the South Korean
public between FCEVs and BEVs, Shin et al. (2019) included two levels concerning the vehicle choice
and usage among drivers and non-drivers participating in a survey. The results showed that the driver
group preferred BEVs over FCEVs due to lower costs and recharging availability, while non-drivers
had a higher preference for FCEVs. In terms of usage level, the driver group preferred none of the two

AFVs over conventional vehicles (Shin et al., 2019).

Nie et al. (2020) studied the factors affecting the social acceptance of FCEVSs in the Jiangsu province in
China. The authors documented that in addition to the financial and environmental factors affecting the
acceptance of FCEV technology by the public, the industrial agglomeration of a region presented a

positive correlation in the propensity of the residents to purchase a FCEV (Nie et al., 2020).

Older public opinion studies on hydrogen-based transportation before 2006 and the commercialisation
of FCEVs indicated that many survey participants were not very well informed and knowledge of the
main characteristics of this technology was limited (Altmann and Graesel, 1998; Maack, 2005; O’Garra
etal., 2005; Schmoyer et al., 2006; Zachariah-Wolff and Hemmes, 2006). However, in some cases where
the participants’ working environment was related to transportation, the results were different. This was
the case of Dinse (2001) where workers in the BMW group were asked about their knowledge and
opinion about hydrogen automotive technology, and the vast majority replied positively, but noted the

high costs and the need for infrastructure investments (Dinse, 2001).
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In this context, O’Garra et al. (2007) examined the willingness of the public in four major cities (i.e.
Berlin, London, Luxembourg and Perth) to pay a bus fare for introducing hydrogen buses in their cities.
Overall, the responses from the public were positive, showing an interest of applying hydrogen
technologies in public transportation (O’Garra et al., 2007). The positive attitude towards hydrogen
mobility following a FCEV test drive in California, USA, was documented by Martin et al. (2009). More
than 80% of the 182 participants left with a positive impression and answered that in terms of
infrastructure, they are willing to travel between five and ten minutes to find a HRS. The authors
concluded that a driving experience of a FCEV would significantly affect consumers’ view on hydrogen-
based transportation (Martin et al., 2009). Thesen and Langhelle (2008) investigated the social
awareness and attitude towards hydrogen vehicles and refuelling infrastructure in Norway. The results
were compared to the outcome of a research published by O’Gara et al. (2005), who analysed the
awareness and acceptability of hydrogen transportation in London via a survey of approximately 400
London residents and found that the majority of them did not know that hydrogen can be used for
transportation (O’Garra et al., 2005). The survey results from the Thesen and Langhelle (2008) research,
on the other hand, showed that more than 65% of the respondents had a positive opinion about hydrogen
mobility, while less than 30% needed more information (Thesen and Langhelle, 2008). A similar study
by Zimmer and Welke (2012) in Germany indicated that a high percentage of the German public favours
hydrogen vehicles (i.e. approximately 80%) firstly, due to environmental reasons, secondly, to cope with
future oil shortage and, finally, because they believe that hydrogen technologies could consist of an

important economic factor for development (Zimmer and Welke, 2012).

The above studies show that over the last decades, hydrogen-based transportation has gradually gained
the acceptance by a major part of the public in some regions. However, compared to other AFVs, the
public willingness to purchase a FCEV is still low, mainly due to cost and refuelling infrastructure

barriers.
3.2.1.2 Research Objectives

The objective of this research was to appraise the prospects of the FCEV market and how these are
affected by factors associated with the technological and social perspectives. Denmark is among the first
countries where RESs and particularly wind power have been developed significantly since 1990.
Nowadays, most of Denmark’s electricity demand is covered by wind energy (Hvelplund et al., 2017)
as a result of the policies adopted in recent decades towards a more sustainable environment. In this
context, the transportation sector, which plays a substantial role in supporting the transition to a non-
fossil fuel era (see Fig. 3.3.2), needs to adopt new technologies free of GHG emissions. As mentioned

above, one of the most interesting AFVs is the FCEV. However, although the first commercial private
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vehicles are available in the market of some countries (e.g. Denmark), the public seems reluctant to use
this technology.

Therefore, this paper aims to identify the reasons that keep Danish consumers sceptical about purchasing
FCEVs and assess possible interactions between factors affecting the public opinion. Furthermore, the
methodology applied in this study could be used as a pilot for further research on the reasons lurking
under the slow expansion of this promising market. To this end, a number of hypotheses is stated about
the factors that may influence consumers’ willingness to accept hydrogen cars as the next sustainable

choice in the transportation sector.
3.2.2 Theoretical basis and hypotheses

This study was partially based on the technology acceptance model 3 (TAM3) developed by Venkatesh
and Bala (2008), which was firstly used for the acceptance of new IT technologies (Venkatesh and Bala,
2008). Several studies, however, have also adapted the TAM3 to assess the acceptance of new vehicle
technologies such as BEVs (Dudenhoffer, 2013; Globisch et al., 2018; Hamidu, 2017; Stanton, 2017).
TAMS3 provides some important advantages over other developed models, including the investigation
of the consumer’s PU and ease of use PEOU of a technology. Although TAM3 model includes
constructs such as ‘behavioural intention’ and ‘use behaviour’, these factors were not taken into
consideration and only PU and PEOU were used to reach the final outcome of this research indicating
the public acceptance towards this technology. The model was based on a set of hypotheses aimed at

describing the social aspects of hydrogen-based mobility in the Danish transportation market.
The PEOU and PU in this study could be addressed as:

PEOU: Knowledge and experience with the FCEV technology plays a critical role in PEOU and directly
affect the willingness to purchase a FCEV.

PU: The environmental benefits arising from the use of a FCEV (acquired through technology
knowledge) in conjunction with the environmental attitude and PEOU of each individual could affect

the willingness to purchase such a vehicle.

The relations between the PU and PEOU and the main objectives of this study can be observed in Fig.
3.2.3.
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Fig. 3.2.3. General model showing the main relations between the PU, PEOU and the
objectives of this study.

The next part of this research identified the factors affecting the different stages of the model presented

in Fig. 3.2.3 and developed the hypotheses to assess the prospects of the FCEV market in Denmark.
3.2.2.1 Individual consumer awareness

The discussion of hydrogen as an alternative fuel for vehicles relates to consumers’ environmental
responsibility in their daily lives as well as in their energy and other consumption patterns. People today
have a different awareness of the environmental impact, especially in relation to their everyday habits.
Since hydrogen can be a RES in the transportation sector, the individual's attitude towards the global
environmental problems may affect one’s consumption patterns, including the propensity to switch from
petrol or diesel vehicles to an environmentally friendlier alternative. This is also substantiated by the
findings in (Ziegler, 2012), which describe that respondents who usually buy environmentally friendly
products also have a significantly higher tendency to choose hydrogen and electric vehicles. Based on

this, the following hypothesis about consumers’ PU is expressed:

Hypothesis HI: There is a correlation between one’s attention and awareness of environmental impacts

and the willingness to purchase a hydrogen-based vehicle.
3.2.2.2 Knowledge and prior experience

Moula et al. (2017) suggested that one of the major issues among successful market penetration of new
technologies is the knowledge of the subject and to some extent also the previous experience that one
may have with this technology (Moula et al., 2017). Although the primary technology studied in their
research was the use of biofuels in the transportations sector, it can be compared with the overall
situation of introducing a new technology to the market, which in this case is the reduction of fossil fuel

use that currently dominates in the transportation sector by using hydrogen as an alternative. Some of
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the results demonstrated in (Moula et al., 2017) explain that before the respondents could be motivated
to switch to a more renewable-oriented consumption, they would need further information on the subject
that could affect their PU and PEQOU. Ziegler (2012) also explained that consumers who already had
experience with a specific type of technology would have a shorter ‘psychological distance’ for adopting
this technology (Ziegler, 2012). To this end, consumers would recognise the technology’s usefulness,

and previous experience with AFVs would substantially influence the FCEV market growth.

Non-experience and lack of the respective technology knowledge behind FCEVs can raise several safety
concerns to potential market adopters. Due to its intrinsic characteristics, hydrogen is sometimes
considered to be dangerous by the public (Ball and Wietschel, 2009; Huijts et al., 2012; Keles et al.,
2008; Yetano Roche et al., 2010), and therefore, this attribute may adversely affect future consumers to
purchase a FCEV.

Therefore, the following hypotheses are stated:

Hypothesis H2: The individual person’s knowledge of hydrogen technologies has an effect on the

willingness to purchase a hydrogen vehicle.

Hypothesis H2.1: Prior experience with AFVs or FCEVs contributes to the knowledge of the technology

and has an influence on one’s willingness to purchase a hydrogen vehicle.

Hypothesis H2.2: Hydrogen safety concerns have a negative impact on the acceptance of hydrogen
mobility by the public.

3.2.2.3 Price and efficiency

Two of the major concerns when purchasing a new vehicle are the ownership costs and the traveling
range of the vehicle in order to meet a person’s driving needs. The regular car owner already knows
approximately what the traveling range is for a normal fossil fuel car, and by taking an average fuel
consumption of contemporary cars in Denmark equalling to 5.2 L/100 km and a fuel tank with an
average volume capacity of 45 litres, the traveling range would be approximately 850-900 km per full
tank (IEA, 2019b; Rosengren, 2018). In comparison, a FCEV with a tank capacity of 5-6.3 kgH, of
hydrogen has a traveling range of 500-750 km (H2.LIVE, 2020). In large numbers, one kilogram of
hydrogen can replace approximately 6.5 L of gasoline in terms of fuel consumption, and with the retail
price of one kilogram of hydrogen and one litre of petrol being approximately 9.5 €/kgH»> (H2.LIVE,
2020, p. 2) and 1.39 €/L (My LPG, 2020) respectively, the fuel cost of a FCEV compared to an average

conventional passenger vehicle is approximately the same. As Moula et al. (2017) suggest, the price of
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fuel is directly linked to the public’s acceptance according to the consumer’s consumption behaviour in

the transportation sector.

Another important factor when deciding to purchase a vehicle is the initial capital investment, as
explained in the paper by (Keles et al., 2008). In addition, a price reduction to a so-called ‘normal’ price
range is also important when discussing consumer acceptance of FCEVs. At present, passenger FCEV's
have an unsubsidised price of approximately €69,000 to €78,500 (H2.LIVE, 2020), while an average
price of a new conventional passenger vehicle in Denmark ranges from €22,500 to €40,000 (IEA,
2019b). This is a major price difference, which might play a critical role in the decision of the public to
purchase a FCEV.

Nevertheless, the future prospects of hydrogen-based vehicles globally is expected to grow significantly
in the next decade, with some studies even showing a magnitude of several million vehicles (Apostolou
and Xydis, 2019; Hydrogen Council, 2017a) compared to approximately 13,000 in early 2019 (IEA,
2019a). To this end, the retail prices for future FCEVs is expected to decrease due to economies of scale
and advancements in fuel cell technology. The U.S. Department of Energy has set a goal of reducing
the cost of the main component of a FCEV (i.e. fuel cell stack) from approximately 170 €/kW net today
to 40 €/kWiet by 2025 (James, 2019). Based on this, the retail price of FCEVSs is expected to decrease
compared to current prices by 50% in 2030 and be fully comparable to those of conventional vehicles
(Creti et al., 2015).

In the same context, the retail price of the hydrogen fuel is expected to decrease ranging between 6 and
8 €/kgH, by 2030, depending on the type of HRS and the hydrogen production source (Apostolou and
Xydis, 2019). On top of that, according to forecasts by the World Bank and the IEA, crude oil prices are
expected to increase by approximately 16% by 2030, resulting in a simultaneous increase in retail prices
(EREA and DEA, 2019; World Bank, 2019). To this end, the difference in fuel expenses between

conventional vehicles and FCEVs in the next decade would most likely be expanded.
By comparing the above, the following hypotheses are expressed:

Hypothesis H3: The fuel efficiency and refuelling cost of hydrogen vehicles influence people’s

propensity to choose a hydrogen vehicle.

Hypothesis H3.1: The capital cost of hydrogen vehicles is an important factor in the population’s

acceptance of hydrogen vehicles in the future.
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Hypothesis H3.2: Future reduction in capital and refuelling costs of a hydrogen vehicle will enhance

the hydrogen transportation market.
3.2.2.4 Awareness and public acceptance

As with many new technologies that have not yet penetrated the market successfully, public acceptance
can be crucial to consumer acceptance by looking at the PEOU of the particular technology (Ziegler,
2012). The factors that might influence the consumers’ willingness to accept and purchase a hydrogen
vehicle are information and advertising from the media, the available infrastructure (e.g. humber of

refuelling stations) and, as linked to the previous section, the ownership costs.

Moula et al. (2017) discussed how the availability of HRSs has an increasing effect on the attractiveness
of FCEVs for the consumer. This indicates that the deployment of hydrogen technologies in
transportation is similar to the chicken and egg problem stating that this market is highly dependent on
the number of refuelling stations as well as on-road vehicles (Apostolou et al., 2019). Hence, retail sales
of and consumer demand for FCEVs have an impact on the number of refuelling stations, as this is a
matter of supply and demand (Keles et al., 2008). Therefore, public acceptance encouraged by policy
measures and government initiatives to make these stations more accessible may have a major effect on
the successful market penetration of these types of vehicles (Ziegler, 2012). So far, there are a total of
eight HRSs in Denmark, of which seven are available to the public, while another two are under
construction, including one for a bus fleet in the city of Aalborg (Brintbiller, 2020). Although the number
of hydrogen stations is lower compared to other countries, Denmark is considered to have the first
hydrogen refuelling network able to cover the hydrogen fuel demand of a FCEV to travel in its entire
region (Brintbiller, 2020). However, the PEOU of FCEVs in conjunction with the infrastructure

constraints might have a direct effect on the evolution of hydrogen mobility.

Another perspective relates to the media’s orientation towards passenger AFVs. In Denmark, the media
focus mostly on BEVs and PHEVS, which in 2019 reached a number of 14,851 and 7,305, respectively,
compared to only 101 FCEVs (EAFO, 2019c). The infrastructure and consumers’ awareness of the
electric alternatives have rapidly increased as media focus has intensified over the years. Ziegler (2012)
explains that proactive information and advertising influence of the future consumer acceptance, which
would mean a shift in the alternative vehicle market or the introduction of hydrogen-powered vehicles

in the existing Danish vehicle market.

Overall, it is apparent that the transition to implementing hydrogen technologies in mobility necessitates
support schemes stemming from the media and governments. Hence, the following hypotheses can be

compiled:
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Hypothesis H4: Media orientation towards hydrogen-based transportation has an effect on the public

willingness to accept hydrogen vehicles as a feasible alternative.

Hypothesis H4.1: There are currently seven public hydrogen refuelling stations in Denmark. Hydrogen

refuelling infrastructure needs to be enhanced to support a growing FCEV market.

Socio-demographics may also affect the willingness to purchase a FCEV in the future. In this paper, the
socio-demographics have not been considered as hypothesis themselves but they were included in the
theoretical model. In this context, they were analysed as factors influencing the knowledge about
hydrogen mobility and therefore the PEOU of this specific technology. Additionally, socio-
demographics were used for adjusting the sample size to the entire target population in order to limit

bias towards more robust results (Ziegler, 2012).
3.2.3 Research settings and methods

For testing the stated hypotheses, an empirical study was compiled based on the collection of data from
Danish consumers. The collected data were based on an online anonymous survey uploaded to Danish
social media focusing on permanent Danish residents who own or use a private passenger vehicle. The
main objective of this empirical study was to compute the opinion of the Danish population participating
in the private transportation market through owing a passenger vehicle by analysing the collected
responses. However, using a sample to determine the social behaviour of a specific population on a

matter, often introduces errors that could affect the final outcome.

One of the main concerns when making web-based surveys comprises the introduction of biases in the
received responses. Biases and limitations are highly dependent on the type of the survey and the sample
size used to examine a social or scientific phenomenon with the scope of generalising the outcome
(Couper, 2000). A relatively small sample might introduce reliability issues and biases due to possible
variability among the received responses. Depending on the investigated phenomenon, small samples
might not provide findings able to extrapolate to a generalised outcome, resulting to invalid conclusions
(Faber and Fonseca, 2014). Addressing this issue might be challenging and although there are correction
techniques for getting a valid estimation of what would be the research outcome in terms of the target

population such as ‘weighting adjustment’, the survey design plays a significant role (Khan, 2019).

Two of the most frequent biases that could be introduced from a web-based survey consist of phenomena
named under-coverage and self-selection (Bethlehem, 2010). Under-coverage bias occurs when only a
part of the survey’s target population can participate in the survey. This is a well-known phenomenon

observed in web-based surveys, and poses bias in the final outcome as the survey applies only to a part
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of a population having Internet access. To assess the probability of under-coverage bias in this study,
the percentage of people having Internet access in Denmark as well as the participation of the Danish
population in social networks for private purposes were analysed. To assess the bias introduced due to

the under-coverage phenomenon, the following formulas were used (Bethlehem, 2010):

V= TiiY (3.2.1)

V= — ks Ve (3.2.2)
1

B=Y,-Y (3.2.3)

where the target population consist of N elements, Yy is the target variable of the k elements who have a
driving licence, N, represents the number of individuals participating in social networks, and I, consists
of a binary variable indicating if the element k has (equals to 1) or does not have social media access
(equals to 0). Eq. 3.2.3 consists of the bias (B) estimator. Due to lack of data for each k element
concerning the relationship between driving licence and social network access, aggregated data of the
entire Danish population were taken into account. According to Statista (2017) and ‘Denmark Statistics’,
the percentage of the population having driving licence is approximately 89%, while the population
having Internet access and presenting social media activity reaches 93% and 81% respectively (Statista,
2017; Statistics Denmark, 2019a, 2019b). It can be then assumed that most people in Denmark using
social media, are licenced to use a private vehicle and therefore non-coverage bias could be assumed

negligible.

Self-selection bias stems from the fact that the respondents of a web-based survey select themselves to
participate or not in a survey. In this way, people having Internet access choose to participate in the
survey eliminating the advantages of the probability theory application towards an unbiased result
(Bethlehem, 2010). For coping with the self-selection bias, the survey’s data gathered in this study were
adjusted using the post-stratification weighting method. According to Loosveldt and Sonck (2008), post-
stratification method is not always appropriate for solving self-selection biases due to an insufficient
strong relationship between some variables and the demographic weighting variables used in this
method (Loosveldt and Sonck, 2008). Based on Bethlehem (2010) the most reliable weighting technique
for addressing self-selection bias is the propensity weighting where a variable is modelled to indicate
whether or not someone participates in a survey. This method necessitates the use of a reference survey
not conducted via the Internet in order to estimate the probability of each respondent participating in the
Internet survey (Bethlehem, 2010). However, this study compiled in Denmark where it is documented

that the probability of participating in online surveys presents a significant increasing tendency through
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the last years (Engmann, 2020) and to this end, it is assumed that the proportionality correction through
the post-stratification weighting method could reduce the introduced self-selection bias adequately. The
estimation of the adjustment weights used in the post-stratification method in this study was based on
the following Eqg. (Bethlehem, 2010):

wy = % (3.2.4)

where w is the weight for an element k, Ny, is the target population size (people having driving licence
by gender and age), Nn represents the target population size in the stratum h indicating the number of
categories of the used variable (e.g. age group) during the post-stratification method, and likewise n and
nn represent the respective factors in the survey’s sample. Due to lack of information regarding the
number of people in Denmark who own a driving licence by gender, it has been assumed that the
percentage of the Danish population by age and gender owing a driving licence is approximately equal
to the one found in a western European country with similar social and economic characteristics (e.g.
UK) (UK gov, 2020).

The census data used in computing the post-stratification weighting method and the calculated weights
(through Eq. 3.2.4) for adjusting the received responses are presented in Table A2 (Appendix A2) (DTU
Transport, 2015; Statista, 2017; Statistics Denmark, 2019a).The survey included both quantitative- and
gualitative-oriented questions based on the stated hypotheses to assess the public’s attitudes towards
hydrogen technologies in transportation. The distributed survey consisted of 13 questions, seven of
which were quantitative with closed responses to select from, and six of which were qualitative in order
to identify the reasons and opinions about the willingness to purchase a hydrogen-powered vehicle as
well as the prospects of the respective market (see Appendix Al). Additionally, an accompanied concise
text divided in two parts was included in the questionnaire, informing the participants firstly of the main

specifications of a contemporary FCEV and secondly on the economic perspectives of this technology.

The developed survey was divided into two main sections. The first section included the investigation
of H2, H2.1, H4 and H2.2, and taking into account their assessment, H1 was also introduced to appraise
the consumers’ willingness to the hydrogen vehicle market. The second section included the
investigation of H3, H3.1, H3.2, H4 and H4.1, also considering the results of the previous section. Based

on the outcome of the second section, the prospects of the FCEV market in Denmark were evaluated.

According to the general model presented in Fig. 3.2.3, the stated hypotheses and the developed
questionnaire, the identified variables affecting either directly or indirectly the PU and PEOU were

assumed 2 and 10 respectively. The factors assumed to influence the prospects of the FCEV market
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through the stated hypotheses have been identified to five. Fig. 3.2.4 shows the theoretical developed
model showing the respective factors and how these are assumed to be related to each other based on

general model the stated hypotheses.
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Fig. 3.2.4. Theoretical model to examine the stated hypotheses.

Based on Fig. 3.2.4 the proposed theoretical model is divided in two stages. The first part comprised the
investigation of the willingness of the public to purchase a FCEV and was described as the top of a
‘pyramid’ built on the basis of PEOU and PU. The second part of the analysis assessed how the
willingness of the public to purchase a FCEV based on the PEOU and PU in conjunction with the relative

to this technology economic factors would affect the future prospects of the FCEV market in Denmark.

This mean that one may have the willingness to purchase a FCEV based on his/her PEOU and PU, but

the economic factors such as vehicles’ capital cost and fuel prices may hinder the market expansion.

To test the theoretical model presented in Fig. 3.2.4, a SEM through path analysis was employed in IBM
SPSS AMOS software. The overall assessment of the goodness of fit of the model was based on the p-
value, the CFI and the RMSEA indicators, which according to (Suhr, 2006) and (Globisch et al., 2018)
need to present values greater than 0.05 and 0.9 and lower than 0.08 respectively to indicate an

acceptable fit.

The responses received from the survey participants were then introduced to the IBM SPSS statistics
software tool, where a series of chi-square crosstab analyses of the participants’ responses were
performed based on the final model to find if there is a significant effect between the variables under
investigation. The effect between the investigated variables was assessed using Pearson’s chi-square

asymptotic test given that none of the required assumptions were violated (i.e. large sample size, no
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sparse and unbalanced data). Otherwise, Fisher’s exact test or the Monte Carlo simulation method for
Pearson’s chi-square test were taken into consideration, depending on the size of the dataset, which
could impose intensive computing requirements (Mehta and Patel, 2012). The final assessment of the
prospects for hydrogen mobility in Denmark seen from a social perspective identified the interactions

between the research variables and the confirmation or rejection of the stated hypotheses.

3.2.4 Results and discussion

For this study, a total number of 158 people participated in the survey, including 61.5% male and 38.5%
female, while the age groups were widely spread between ‘18+’ and ‘74’°. The education levels of the
participants were as follows: 36% had a university degree, 35.4% a secondary education and 28.6% had
other education levels. Most of the participants (78.3%) indicated a net annual income below 500,000
DKK (= €67,000), but only 33.3% of these declared a low annual income of less than 200,000 DKK (=
€26,800). The detailed results of the study are documented in the appendices.

3.2.4.1 Fit of the model

The results of the SEM application to the theoretical model presented in Fig. 3.2.4 (see Table 3.2.1)
suggested a poor fit indicating the necessity to modify the model. Although the RMSEA was calculated
to be within the range of a good model fitting, the other indicators were not in the acceptable range.
Following the modification indices, all the indicators presented an acceptable value and the final model
is presented in Fig. 3.2.5. The continuous bold lines are the ones derived from the theoretical model and
the dashed bold ones indicate the effect lines based on the modification indices. The thin dashed lines
indicate the identified by the SEM path analysis covariance between the investigated factors to secure
the best fit of the model.

Table 3.2.1. Indicators showing the fit of the model.

p-value CFlI RMSEA
Acceptable fit < 0.05 >0.90 <0.08
Theoretical model <0.001 0.687 0.079
Final model 0.099 0.934 0.037

100



AARHUS| SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

4

y [ v v e v i i P
) ; M
Experience Experience Media Safety
i i Infrastructure FCEV t H. fuel cost
with AFVs with FCEVS support/orientation concerns CEVs cos 2 luel cos
“u__‘ — \“‘__‘- ‘\\\
s\_‘_ ¥ \\\\A
N = A
A vy
Knowledge about Willingness to Prospects of the
FCEV technology purchase a FCEV FCEV market
| Gender | | Age | Education Environmental
) [ attitude I

Fig. 3.2.5. Final model based on the theoretical model and the application of the SEM fitting
assessment. Continuous line arrows: Identified factors from the theoretical model and
confirmed by the SEM assessment. Bold dashed line arrows: Identified correlations between
the factors by the SEM assessment. Thin dashed line arrows: Identified covariances between

the factors by the SEM assessment.

By comparing the theoretical model presented in Fig. 3.2.4 and the final model as derived after the fitting
assessment (Fig. 3.2.5), it is apparent that three more relations including ‘previous experience with
FCEVs — willingness to purchase a FCEV’, ‘safety concerns — prospects of the FCEV market” and
‘infrastructure — prospects of the FCEV market” were identified to be crucial for the best fit of the
model. It is apparent that these correlations seem logical as from an individual’s perspective, on the one
hand, prior experience with FCEVs would affect the PEOU and consequently the willingness to
purchase a FCEV and on the other safety and infrastructure apart from the decision to purchase a FCEV

will play a significant role in the future prospects of the FCEV market too.

In the next section of this research, the correlations and identified covariance between the factors

participating in the model were analysed.
3.2.4.2 Knowledge of the hydrogen vehicle technology

The level of knowledge regarding hydrogen technology for transportation is assumed to play a
significant role in the public’s acceptance of the under investigation vehicles. This variable was studied
in the context of six variables as showed in Fig. 3.2.5. The chi-square crosstab tests (see Appendix B1)
revealed that due to the unbalanced data retrieved from the participants’ responses, only the ‘Gender’

variable was assessed by Pearson’s chi-square asymptotic test, while the other factors were analysed by
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either Fisher’s exact test or the Monte Carlo method. Table 3.2.2 shows the significance results from the
statistics test to determine the interaction between the respective variables and knowledge of hydrogen
vehicle technology. In case of a significance below the .05 level, Cramer’s V association measure is

documented.

Table 3.2.2. Significance levels and Cramer’s V results of the variables interaction with
hydrogen vehicle technology knowledge.

. Asymptotic N Monte Carlo Cramer’s V
Variable LT Exact significance L L
significance significance association measure
Gender 0.023" N/A N/A 0.275
Age N/A N/A 0.619 N/A
Education level N/A N/A 0.685 N/A
AFV experience N/A 0.007" N/A 0.271
FCEV experience N/A N/A <0.001" 0.366
Media support N/A N/A 0.007" 0.245

*Significance at the 0.05 level (2-sided)

Based on the results presented in Table 3.2.2 and the respective data found in Appendix B1, it can be
derived that ‘Age’ and ‘Education level’ of the survey participants do not significantly affect technology
knowledge parameter (see Tables B1.2.2 and B1.3.2, respectively). On the contrary, ‘Gender’,
experience with AFVs and FCEVs and ‘Media support’ presented a significant effect on the .05 level.

With regards to the ‘Gender’ factor results documented in Appendix B1.1, a significant percentage of
female respondents declared lack of knowledge of this technology compared to the male counterparts,

who presented higher percentages at the intermediate and higher levels of technology knowledge.

Prior experience of AFVs by either owning an AFV or knowing someone in the innermost circle of the
participants owning an AFV (Appendix B1.4) contributed to the participants’ level of knowledge above
the average. Most of the responses received (107) indicated no prior experience of AFVs, of which 66%
had little or no knowledge of hydrogen vehicle technology (see Fig. B1.4). Likewise, participants who
either own, use or know someone owning or using a FCEV declared knowledge of these vehicles above
average (Appendix B1.5). What is important to mention, however, is that a significant number of
respondents who, although stated that they had no experience with this technology, they had a low to
intermediate level of knowledge of FCEV technology (see Fig. B1.5).

The ‘Media support’ variable results (Appendix B1.6) showed a high significant effect on the technology
knowledge of the participants. Specifically, based on Tables B1.6.1 and B1.6.2, there is a significant
number of people who have no knowledge of FCEV technology and who have not noticed any support
of the FCEV market from the media over the past year. Participants who declared a low to intermediate

level of knowledge had noted media support of FCEVs between one and five times (see Fig. B1.6). On
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the other hand, media support ‘more than 5 times’ presented a significant effect on people who declared

an intermediate to high level knowledge of FCEV technology.

The Cramer’s V association measure indicated that the factor with the most significant effect on the
participants’ technology knowledge was prior experience with a FCEV followed by gender and AFV

experience.
3.2.4.3 Willingness to purchase a fuel cell electric vehicle

One of the crucial objectives of this research was to identify the opinion of the general public about
FCEVs and its willingness to support this vehicle market based on the technology knowledge and the
individuals’ environmental consciousness. To investigate this objective, the questions that the survey
participants were asked to answer aimed at identifying the interaction of the factors assumed to affect
their attitude towards FCEVs, including environmental awareness, knowledge and experience of the
hydrogen vehicle technology, refuelling infrastructure and safety concerns. Table 3.3.3 includes the
significance results of the statistical analyses between the above variables and the survey responses
regarding the willingness of the participants to purchase a FCEV. The chi-square crosstab tests
(Appendix B2) again showed that all factors data were unbalanced and thus the method used was

Fisher’s exact significance test.

Table 3.2.3. Significance levels and Cramer’s V association measure results of the variables
interaction with individuals’ willingness to purchase a FCEV.

Variable Exact significance Cramer’s V association measure
Knowledge of FCEV technology 0.022" 0.235
Individual’s environmental attitude 0.019" 0.222
Refuelling infrastructure 0.006" 0.241
FCEV experience 0.005 0.242
Safety concerns 0.038" 0.206

*Significance at the 0.05 level (2-sided)

The results of the significance levels of the above variables on the respondents’ willingness to purchase
a FCEV showed that knowledge of the FCEV technology seems to have a significant effect towards the
willingness of the individual to purchase a FCEV. Another factor that is considered important for the
decision to invest in hydrogen transportation is the level of safety of the vehicles. The survey responses
(Appendix B2.4) indicated that most of the respondents believe that FCEVs are as safe as conventional
vehicles, and thus the statistical analysis showed that the positive opinion of the public concerning the
safety of this technology is enhancing the willingness of an individual to purchase a FCEV and vice

Versa.
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The interaction of the hydrogen vehicle technology awareness with the willingness to purchase a FCEV
was found to be significant at the .05 level, and the analysis results (Appendix B2.1) suggested that the
respondents who consider purchasing a FCEV have a level of knowledge of the specific technology
above average, while the respondents who seemed unwilling to adopt this vehicle technology either

declared absence or a low to intermediate level of knowledge of FCEV technology (see Fig. B2.1).

The public’s willingness to purchase a FCEV is also affected by the individual’s environmental attitude.
The interaction between the eco-behaviour of the respondents and their acceptance of the hydrogen
vehicle market presented a level of significance of p < 0.05, indicating high interaction between the two
variables. Specifically, the statistical analysis found in Appendix B2.2 showed that the participants who
are either willing to purchase or consider purchasing a FCEV characterise themselves as environmental
friendly. A significant number of eco-friendly attitude responses indicated that they are unwilling to
purchase a FCEV, whereas, not surprisingly, responses declaring no environmental awareness are

correlated with the unwillingness to support this vehicle technology (see Fig. B2.2).

Prior experience with FCEVs has been identified to have a direct significant effect with p = 0.005
(Appendix B2.3). Although the total number of the participants who were positive about purchasing a
FCEV was lower than the undecided or negative ones, it seemed that people who had prior experience
with FCEVs were more willing to use this vehicle alternative. The respondents reluctant to purchase a

FCEV did not seem to be significantly affected, regardless the level of experience (see Table B2.3.1).

A significant factor presenting a significant effect on the public’s propensity to purchase a FCEV is the
hydrogen refuelling infrastructure. Due to the limited number of publicly open HRSs, the PEOU of the
public in Denmark seems to be negatively affected suggesting a hesitation towards the purchase of a
FCEV. Based on the results presented in Fig. B2.5, the individuals answered that they are willing to

purchase a FCEV believe too that the infrastructure needs to be enhanced.

The Cramer’s V association measures showed almost the same significance effect for the infrastructure
and the FCEV experience factors influencing one’s propensity to purchase a FCEV with a slightly higher
effect caused by the knowledge level of the hydrogen vehicle technology followed by the individual’s

environmental attitude and safety concerns.
3.2.4.4 Prospects of the fuel cell electric vehicles market

The prospects of the commercialised hydrogen technology in the automotive sector are assumed to
depend on seven different factors (see Fig. 3.2.5). These include, apart from the individual’s willingness

to purchase a FCEV based on environmental and technology awareness, economic factors, safety
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concerns, media support, and the refuelling infrastructure status. Similarly to the previous tests, the chi-
square crosstab statistical test (Appendix B3) showed a sparse distribution of the respondents’ answers,
resulting in the use of Fisher’s exact test and the Monte Carlo method. The significance level results

along with the Cramer’s V measures are presented in Table 3.2.4.

Table 3.2.4. Significance levels and Cramer’s V results of the variables identified to
influence the prospects of the hydrogen vehicle market.

. Exact Monte Carlo Cramer’s V
Variable - I .
significance significance association measure
Willingness to purchase a FCEV <0.001" N/A 0.381
FCEV price 0.028" N/A 0.205
Hydrogen fuel price 0.331 N/A N/A
Individual’s net income N/A 0.150 N/A
Refuelling infrastructure 0.009" N/A 0.227
Safety concerns 0.030" N/A 0.203
Media orientation N/A <0.001" 0.347
Future FCEV price <0.001" N/A 0.313
Future hydrogen fuel price N/A 0.002" 0.271

*Significance at the 0.05 level (2-sided)

The test results indicated that the current hydrogen fuel prices and the respondents’ net income in
Denmark have no significant impact on the hydrogen vehicles market (Tables B3.4.2, B3.3.2). In
contrast, the current cost of a FCEV was deemed by most of the survey respondents (i.e. 134) to be high
suggesting a significant effect between the FCEV price and the prospects of the FCEV market
interaction (Table B3.2.2). Based on Table B3.2.1 and Fig. B3.2, most of the participants believe that
with the current price of FCEVs, the FCEV market will be hindered as their responses revealed a
tendency showing a lack of interest in purchasing a FCEV in the near future. On the other hand, although
most of the participants declared that current refuelling cost of FCEVs needs to decrease further, the

current cost was found not to significantly affect the prospects of the future FCEV market.

Many experts and other survey results find that the hydrogen refuelling infrastructure is one of the main
drawbacks in the development of a robust FCEV market (Apostolou and Xydis, 2019; Hardman et al.,
2017, 2016; Iribarren et al., 2016). In the context of this study, most of the respondents (see Fig. B3.5)
agreed that the hydrogen refuelling network needs to be enhanced, and similarly to other studies, the
results indicated that infrastructure presents a significant effect on the future prospects of the FCEV
market indicating that the current state of refuelling infrastructure consists of a barrier that needs to be

eliminated.

The interaction between the willingness to purchase a FCEV and the prospects of a hydrogen

transportation market showed a high significant effect that can be interpreted by using the respective
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tables in Appendix B3.1. Specifically, it is apparent that respondents who are positive or consider
purchasing a FCEV believe that in the next years, it may be highly possible to adopt this vehicle
technology contributing to a development of the market. It is also interesting to note that a number of
the survey participants who are reluctant to purchase a FCEV based on their environmental attitude and
technology knowledge seemed to identify themselves as potential future users of the hydrogen vehicle
technology (see Fig. B3.1). In fact, more than half of the participants did not reject the idea of purchasing
a FCEV in the near future, while only 6% of the total participants were completely against this type of

technology.

Another factor that was assessed to significantly affect the future prospects of the FCEV market as
documented by the survey’s participants comprised the safety concerns around the hydrogen transport
technology. A large percentage (= 64%) of the participants stating that FCEV technology is as safe as
normal petrol vehicles or even safer suggested that they are going to invest in a FCEV in the near future
(see Table B3.6.1 and Fig. B3.6).

The media’s contribution to the prospects of a competitive FCEV market was assessed to be significant
with a significance level of p < 0.001. The results indicated that participants who believe that the media
should focus more on the FCEV market are positive about purchasing a FCEV, and others who have a
neutral or negative opinion about the media’s future support seem to be reluctant to a FCEV market
(Appendix B3.7).

Although the final model did not include the future reduction potential of the capital and fuel costs of
FCEVs as forecasted by several studies (Apostolou and Xydis, 2019) due to resulting in poor model
fitting, the survey participants were asked about their opinion about how a future decrease of the cost of
this transport technology could affect a future potential FCEV market. The analysis outcome indicated
that a future reduction of the FCEV price by 50% was perceived by 86% of the respondents as a catalytic
factor for market competitiveness (Appendix B3.8). A FCEV price reduction will have a significant
effect on people considering purchasing a FCEV as their next vehicle and among those likely to invest
in a FCEV in the years to come. In the context of a future decreased hydrogen fuel cost, the survey
results showed an interaction significance for the participants who consider purchasing a FCEV in the
near future as well as those negative to this market (Appendix B3.9), which was however in contrast to

the current fuel cost factor.

The assessment of the significance level through Cramer’s V test showed that the willingness of the
participants to purchase a FCEV is the most important factor affecting the market prospects, followed

by the media orientation, and the infrastructure enhancement.
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3.2.4.5 Covariance analysis between the investigated factors

The final model that the analysis was based on, presents the covariance between the factors affecting
the investigated variables (see Fig. 3.2.5). The covariance results indicating the relationships between

the covariates are presented in Table 3.2.5.

Table 3.2.5. Covariance between the factors identified in the final model.

Variables Covariance
Age < Net income 0.877
Education level <> Net income 0.280
AFV experience < FCEV experience 0.088
Media support <> Safety concerns 0.021
Media support <> Infrastructure 0.080
Safety concerns <« Infrastructure 0.059
FCEV price <> Hydrogen fuel price 0.266
FCEV price < Infrastructure 0.168
Hydrogen fuel price <> Infrastructure 0.195

The covariance values presented in Table 3.2.5 show a positive interaction between the connected
factors. Both age and education level of the participants covariance with income indicates a positive
relation as it was expected. FCEV and AFV experience covariance indicate that individuals having some
short of experience with FCEVs might have experience with AFVs and vice versa. Media support with
safety concerns and infrastructure also present a positive covariance showing that as media support
increases, safety and infrastructure status acknowledgment would increase and vice versa. Likewise,
when individuals acquire knowledge about hydrogen infrastructure status, they would increase their
knowledge on safety issues regarding the FCEV technology. On the opposite side, as safety concerns

are addressed, infrastructure enhancement would be more supported by the public.

From a financial point of view, the capital cost of a FCEV with the hydrogen fuel cost has a positive
covariance showing that it is more likely that as the cost of the vehicle would drop resulting to a higher
potential of the market, so the fuel cost could be reduced and vice versa following the law of demand
where reduced prices of a product increase the demand. In the same context, an increase of the HRSs

number would decrease the hydrogen fuel cost.

3.2.5 Main outcome

The statistical analysis of the received responses from a survey, which intended to assess the public

opinion about the hydrogen-fuelled private transportation sector, revealed the factors affecting the
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prospects of the FCEVs market as well as the steps needed to be taken to support the efforts towards

‘green’ mobility configurations. The novelty of this study can be described in three main aspects:

1) The developed methodology can be applied to any sustainable technology for all means of

transportation and in different countries to assess the market prospects.

2) The current study analysed not only the benefits and drawbacks of this technology to society

but also investigated the interactions of these factors with the prospects of the FCEV market.

3) The results indicate the sectors that authorities and relative businesses should focus on to
enhance the FCEV market.

The results aimed to identify the validity of the stated hypotheses, set accordingly to assess the status
and future prospects of the hydrogen vehicle market as perceived by the public. The Danish public has
been found to be environmentally sensitive (=75%), and their attitude towards a direct emission-free
transportation technology such as hydrogen is significantly affected by this. So, based on the results,
hypothesis H1 is confirmed. Knowledge of the technology also has been proved to have a significant
positive or negative influence on individuals’ willingness to invest in FCEVs (i.e. hypothesis H2).
However, hypothesis H2.1 can only be partially confirmed because although prior experience with
FCEVs seems to have a direct and indirect effect (i.e. through technology knowledge) on consumers’
incentive to purchase a FCEV, AFV experience showed only an indirect effect through technology
awareness. Hypothesis H2.2 is also rejected, as more than 85% of the Danish respondents believe that
FCEV technology is at least as safe as conventional vehicles and thus safety concerns about hydrogen

mobility in Denmark seems not to be a barrier to the propensity of the public to purchase a FCEV.

Hypothesis H3 is rejected by the respondents, because although 78.3% of them believe that the refuelling
cost of FCEVs needs to be reduced, the fact that current cost is comparable to the one of conventional
fuels introduced no significant effect on the prospects of the FCEV market. Hypothesis H3.1 is
confirmed as the significance level was found to be <0.05. So, most of the survey participants believe
that the current FCEV price is high, suggesting an important factor for their decision to purchase a FCEV
in the near future. In this context, it could be argued that according to current fuel cost results presented
in Tables B3.3.1 and B3.3.2, the fuel cost level is considered not capable to significantly affect their
propensity to invest in FCEVs in the future. Therefore, the answers concerning the future reduction of
the refuelling cost (i.e. part of H3.2) cannot be considered capable to provide a robust outcome as
compared to the aforementioned analysis there is a contradiction. The explanation behind the

respondents in regards to the refuelling cost part of H3.2 could comprise the fact that a price reduction
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is always appealing for the consumers suggesting a bias towards the support of the FCEV market under

an assumed reduction of the respective refuelling prices.

The media support (hypothesis H4) on the hydrogen alternative vehicle was assessed from the
perspectives of technology awareness and the prospects of the respective FCEV market. In both cases,
the statistic results of the empirical study showed a significant effect. The outcome showed, on the one
hand, that media orientation plays a significant role in enhancing the public’s knowledge about the
benefits or drawbacks of the technology, and, on the other hand, that future media support would favour
the FCEV market. The refuelling infrastructure status (hypothesis H4.1) was assessed by the participants
to be inadequate posing a significant effect on the prospects of the FCEVs market, which, based on the
Danish public’s opinion, indicates that the sparse hydrogen refuelling network must be developed in

order to support a future FCEV market.

Among all the identified factors that significantly affect the expansion of the FCEVs market, some were
found to present a higher level of influence. Based on Cramer’s V association measure, it can be derived
that the prospects of the FCEV market are highly affected by the participants’ willingness to purchase a
FCEV as well as the media orientation to support this type of technology. Subsequently, the willingness
to purchase a FCEV is influenced by the level of technology awareness, which is also affected by the
media support, the prior experience with this type of technology, and the environmental sensitivity of
the public. Therefore, one may support that the main obstacle identified to hinder the development of
the FCEV market in Denmark is on one hand the limited PEOU of this technology, the lack of media

support and the low number of refuelling infrastructure.

3.2.6 Conclusions

This research identified the factors that could influence the public acceptance of hydrogen-powered
vehicles and examined their effect on the prospects of a hydrogen mobility through a set of hypotheses.
Data were collected through an online survey in which 158 respondents participated. Initially, an
identification of possible introduced biases was assessed and correction factors were applied in order to
be able to generalise the outcome to the Danish target population consisting of the individuals with a
driving licence and therefore potential consumers in the vehicle market. The answers were then analysed
with crosstab statistical tests, and the results showed that most of the hypotheses could be confirmed.
These included, among other things, the environmental attitude of individuals, the refuelling price of
hydrogen, the capital cost of hydrogen vehicles as well as the effects of media orientation following
increased information and advertising in Denmark. These factors can be said to affect one’s willingness

to accept or even purchase a FCEV in the near future. However, it is necessary to highlight that this
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study concerns the Danish public and cannot be generalised to the global vehicle market. Obviously,
some of the analysed results such as media support or even technology awareness probably have the
same effect in other EU countries, while it can be assumed that factors associated with other countries’
economic status may impose different results. Future research could use this methodology by
incorporating an EU-scale survey on FCEV prospects to assess the social acceptance of hydrogen as a
transportation fuel as well as the reason why the FCEV market in Europe is significantly hindered
compared to the respective ones in the US and Japan. Hence, the methodology followed in this research
can be applied in other countries too by altering social and economic input factors such as the
population’s income, environmental awareness and vehicle market accessibility in order to identify the
potential of hydrogen mobility. Another benefit of the presented methodology is the elasticity it offers
for identifying the prospects of alternative vehicle technologies too by adjusting the inputs concerning
the specifications of the under investigation technology (e.g. infrastructure, fuel cost, vehicle capital

cost, etc.).

However, it should be noted that extra caution is essential during the survey development in order to
eliminate errors occurring during population sample analyses. Although the post-stratification weighting
method used in this study could be deemed to have adequately reduced the introduced biases, absolute
elimination of the inherent biases stemmed from web-based surveys cannot be fully neglected. To this
end, a further investigation of these factors would provide more robust results by introducing a larger
sample of respondents in conjunction with survey mixed methods including in addition to online
surveys, either personal interviews or/and questionnaire targeted distribution, aiming to get as much

unbiased results as possible.
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4. Why and how a green hydrogen production system
participating in wind power and electricity markets could be
a viable solution towards sustainable light-duty
transportation?

The second RQ aimed to present the benefits of a coupled WH system connected either with the
electricity network or as an autonomous system in the context of transport applications. The participation
of a hydrogen system in both the wind and electricity markets was deemed crucial for the assessment of
the development of a network of HRSs for urban hydrogen mobility. The two journal articles addressing

the above-mentioned issues are:

o D. Apostolou, P. Enevoldsen (2019). The past, present and potential of hydrogen as a
multifunctional storage application for wind power. Renewable and Sustainable Energy
Reviews, 112, pp. 917-929, https://doi.org/10.1016/ j.rser.2019.06.049.

o D. Apostolou (2020). Optimisation of a hydrogen production — storage — re-powering system
participating in electricity and transportation markets. A case study for Denmark. Applied
Energy, 265, 114800, https://doi.org/10.1016/j.apenergy.2020.114800.

4.1 The past, present and potential of hydrogen as a multifunctional
storage application for wind power

Contemporary electrical networks are moving towards distributed electricity production via the
implementation of renewable energy sources. One of the most developed renewable technologies
comprises the transformation of the wind’s kinetic energy to electrical energy by using wind power
converters. However, wind power production is highly dependent on the weather conditions and
specifically the available wind resource of an area. Intermittent electricity production of wind turbines
hinders their further integration in electricity networks suggesting among other solutions, the

implementation of energy storage configurations in order to cope with their stochastic operation.

Based on an extensive literature review, this study reveals the potential future role of hydrogen as a
multifunctional storage application for wind power. The analyses are carried out to identify the focus of
recent studies on coupled wind and hydrogen systems in order to define the potential of such systems
and predict the future collaboration between the two technologies. Based on the results, it can be derived

that research on wind-hydrogen systems is shifting focus from solely applying hydrogen as a storage
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application to exporting hydrogen as a bi-product to improve wind power investments. Furthermore, the
outcome shows that there is an increasing interest in using wind power generation to produce hydrogen
as an end product designed specifically for transportation purposes, while contributing simultaneously
to a more sustainable energy mix. This paper provides an ultimate overview of wind-hydrogen systems,
which reveals the development as well as the state-of-art of such system’s applicability in connection to

its changing efficiency.

4.1.1 Introduction

The use of storage technologies in conjunction with wind power is a major topic in the energy research
community, since wind power is projected as the most important energy source in various 2050 scenarios
(Jacobson et al., 2017; Séderholm et al., 2011) with already approximately 540 GW installed ultimo
2017. Nevertheless, wind power is inherently an intermittent source, and one method for achieving its
higher integration in the electrical systems is the use of storage (Bernal-Agustin and Dufo-L6pez, 2008;
Mohammadi and Mehrpooya, 2018; Schroeder, 2011) and/or super grids (Xydis, 2013a). The storage
required for wind power is especially focused on the connection between various grids, peak shaving
and load shifting from continuous demand fluctuations (Luo et al., 2015). For these purposes, EES has
been identified as the most promising method to store electrical energy (Luo et al., 2015). The methods
applied can overall be divided into four main categories, namely chemical, thermal, mechanical and
electrical storage (Diaz-Gonzélez et al., 2012; Luo et al., 2015), and the innovations and research studies
stretch from the first installed PHS facility in 1929 (Chen et al., 2009) to research on storage through

molecular solar thermal systems in 2018 (Kilde et al., 2018).

Despite the increasing academic focus, only a few operating industry scale storage facilities have been
installed worldwide (Aneke and Wang, 2016). One issue might be the development of several storage
technologies still lacking sufficient maturity, at least for the solutions applicable in a distributed format
(Guney and Tepe, 2017), which is required due to the increasing planning demands forcing onshore
wind turbines into various configurations and locations (Enevoldsen and Valentine, 2016). For
distributed technologies, batteries are considered the most developed technology, and for many years,
hydrogen in particular has been tested in multiple demonstration cases (Kourkoumpas et al., 2018). In
fact, hydrogen testing has a long history that dates back to 1891 when the first known example of wind
energy based hydrogen production occurred through a water electrolysis system powered by an electric

generator connected to a windmill (Carton and Olabi, 2010).

Besides the requirement of applying distributed technologies, the environmental impact of storage

technologies is also worth investigating. The environmental impact of manufacturing electrolysers and
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FCs is low, and so is the impact during the operational phase as well as the actual decommission of the
hardware (Guney and Tepe, 2017). Battery technologies have individual environmental impacts, yet,
overall, most have toxic remains (Chen et al., 2009) and are depending on limited natural sources (Aneke
and Wang, 2016).

In this context, many researchers focussed on the environmental benefits of electrolytic hydrogen
coupled to RES compared to other production methods. In terms of LC emissions, wind-based
electrolysis presents lower CO, emissions than other RES coupled systems reaching approximately 1 kg
of CO; per 1 kg of produced hydrogen. In contrast, other methods of H, production such as coal
gasification and steam reforming of NG emit much higher CO; quantities reaching up to 21.7 kg and 9

kg of CO; per 1 kg of produced hydrogen respectively (Bhandari et al., 2014; Burmistrz et al., 2016).

Additionally, another important aspect is the cost of the storage service, which is added to the energy-
producing technology, in this case the wind turbine. The LCOE for various wind farm settings is below
the median cost of conventional fuels as summarised by (Enevoldsen, 2018). This is further supported
by Lazard (2017), who detected a minimum LCOE for wind at €26.4 per produced kWh, which is below
any conventional fuel source (Lazard, 2017). The cost of EES technologies constantly changes, and in
2012, the cost of electrochemical capacitors ranged from 8,800 €/kWh for electrochemical capacitors to
8.8 €/kWh for CAES (Sundararagavan and Baker, 2012) to 4,400 €/kWh for flywheels to 1.8 €/kWh for
CAES in 2016 (Aneke and Wang, 2016). The mature storage technology of PHS is most likely to be
below 0.9 €/kWh (Aneke and Wang, 2016), while other sources incur costs as low as 0.02 €/kWh
(Ferrero et al., 2016). Nonetheless, CAES and PHS have very specific geographical requirements, and
furthermore, the costs do not take into account the additional land use challenges with the trend of
modern farms being close to large urban areas (Enevoldsen et al., 2018). Instead, distributed
technologies such as batteries and hydrogen solutions are preferable on a general basis. The lowest cost
of batteries applied in projects range from 8.8 €/kWh for zinc-air batteries to 528 €/kWh for lithium-ion
batteries (Aneke and Wang, 2016), and hydrogen plant costs for seasonal energy storage vary from 44
to 916 €/MWh depending on the technology used, which is considerably lower than other renewable
energy storage technologies, except for PHS (Ferrero et al., 2016; Hydrogen Council, 2017a; van
Leeuwen and Mulder, 2018).

Adding the cost of the storage technologies, while meanwhile accepting a loss in the roundtrip
efficiency, the LCOE of wind power increases to a level above the cheapest conventional fuel sources.
However, when considering the social cost of implementing 100% renewables, including the storage, a
recent research determined the potential cost of a stable renewable energy supply to be one-fourth lower

than that of conventional fuel (Jacobson et al., 2018). Therefore, it is important to apply investment
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strategies, which allow storage technologies to add value beyond stabilising the energy output from a
wind power plant. Such studies have been carried out by Hou et al. (2017) and Enevoldsen et al. (2018),
who both examined the opportunities to maximise profit from wind farms by storing and exporting
electricity and hydrogen at strategic hours (Enevoldsen et al., 2018; Hou et al., 2017). Both studies
concluded that a mix of electricity and hydrogen export would optimise the business case for onshore
wind farms. The multiple purposes and income opportunities from hydrogen have previously been
highlighted as an advantage (Guney and Tepe, 2017).

Based on the above, it has been decided to investigate the current state of hydrogen storage for wind
turbines in order to provide insight into the recent decades’ development, and, furthermore, to examine
whether the present state of hydrogen storage can contribute as the storage application for modern wind
farms towards a sustainable energy future. To this end, analyses of the data found in peer-reviewed
literature in relation to WH systems have been performed in order to identify the state-of-art and possible

drawbacks, which hinders the further development of this technology.
4.1.2 Methodology

In the investigation of hydrogen systems coupled with wind turbines, a range of studies used simulation
tools and models to evaluate such hybrid arrangements (Enevoldsen and Sovacool, 2016; Hou et al.,
2017; Kavadias et al., 2018; Samaniego et al., 2008; Sovacool and Hirsh, 2008), while others were based
on experimental results coming from the implementation of pilot projects (Dutton et al., 2000; Kopp et
al., 2017; Ulleberg et al., 2010; Varkaraki et al., 2006). In order to proceed with a detailed review of
previous research studies focusing on WH hybrid systems, the authors followed a specific approach
comprising three main steps (Onwuegbuzie, 2016). The first step was to find all relevant papers
concerning RES coupled with hydrogen technologies. The next step was to select the studies focusing
entirely on wind power coupled with hydrogen systems, and finally, the WH systems were grouped into
three main areas of research. The three areas include 1) grid-connected systems for increasing the
penetration of wind power in the electrical networks, grid stabilisation, balancing and re-electrification
services via FCs; 2) simulated or pilot stand-alone systems for either experimental operation or for
covering the electricity demand at autonomous grids through FCs; and 3) WH systems used for covering
H> fuel demand in transportation. The research also focussed on the identification of LC assessment
studies for WH systems in order to evaluate the environmental aspects of this technology in a lifetime

perspective.

Specifically, the literature review resulted in 4,316 journal and conference articles published since 2000.

The majority of the literature concentrated on hydrogen technologies coupled with other RES

114



Z,

<T‘pd'n"?”As s
AARHUS | SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

technologies such as photovoltaic or biomass, while other papers focused on hybrid wind-based RES
systems or various non-renewable methods of H production. In the second step, the aggregate number
of papers identified was 51, of which 19 were within the first research area, 19 within the second, 5
within the third, 3 papers investigated more than one area, while 5 papers are identified to assess the LC
environmental aspects of WH systems. Therefore, a filtering process was carried out to select only the
papers focusing on wind turbines and hydrogen storage. The remaining papers stretched over 15 years

and have been summarised in Fig. 4.1.1 below.

The search for literature furthermore revealed that over the past 20 years, there has been a high volume
of scientific studies investigating the technical and economic feasibility of wind power-hydrogen
systems. In this context, contemporary research on hydrogen focuses mainly on a three-axis perspective.
Firstly, most studies examine hydrogen as an energy storage medium for increasing the penetration of

wind power in the electrical networks while providing grid stabilisation and balancing services via FCs.

= Pilot projects of systems in autonomous networks
= Pilot projects of grid-connected systems
Review, analysis, LC assessment of WH systems
7 Modelling and simulation for transport applications
Modellling and simulation of systems in autonomous networks
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Fig. 4.1.1. Output from literature review.

Secondly, other research focuses on simulations or experimental studies on stand-alone systems, and
thirdly, some examine the use of hydrogen gas as fuel for transportation (Gonzélez et al., 2004; Kavadias
etal., 2018). In addition to the above-mentioned perspectives, this study presents also papers and reports
regarding the LC assessment of WH topologies and how the respective findings are compared to other
conventional technologies. The methodological approach of this study is to consider all the perspectives

in order to provide a holistic insight into hydrogen storage applications anno 2018.
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4.1.3 Hydrogen as a multi-purpose collaborator for wind energy

Hydrogen energy storage systems consist of a production unit, usually a water electrolysis apparatus, a
hydrogen storage configuration, other auxiliary components, such as compressors, piping and control,

as well as safety systems and hydrogen utilisation equipment, such as FCs (see Fig. 4.1.2).

Cooling O, Stream

Cooling

Excess Power
el Water Electrolysis

0
’_. Stlream

H,0

L H, Compressor

Electrical
Grid

AC Bus
H, Storage
H,0

Other H, fuel applications

Water Flow Misc.

Electric Hydrogen Flow

Fig. 4.1.2. Wind energy storage configuration based on hydrogen technologies.

Fig. 4.1.2 introduces and illustrates the configuration of a multi-purpose WH system, allowing for
electricity outlet from the wind turbine, power-to-power using the electrolyser and the FC, and finally
P2G by selling hydrogen instead of re-converting it to electric energy. Fig. 4.1.2 defines the possibilities

of WH systems, which are further examined in the literature review in the following subsections.

4.1.3.1 Grid-connected WH systems allowing high wind power penetration and providing

ancillary services

WH systems are considered one of the most interesting technologies for coping with problems arising
from the integration of wind energy in electrical networks. Gonzalez et al. (2004) presented a simulation
and optimisation study of a wind-powered hydrogen production system for increasing wind energy
penetration in Ireland. The case study showed an electrolyser’s efficiency between 79% and 87% based
on HHV. The optimal case where excess wind produced energy drops to 7.5% of the initial surplus is a
30 MW electrolysis plant with an H; price of 30 €/GJ and a surplus electricity value of 2 c€/kWh. The
authors investigated also the potential of wind-produced hydrogen in reducing emissions arising from
both the transportation sector and the conventional electricity generation power plants. Specifically,
installations of 5 GW of wind power in Ireland could refuel 541,422 FC electric vehicles resulting to
avoided emissions of 1,693 kt/yr of CO,, 4,500 t/yr of eq-SO- and 1,402 t/yr of NOy, while the total CO;
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emissions avoidance from both electricity production and transportation has been calculated to
approximately 10 Mt/yr (Gonzalez et al., 2004). Similarly, Schenk et al. (2007) assessed a grid-
connected WH storage system to increase wind penetration in the Netherlands. The authors concluded
that integration of more than 8 GW of wind power in the network showed significant hydrogen
production, resulting in an ancillary beneficial effect on the grid (Schenk et al., 2007). Moreover, Garcia
Clua et al. (2011) analysed the operation of a grid-connected WH system for optimum wind capture and
maximum hydrogen production. For operation of the system under optimum wind power capture, the
electrolyser harnessed a fraction of the generated power, while the rest was injected to the grid. For
operation at the rated power of the electrolyser, it was necessary to be connected to the grid because the
energy production from wind was lower during most of the under investigation time (Garcia Clua et al.,
2011).

A techno-economic analysis of a WH system for storing energy during off-peak hours and generate
electricity by FCs during peak hours through hourly energy management has been published by Bernal-
Agustin and Dufo-L6pez (2008). Several examined scenarios showed that WH systems could follow the
demand compared to a wind-only system. However, high capital costs and low efficiency of the
electricity-hydrogen-electricity conversions (lower than 40%) result in high prices of electricity
generated by the FC reaching 171 c€/kWh (Bernal-Agustin and Dufo-Lopez, 2008). Aguado et al.
(2009), on the other hand, developed a simulation model for financial assessment of WH energy systems
compared to no-energy storage wind farms. The electrolyser used, demonstrated an efficiency range
between 77% and 82% based on the input power. Three scenarios comprising 18 MW and 42 MW of
wind power as well as 42 MW with H» production storage showed that although initial investment in
scenario 3 is three times higher than the second case, curtailments are less, and the respective cost of

electricity is higher (Aguado et al., 2009).

A techno-economic analysis of hydrogen production by wind energy in Turkey based on a 6 kW WT
and a 2 kw PEM electrolyser was compiled by Gokgek (2010). The annual operation of the system
revealed high variations of the hydrogen production, which is dependent on the season and the different
hub heights investigated. By increasing the hub height from 12 m to 60 m, hydrogen production
increased by 67%. The levelised cost of hydrogen decreased from 18.9 €/kgH> for 12 m hub height to
12.5 €/kgH, for 60 m hub height with a grid-independent system, while with a grid-connected system,
the cost ranged between 0.13 €/kgH> and 3.98 €/kgH> based on the hub height of the WTs. Additionally,
the author concluded that the annual production of wind-generated electricity equalled to 15,148 kWh,
while the produced hydrogen mass to 102.4 kg (Gokeek, 2010). Based on the values of CO; emissions
per kWhe per energy source presented by Kaldellis and Apostolou (2017), the corresponding CO:
avoided emissions might range between 6,816 kg and 15,905 kg of CO,. On the other hand, production
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of 102.4 kg of hydrogen might be used in the transportation sector as fuel for FC vehicles (Kaldellis and
Apostolou, 2017).

Additionally, Geng et al. (2012) analysed the economics of a grid-connected WH system. The study
examined different WTs at different hub heights, two PEM electrolyser configurations and a PEM FC
to cover the demand of a farm in Turkey. The authors concluded that the electricity cost of the WTs and
the cost of H, decreased by increasing the hub height (i.e. from 50 m to 100 m). The cost of H; also
decreased by decreasing the rated power of the electrolysers. The H: cost ranged between 26.6 €/kgH>
for a 0.8 MW WT and a 120 kW electrolyser, and 7.3 €/kgH, for a 3 MW WT and 3 x 40 kW
electrolysers (Geng et al., 2012).

In relation to the WT, wind farm type and hydrogen supply network, Kim and Kim (2017) introduced
an optimisation model to design and analyse a WH system based on decision variables, including
technical selection of the WT, wind farm type (onshore or offshore) and hydrogen supply network
development. The findings of this research indicated that the type of the WT and wind farm layout is
dependent not only on the wind resource and hydrogen demand but also government regulations.
Onshore installations showed lower capital costs and are preferable, although their energy yield is lower
than offshore farms. A centralised electrolyser is more cost-efficient due to economies of scale, while
the range of the levelised cost of hydrogen has been calculated between 7.8 €/kgH» and 11.5 €/kgH>
(Kim and Kim, 2017).

Zhang and Wan (2014) developed a model for enhancing wind integration in the electrical network via
a grid-connected hydrogen production system in Mongolia. In the specific region, curtailed wind energy
reaches 103.2 GWh accounting to more than 28% of total wind-based electricity production. The authors
proceeded to perform an economic evaluation of the WH system for different electrolysers. Through the
comparison of two WH production scenarios, the research concluded that continuous operation of the
electrolyser within a power range between 25% and 100% is more profitable. The H- price balance point
has been found to be 0.25 €/Nm?, which is lower than the direct costs when the electrolyser is supplied
entirely by the electrical grid (0.36 €/Nm?®). An integration of a such WH configuration has been found
to reduce wind curtailments down to 6.4 GWh suggesting integration of wind-produced electricity of
approximately 97 GWhe in the electrical grid (Zhang and Wan, 2014).

An analysis of the potential of a grid-balancing system, including wind energy and P2G configurations
based on hydrogen production from water electrolysis has been introduced by Guandalini et al. (2016).
The authors concluded that from an economic and technical point of view, the P2G concept was not

unfavourable compared to a conventional balancing system based on gas turbines. From the energy
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balance perspective, P2G lowers wind curtailments, though the efficiency of electrolysers confine the
portion of the wind energy actually exploited (Guandalini et al., 2016). Under the same scope of securing
a balanced electrical system, Grueger et al. (2017) investigated the potential to reduce wind farm forecast
errors and the system’s ability for secondary control reserve. The economic potential of marketing FCs
and electrolyser systems is examined simultaneously. Through the presented analysis, the authors
concluded that reducing wind farm forecast errors by 17% is accomplished at low capacity installations
of electrolyser and FC (0.7 MW and 0.2 MW, respectively). To have an economically viable system,
the FC required hydrogen fuel at a cost less than 1.25 €/kgH,, while the operational cost of the
electrolyser has been found to be between 2 €/kgH» and 3 €/kgH> (Grueger et al., 2017).

Guandalini et al. (2015) studied the case of a balancing system including a 620 MW electrolysis
installation powered by wind power parks of 16 GW and coupled with a conventional gas turbine of 315
MW. This system is used to balance the integration of wind power in the electrical network, while inject
the produced H, in the NG grid. On one hand, the injected H: in the NG grid substitutes a fraction of
energy consumption and thus GHG emissions are reduced. On the other hand, based on a scenario where
the electrolysis operates almost continuously, wind integration increases and the operating hours of the
gas turbine decrease resulting to lower emissions. The authors calculated that the annual avoided

emissions of such a system may reach 147 kt (Guandalini et al., 2015).

Alvarez-Mendoza et al. (2017) investigated a hybrid system consisting of a wind power electrolyser
PEM FC in order to cope with wind power volatility. They developed a probabilistic information model
for short-term wind power generation and electricity production from the hydrogen system. The results
of this study showed that the connection of the system to the network did not destabilise the frequency
and reduce the intermittence compared to other systems without the application of the developed model.
When analysing different scenarios, the output of the system can be modified according to the load and

the H, storage configuration (Alvarez-Mendoza et al., 2017).

The operation of the grid-connected pilot project ‘Energiepark Mainz’ in Germany has been analysed
by Kopp et al. (2017). The system consists of an 8 MW wind farm and a water electrolysis system of 6
MW capacity. The results derived from the first two months of the project showed that the efficiency of
the electrolyser decreased at higher loads (64% at a power input of 4 MW; 59% at rated power). The
results of the economic analysis indicated that the most economical option for the P2G plant was the
participation in the control reserve market. For initial experience, the project participated in the minute
reserve market where the procured electricity for the P2G was low at 72.5 MWhg, and due to capacity

prices and high energy prices, the income was 4,052 €. In terms of price per H2 mass produced, the total
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electricity costs were 0.85 €/kgH» lower than the common production cost of hydrogen ranging at 1
€/kgH; to 3 €/kgH> (Kopp et al., 2017).

Hou et al. (2017) examined the investment potential of coupling offshore wind power with hydrogen
systems, including electrolysers and PEM FC in Denmark. The paper also investigated the trade-offs
between selling the produced hydrogen to end consumers or using it for re-electrification. The
optimisation of the first investigated case, where the hydrogen is produced during the lower electricity
market prices and used for re-electrification when electricity market prices were high, showed that it
was not economically viable due to limited number of hours with sufficient high price differentials in
the market. For the second P2G case study, the optimal power capacity of the electrolyser for the
scenario of a hydrogen fuel cost of 2 €/kgH> (or 36.4 €/MWh) has been calculated to 5.5 MW based on
the electricity market price during the examined time period and the payback period of the investment
to 24.4 years. Similarly, for the scenarios of a hydrogen fuel cost of 5 €/kgH, and 9 €/kgH,, the
electrolyser capacity has been calculated to 13.5 MW and 23.4 MW, while the payback period to 5.5
and 2.6 years, respectively. Concerning the latter scenario, the quantity of H: produced by the
electrolyser reaches 5,000 kg/day, which can be either used in the petroleum processing and/or the

transportation sectors (Hou et al., 2017).

The integration of a WH system with a demand-response scheme has been investigated by Mirzaei et
al. (2019) focussing on a stochastic security-constrained unit commitment based on different scenarios.
The hydrogen storage capacity was set to 180 MWh, while the minimum reserve capacity was assumed
to be 40 MWh. The four investigated cases were: stochastic operation of the wind farm, integration of
price-based demand-response, integration of the hydrogen system in the stochastic operation and
integration of the hydrogen system and the demand-response scheme in the stochastic operation. The
results indicated that the lowest operating cost and lower wind power curtailment were observed in the
fourth case followed by the second and the third. However, the introduction of the hydrogen storage
topology alone (i.e. case 3) showed the second lower wind power curtailment after case four (Mirzaei
et al., 2019).WH systems are subjected to the intermittent production of wind energy, and often large
wind power fluctuations may limit the ideal operation of the water electrolysis systems. Fang and Liang
(2019), simulated the operation of a WH grid-connected system in China coupled to a supercapacitor in
order to smooth large variations of wind-produced electricity powering an alkaline electrolysis system
consisting of five 3 MW modules. The system’s operation is optimised through a modular adaptive
control strategy that regulated the start-stop operation of the hydrogen production units. The simulation
results were compared to simple start-stop strategies and showed an increase of hydrogen production by

44.18%, while at the same time the switching times were reduced by 93.5% (Fang and Liang, 2019).
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Fang (2019), has also studied the LC cost of a hypothetical hydrogen production system coupled to an
existing 49.5 MW wind farm in South China within a life cycle of 20 years. The hydrogen system would
produce H; from otherwise wasted wind energy and then would fuel a FC which in turn would support
the electrical grid by improving the power quality of wind power. The results of the study showed that
the payback period of the WH-FC system would be less than the wind farm alone at 8.13 years from 11
years (wind farm alone), whereas the payback period in the case of no FC in the system would reduce
to 7.78 years (Fang, 2019).

4.1.3.1.1. Analysis of the results for the grid-connected WH systems

Many of the above-mentioned studies focused on case studies regarding WH systems installed in

specific regions. Fig. 4.1.3 shows the regions that some of the above studies focused on.
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Fig. 4.1.3. Grid-connected WH system analysis by country.

According to Fig. 4.1.3, one may extract two conclusions. Firstly, most of the studies focused on
European countries, followed by Asia and America, and secondly, the majority of the studies were

published over the past three years.

Through the comparison of the data presented in the previous sub-section of this study, it is apparent
that the existing literature focussed on either technical or financial or both techno-economic and
environmental aspects of the subject. In relation to financial evaluation, Schenk et al. (2007) although
suggested that the production of hydrogen would occur at low cost of electricity, they did not provide
data regarding the cost viability of such a project. At the same pattern, Garcia ClGa et al. (2011), Alvarez-
Mendoza et al. (2017) and Guandalini et al. (2016) analysed the operation of a WH system but no
financial evaluation was provided. The majority of the presented articles examined the levelised cost of
hydrogen fuel providing values depending on the characteristics of each system, the application and the

different case studies.
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It is worthy to mention that in some cases the values given for the levelised hydrogen cost, indicate large
deviations between each other. The cost range given by Gokgek (2010) seems rather low regarding the
minimum value, and it suggests an extremely low or even negative grid electricity price, which might
be too optimistic for the majority of countries. By comparing also the studies of Gokcek (2010) and
Geng et al. (2012) held in different regions of Turkey, it can be seen that the levelised cost of hydrogen
presents a large interval, which suggests the high dependency of the available wind resource in each
area on hydrogen production. Most of the studies however, demonstrate a mean cost of H, of
approximately 6 €/kgH,, which is supported from a report by NREL showing a hydrogen cost range
between 2.6 and 8.8 €/kgH> for grid connected systems (Eichman et al., 2016).

4.1.3.2 Experimental and simulated operation of stand-alone WH systems for covering the

electricity demand at autonomous grids

During the last 20 years, data from autonomous WH system simulations and experimental results based
on real operation of pilot projects have revealed the prospects of hydrogen technologies coupled with
wind energy converters for covering the electricity demand in remote and/or autonomous electrical
networks. Dutton et al. (2000) assessed the technical and economic aspects of the operation of
electrolysers under fluctuating power output of wind turbines, which resulted in a demonstration plant
being built at ENEA’s Casaccia Research Centre in Italy. The operation of the electrolyser under
intermittent supply presented no stability problems; however, at low capacity factors, the operation led
to reduced performance and H; gas quality. The research revealed that in the case of a WH system
located in an area with good wind resource, hydrogen price may reach 0.2 DM/kWhyu2, which

corresponds to approximately 3.9 €/kgH, based on hydrogen’s HHV (Dutton et al., 2000).

Varkaraki et al. (2006) have presented the results obtained during the operation of the RES2H; project
in Greece. The pilot system comprised a wind (500 kW) electrolysis system (25 kW) for producing and
storing hydrogen gas in high-pressure tanks or metal hydrides. The efficiency of the system included all
the main and auxiliary components for the production, compression and storage of hydrogen, and ranged
between 50% and 60%. The electrolysis efficiency decreased at higher current densities and lower
operational temperatures, and ranged between 70% and 85%. To retrieve the H, stored in the metal
hydride tanks and sustain the desorption process, a boiler was used with its energy demand representing
the 30% of the H- energy content due to bad insulation of the system (Varkaraki et al., 2006). Likewise,
Ulleberg et al. (2010) published a comparative analysis of the pilot WH system, including a WT, an
electrolyser, an FC and an H» generator in the island of Utsira in Norway during four years of operation
and simulation data. The operation of the system demonstrated an efficiency of the system of 53% and

the main outcome suggested that this kind of topologies could supply a remote community. However,
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technical improvements and cost reduction are of major importance. For utilisation of more than the
20% of the available wind-produced energy, it is required to install more suitable and efficient

electrolysers capable of operating dynamically (Ulleberg et al., 2010).

In the context of real experimental data, Valverde-Isorna et al. (2016) developed a model of the wind
water electrolysis PEM FC system installed at the ‘Hydrogen office building’ in Scotland. The
experimental validation of the model was based on real data taken during the operation of the system.
The authors initially described the model, and based on the experimental data, they calculated the
empirical factors introduced in the model. Moreover, this paper examined four scenarios of different
average wind speeds, showing 100% energy autonomy with an efficiency above 60% for high wind
speeds. In contrast, for medium and low wind speeds, energy autonomy and efficiency decreased to 11%
and 52%, respectively (Valverde-Isorna et al., 2016). A more recent experimental study compiled by
Bhogilla et al. (2017) comprised an analysis of a lab-scale WH system, including a unitised reversible
FC, hydrogen storage tank and auxiliary components. The authors evaluated the electrolyser and FC
operating modes under dynamic operation based on intermittent wind power. The experiments
demonstrated that the system was able to respond to a dynamic wind power input. In electrolyser mode,
efficiency reached 81% while in FC mode at maximum output power, the stack efficiency reached 44%
and the FC system efficiency 24% due to increased heat generation at high current densities. The
maximum total efficiency of the unitised reversible FC was 53%, and the maximum total efficiency of
the hydrogen system was 66%, including the heat output of the unitised reversible FC (Bhogilla et al.,
2017). In this regard, Gandia et al. (2007) published the results of the operation of an electrolysis system
powered by emulated wind conditions. The outcome showed that the efficiency of the electrolyser was
between 74% and 83%, and its response to the dynamic conditions of wind power input was fast (Gandia
et al., 2007).

Besides the presentation of experimental data, many studies examined the operation of WH systems via
simulations for either supplying electricity to remote communities or covering the energy demand of
specific applications. Igbal (2003) modelled a small hybrid energy system consisting of a wind turbine,
a PEM FC and an electrolyser. The simulation results indicated that the fluctuating wind power caused
voltage variations of the 48 V system ranging between 43 V and 65 V. The simulation determined the

controllability and expected transients of the hybrid system (Igbal, 2003).

Bechrakis et al. (2006) demonstrated a simulation and assessment of an autonomous WH system,
including an FC installed at remote hotel premises. The best scenario in terms of covering the hotel’s
summer electricity demand under the lower produced electricity costs (1.31 €/kWh) included a 20 kW
WT, a 6 kW electrolyser, 900 Nm? of H; storage and a 10 kW FC. The annual simulated operation of
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the system revealed that the FC could generate 3,320 kWh resulting to significant GHG avoided
emissions in the case where the electricity supply of the hotel would be covered by diesel generators
(Bechrakis et al., 2006).

Sovacool and Hirsh (2008) investigated different small island regions located in the UK, Norway and
Denmark in terms of WH FC systems for applications, including grid support/security and
transportation. The deployment of WH FC schemes in islands with harsh wind conditions indicated that
these could provide great value when it comes to reducing high energy costs and the concern for
economic development. However, challenges include, among others, the development of WTs able to
exploit extreme winds as well as the need for more economic and political analyses on these systems
(Sovacool and Hirsh, 2008).

Khan and Igbal (2009) presented a modelling and simulation study of a small WH system, including an
FC, where a detailed simulation of all components indicated successful operation. However, model

validation is suggested by the authors to be a very important next step (Khan and Igbal, 2009).

Storage of the produced hydrogen gas is also of great importance to an autonomous WH system. Zini
and Tartarini (2010) presented a modelling and simulation of a wind electrolysis FC with carbon
physisorption H; storage. The simulations showed that such a system could operate without grid support
but with an overall efficiency (including wind) of approximately 10%. For H, storage, a carbon tank
volume has been calculated to 0.38 m? for storing 12.4 kgH- at 6 MPa. The same H, amount as gas
storage at the same water volume would require a pressure of 40 MPa (Zini and Tartarini, 2010). Other
simulating studies also analysed different operational parameters of the water electrolysis process.
During their model development, Pino et al. (2011) took into account the thermal inertia and operating
temperature of the water electrolysis process. The simulations indicated that the power curve of the WT
does not fit well with real data providing overestimated results (25-33.6%). Operating temperature of
the electrolyser presents a difference of 3% of higher hydrogen production for the static compared to

the dynamic simulations (Pino et al., 2011).

Island regions are usually autonomous systems, and, therefore, a WH stand-alone arrangement may
present a viable solution for covering their energy requirements. Apostolou (2015) developed an
analytical modelling and simulation of a hydrogen production-storage system for storing energy from
wind curtailments in an autonomous system. The system comprised an alkaline electrolyser H, gas
storage and metal hydride storage. The results showed that an electrolysis system of an 8 MW rated

power is able to store the highest amount (=71%) of rejected energy from a 10 MW wind farm located
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in a Greek island. The overall average efficiency of the hydrogen production unit has been found to be
approximately 73% (HHV-based) (Apostolou, 2015).

Kaldellis et al. (2015) also investigated a wind electrolysis FC system to support high wind power
penetration and provide energy autonomy in Greek non-interconnected islands. The under investigation
case study revealed that the round trip efficiency of such a system is low, reaching a maximum of 50%,
while a WH system comprising a 10 MW wind capacity along with a hydrogen-based storage in the
order of 350-400 MWh is required for an autonomous one week operation with a mean hourly energy
demand of approximately 550 MWh (Kaldellis et al., 2015). Similarly, Chade et al. (2015) presented a
feasibility study of WH systems to support diesel generators in remote Arctic locations such as Grimsey
island in Iceland. Three scenarios have been analysed: wind/diesel, wind/diesel/hydrogen and
wind/hydrogen. The first scenario showed a decrease in the demand for diesel by 50% and an increase
of excess wind energy by 70%. In the second scenario, the introduction of a hydrogen system decreased
the demand for diesel by 80% and reduced excess wind by approximately 25% compared to the first
scenario. Although in the third scenario the demand for diesel was equal to zero for having 100% energy
independency, the system’s capital and operational costs together with the cost of electricity proved to

be significantly higher in the long term than a diesel-based system (Chade et al., 2015).

Kavadias et al. (2018) published an optimisation and modelling method of a RES-hydrogen system
located in a Greek island autonomous network, utilising wind curtailment to support the grid-connected
FC when needed or for transportation purposes in relation to FCES. The algorithm presented in this
research calculated that an electrolyser of 1.26 MW would absorb the highest amount of rejected power
coming almost entirely from wind farm installations. The total average efficiency of the hydrogen
production-storage reached 57%, while the annual production of hydrogen was calculated to 7,272 kg.
For supporting the electrical network, two scenarios were analysed comprising 1) grid support only
during high electricity demand in order to minimise the fossil fuel-based generation by injecting 155
MWh of FC produced electricity, and 2) direct Hz supply of the FC based on the electrolyser’s
production. In the case of using the produced hydrogen to refuel FC ES, it was calculated that

approximately 263 vehicles can be operated on a daily basis (Kavadias et al., 2018).

Similarly, Enevoldsen and Sovacool (2016), studied the potential of replacing a diesel-based electricity
production system located at the small island of Mykines in the Faroe Islands with a WH system
comprising four 22 kW WTs, an electrolyser of maximum H; production of 8 Nm?®/h, and a FC system
of five 10 kW stacks. The results of the research showed a LCOE for the WH system of 0.47 €/kWh,

while for the diesel generators the maximum levelised cost has been calculated to 0.34 €/kWh.
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Regarding the avoided GHG emissions achieved by the substitution of the diesel generator, the authors

demonstrated that the annual CO, abatement might reach 171.7 t (Enevoldsen and Sovacool, 2016).

Assessment of WH systems to cover residential energy demand is also of great interest. Hacatoglu et al.
(2016) studied a wind electrolysis FC system to cover the heating, cooling and electricity demand of a
small community in Canada by using the ISI. In addition, they compared the under investigation system
with a conventional gas-fired one. For this configuration, I1SI ranged between 0.56 and 0.84, whereas
the ISI for the gas-fired plant ranged between 0.52 and 0.86. Through comparison of the ISI for both
technologies under different perspectives, the authors concluded that gas-fired systems present a slightly
higher individualist ISI due to more affordable energy for the community, while the WH system presents
a higher egalitarian 1SI because of better environmental performance (Hacatoglu et al., 2016). Ishaq et
al. (2018) examined a WH system, including an FC for providing heat and electricity to a household
community of 25 houses. Hydrogen is primarily produced from excess wind power and used through
the FC to overcome the electricity shortages at low wind speeds. The efficiency of the system at higher
wind speeds (9 m/s) reached 39.5%. At low wind speeds, the system provided heat and electricity
through the FC with an increasing system efficiency as wind speed decreases (30% at 1 m/s) (Ishaq et
al., 2018).

Babarit et al. (2018) presented a rather innovative research. The authors examined the potential of
autonomous fleets of sailing wind energy converters with hydrogen storage to exploit open sea high
wind resource. An economic evaluation of the transportation and distribution of the produced hydrogen
fuel was also conducted. The results of the study demonstrated that with an on-board electricity cost at
0.08 €/kWh, the delivered H» costs would range between 7.1 €/kgH> and 9.4 €/kgH, depending on
scenarios of H, compressed gas or Ho liquid storage, transportation type (i.e. trucks or pipelines) and the
delivery distance (Babarit et al., 2018).

An investigation of the operation of a stand-alone WH system in the Kanin Nos Cape in the Arctic as
an uninterrupted power supply was published by Solomin et al. (2019). The system’s main components
comprised a small vertical-axis 3 KW wind turbine, an alkaline electrolyser with rated H, output of 0.44
Nm?/h, and a FC of 1 kW. The outcome of the operation of the pilot configuration showed that such
topologies can be scaled accordingly in order to cover a power demand of up to 50 kW in similar severe
climatic conditions. In terms of financial evaluation, the authors calculated that based on the capital cost
of the system and the operating costs of an alternative solution based on diesel generators, the payback
period would be 7 to 10 years (Solomin et al., 2019).
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Ayodele and Munda (2019) presented a research on the potential of hydrogen storage systems for
different wind resource sites in South Africa investigating different wind turbine scenarios. The authors
calculated that the best hydrogen production potential and the lower cost per produced kgH- was found
for the site near the town of Napier and depending on the wind turbine type these values ranged between
6.51 and 226.82 metric tons of H; per year, and 1.24 and 35.04 €/kgH> respectively. However, for small
wind turbine schemes in some regions the cost of hydrogen was demonstrated to reach even 139.27
€/kgH>, which dictates that WH systems coupled to higher wind power capacities seem to be more cost

efficient in regards to the H; fuel cost (Ayodele and Munda, 2019).
4.1.3.2.1. Analysis of the results for the stand-alone WH systems

The presented studies regarding stand-alone WH systems indicate the significance of energy storage
topologies such as a hydrogen production system used to support weak autonomous electrical networks
and allow higher integration of RES power in remote non-interconnected areas. Fig. 4.1.4 below
summarises the literature review results concerning the pilot and simulated autonomous systems by

country and year.
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Fig. 4.1.4. Studies on both experimental and simulated WH autonomous systems by country.

Based on Fig. 4.1.4, it is apparent that similar to the previous research on WH systems, most studies
either examine pilot projects or simulated case studies located in Europe. The literature review revealed
a particularly high number of publications in Greece. This happens because, compared to other European
countries, Greece’s electrical grid is divided in two sectors, one of the interconnected mainland, and
another of the non-interconnected islands comprising 32 autonomous grids (HEDNO, 2018). To this
end, there is a huge interest in Greece for RES energy storage technologies, including WH

configurations.
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From the efficiency and the overall operating behaviour perspective of the WH systems in autonomous
electrical grids, the above-mentioned studies showed similar efficiencies for the H, production-storage
process ranging between 50% and 60%. Additionally, in all cases the technical evaluation of the projects
demonstrated positive results in relation to the integration of the WH system in the local grid. However,
it should be noted that hydrogen technologies coupled with RES topologies are still at an infant stage,

suggesting the existence of drawbacks involving both technical and financial parameters.

Two of the main issues the local communities face in autonomous electrical networks is the high
electricity price and the environmental impacts caused by the oil-based electricity generation technology
that dominates in such regions. The effect of a WH system in the electricity prices has been demonstrated
by Sovacool and Hirsh (2008) and Enevoldsen and Sovacool (2016) showing almost the same levelised
cost between the WH and the diesel system configurations. On the other hand, the implementation of a
WH system in autonomous networks is argued to decrease significantly the GHG emissions by either
reducing the fuel demand of diesel generators or by replacing entirely the fossil fuel generation
(Bechrakis et al., 2006; Chade et al., 2015; Kaldellis et al., 2015; Kavadias et al., 2018).

4.1.3.3 WH systems for covering the demand of H2 for transport applications

The concept of using hydrogen as a fuel for transportation is not new; following the 1973 oil crisis,
many automobile industries presented prototype hydrogen-powered vehicles. However, it was not until
the mid-1990s that the first experimental passenger FC car was developed by Daimler-Benz [70]. Other
car industries followed the example of Daimler-Benz, but none of these prototype models entered the
market. After the introduction of the first commercialised FCEV in the market since 2015, aiming to
support the transition to more environmentally sustainable means of transportation, many scientific
studies investigated the potential of producing hydrogen for transportation by using RES instead of NG
reforming processes (Nikolaidis and Poullikkas, 2017). In this context, Shafiei et al. (2017) studied the
potential of hydrogen-propelled vehicles in future scenarios for the mitigation of the GHG emissions
from the transportation in Iceland. The authors pointed out the environmental benefits of implementing

hydrogen technologies in transportation instead of solely battery electric vehicles (Shafiei et al., 2017).

Greiner et al. (2007) presented a sizing and optimisation algorithm of a WH energy system located in a
Norwegian island based on the demand of a H, propelled ferry. The study also included a comparison
of a grid-connected and an isolated system. To cover the daily H, demand, a 2.3 MW WT, a 1 MW
electrolyser and H; storage of 680 kg are required for a grid-connected system giving an H, cost of 2.8
€/kgHo. For the stand-alone system, a 3 MW WT, a 2 MW electrolyser and H; storage of 3,400 kg are
required, increasing the H cost to 6.2 €/kgH,. By using the produced hydrogen as fuel for the H»
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propelled ferry, the avoidance of emissions might reach 1940 t/yr and 14.6 t/yr for CO, and NOx

respectively based on the case of the grid connected WH system (Greiner et al., 2007).

Mathur et al. (2008) have assessed the economic potential for producing hydrogen from onshore and
offshore wind and use it as transportation fuel in India. For cluster capacities below 100 MW, the
hydrogen cost per MJ was found to be very high (17.7 €/MJ). At higher capacity values, the contribution
of the transmission system decreased, and therefore, H, cost lowered. Similarly, moving to offshore, the
energy yield increased, resulting in a cost reduction of 20.2% for a 100 MW cluster capacity (Mathur et
al., 2008).

Gruger et al. (2018) argued that in order to achieve low H; fuel costs for transportation, it is required to
optimise the water electrolysis process while operating at low electricity costs and combined with wind
energy. The results obtained from the application of a model taking into account forecasts of wind
availability or energy prices showed a reduction of hydrogen production costs by 9.2%. Furthermore,
the wind energy utilisation presented increased by up to 19%. Two scenarios were investigated,
including one with on-site H, production during low energy prices, and one with an identical station but
with an additional WT of 1.6 MW, which supplied a higher rated power electrolyser compared to the
first scenario (Gruger et al., 2018).

Regarding hydrogen refuelling stations for light-duty vehicles, Apostolou et al. (2019) analysed the
potential of a small-scale H, refuelling station powered from a WT to support urban FC bicycle fleets
in Denmark. The study provided a methodology for the sizing and optimisation of the components of a
small-scale H> refuelling station based on the wind resource of a region. The outcomes showed that to
cover the daily H, demand of a fleet of 1,149 FC electric bicycles in an small city in Denmark, the on-
site hydrogen production would require energy from a 50 kW WT, an electrolyser of a 70 kW rated

power and an H; storage tank of 7.3 m® (Apostolou et al., 2019).

In the context of autonomous hydrogen refuelling stations, Messaoudi et al. (2019) developed a
methodology for site selection of hydrogen refuelling stations with on-site hydrogen production
powered from wind energy. The authors examined a case study for the region of Adrar in Algeria and
they followed an analytical hierarchy process belonging to the multi-criteria decision-making tools in
order to identify which of the available petrol stations can be reverted to H; refuelling stations. Out of
24 conventional petrol stations in total, 15 were investigated and only 4 sites were found suitable for
wind powered on-site H, stations. The rest 11 however, could be modified as off-site hydrogen stations

in the retail refuelling market (Messaoudi et al., 2019).
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Based on the presented data from the above-mentioned studies, it is apparent that the introduction of
WH systems for supporting hydrogen mobility is a positive contribution towards ‘greener’
transportation in terms of sustainability and GHG emissions reduction. Nevertheless, the H, fuel price
is highly dependent on the application and the size of the system. For instance, in the case of hydrogen-
propelled sea vessels and hydrogen production through electrolysis powered by existing wind farms, the
levelised hydrogen fuel cost may be relatively low and comparable to oil fuel price due to the size of the
hydrogen system in conjunction to the respective fuel demand. In contrast, in the case of small scale
applications (e.g. light and medium-duty road vehicles), although the capital investment seems rather
lower than large applications, the levelised cost of the H; fuel highly depends on the type of refuelling
stations (i.e. on-site vs offsite H, production and daily H. storage capacity), the fuel demand (i.e. number

of vehicles), and the electricity prices.
4.1.3.4 LC assessment of WH systems

One of the most significant methods for the evaluation of the environmental performance of products
and technologies comprises the LC assessment, which investigates different stages found in the
development of a project from design to trade. This includes resource extraction, manufacturing,
transport, operation, and end-of-life disposal, focussing on the environmental aspects of those different

processes (Yang, 2017).

Both grid-connected and autonomous WH systems are based on the logic of using wind energy to power
an electrolysis unit and then either use the produced hydrogen in re-electrification through a FC or as a
gas fuel in several processes (see Fig. 4.1.2). This energy flow of the system produces in general no to
low GHG emissions in the case where operation of the auxiliary components such as pumps or
compressors are supplied from the main electrical grid (in grid-connected systems). However, ina LC
assessment analysis it is necessary to include also the processes of manufacturing and decommissioning,
which consist a major contribution to environmental impacts of wind power and other RES based
projects (Mendecka and Lombardi, 2019; Zhao and Pedersen, 2018).

In this regard, Koroneos et al. (2004) presented a LC assessment for H, production systems powered
from various RES. The authors’ results showed that the total impact score of hydrogen production from
wind power comprising GHG emissions, acidification, eutrophication and winter-smog was
significantly lower than other RES-hydrogen systems. Regarding GHG, the CO- equivalent emissions
from a WH system were found to be less than 0.3 kgCO2-eq/kWh, while for a similar system but with a
photovoltaic power source, the CO, equivalent emissions found to be more than 0.4 kgCOz/kWh
(Koroneos et al., 2004).
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Spath and Mann (2004), published a report presenting the results of a LC assessment concerning a WH
system comprising three 50 kW wind turbines and an electrolyser of 30 Nm?h nominal hydrogen outlet
flow rate. Based on the resource requirements, the transportation of the different components to the
specific installation site and the operation of the system, it has been demonstrated that the majority of
the global warming potential arises firstly from the construction and operation of the wind turbine and
secondly from the compression and storage of hydrogen. Specifically, out of the total 0.98 kgCO»-
eq/kgH2, 78% comes from wind turbine construction and operation, 4.4% are emitted from the
electrolysis production and operation, and the rest 17.6% comes from the H, compression and storage
process (Spath and Mann, 2004). However, this report did not included the final disposal environmental

impacts in the final calculations.

The investigation of an autonomous WH system from a LC assessment perspective was disseminated
by Zhao and Pedersen (2018). The examined configuration included apart from the wind turbine, the
electrolysis and the H; storage, the transportation of the hydrogen to a FC site for supplying power to a
building and to a refuelling station for FCEVs as the end-user. The results of the study showed a global
warming impact of 1.78 kgCO2-eq/kgH2, which accounts to a reduction, if compared to NG-based
electricity production, by 7.81 kgCO--eq/kgH2. Concerning the scenario of using the produced hydrogen
for transportation purposes, the LC assessment showed a decrease of the carbon footprint by 13.40
kgCO2-eq/kgH; if the substituted vehicles were electric. However, in both cases the study demonstrated
that hydrogen implementation in the energy system may introduce impacts like ozone depletion, human

toxicity and non-renewable resource depletion (Zhao and Pedersen, 2018).

In the context of hydrogen utilisation in the transportation sector, Wulf and Kaltschmitt (2018) assessed
the environmental performance of different hydrogen supply chains in order to support a growing fleet
of FCEVs in 2032. Among all the investigated technologies, the LC assessment of WH systems showed
the lowest climate change impact with 0.95 kgCO2-eq/kgH- for alkaline electrolysis and 1.06 kgCO,-
eg/kgH: for PEM electrolysis. In contrast, the LC assessment concerning production of H, by steam
methane reforming process showed a climate change impact of 11.98 kgCO2-eq/kgH>. Significantly
lower values for the WH systems are also observed for acidification, eutrophication, ozone creation,
particulate matter, and human toxicity, when compared to other production methods (Wulf and
Kaltschmitt, 2018).

Mehmeti et al. (2018) on the other hand, included in the LC assessment of various hydrogen production
methods the water footprint of all the under investigation technologies. According to their results the
water electrolysis-based WH production scheme compared to conventional steam methane reforming

presents lower indicators in some of the LC assessment categories including global warming potential,
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stratospheric ozone depletion and fossil resource scarcity, while for others such as water consumption
potential, land use and non-cancer human toxicity, the indicators for steam methane reforming

technology seemed to be more advantageous (Mehmeti et al., 2018).

In terms of environmental impact assessment of WH systems, Ghandehariun and Kumar (2016)
performed a LC assessment of such topologies installed in Canada. The outcome of their research
showed that the overall GHG emissions of the proposed system presented 94% lower emissions than
conventional fossil fuel systems. The LC emissions of the proposed system ranged between 0.63 and
0.73 kg CO; eq. per kg of H, (Ghandehariun and Kumar, 2016).

4.1.4 Discussion

As it is apparent from the results obtained through the review process of previous studies on WH
systems, there are some advantages, yet also drawbacks in the use of this technology combined with

wind power schemes.

In almost all the presented studies, the authors concluded that with the implementation of hydrogen-
based technologies in conjunction with wind energy systems, wind penetration to the grid increased and
power curtailments were lowered significantly. Additionally, many studies indicated high hydrogen
production efficiencies ranging between 70% and 87%, while with the introduction of H; storage,
efficiency decreased to 50-65% (see Fig. 4.1.5). The higher efficiency interval observed at the
electrolysis process (i.e. left section of Fig. 4.1.5), corresponds to the electrochemical efficiency of the
water electrolysis and it is supported through the theory of thermodynamics, which suggests a
thermodynamic efficiency greater than 100%. However, in reality electrolysers operate at cell voltages
higher than the thermoneutral voltage (i.e. 1.48 V) and thus their efficiency drops below 100% due to
heat losses (O’Hayre et al., 2016). On the other hand, in addition to possible hydrogen leaks through the
piping system, the introduction of other components in an electrolysis storage system such as H»
compressors lowers the efficiency of the plant to values below the electrochemical efficiency (i.e. see
mid-section of Fig. 4.1.5). A WH system can be used for re-electrification by including a FC in the
configuration. The introduction of a FC reduces further the round-trip efficiency of the system (i.e. see
right section of Fig. 4.1.5) by at least 83%, which corresponds to the maximum theoretical efficiency of
the FCs (O’Hayre et al., 2016).

Based on the simulations and the pilot project experimental data, a hydrogen system, including the
production, storage and utilisation stage, is able to provide ancillary services by following the load
continuously and supporting the grid when this is required. Another technical benefit of a WH system

is that in autonomous islands or small remote communities, where diesel generators dominate, WH
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systems reduce the demand for diesel and consequently benefit the environmental factors of the specific
regions. From a business perspective, hydrogen systems coupled with wind energy may be economically
appealing, but the fuel costs of H should not be less than 9 €/kgH; in order to have substantial revenues

and shorten the payback period to a few years.

Electrolysis &

Electrolysis Electrolysis — H, Storage — FC

H Storage
100%
90% A
80% lffﬂ-
> 70% *
S 60% - "R
Q
G 50% e . .
0o 40% . “
30%
20%
10%
0% |
AT R R A AN SR S T B B M N NG R T
& & S T &FFTFF &P & & & &
N VR A U N S U A A AN S VAN
B G\fa}' &0‘5 é\fz}' ?}fﬁ é\rz} ?\}fz}' o é\fo' MO é\q}'
< . @ ) o5 .
,gz)ép q{\q}p & o‘abo & réq\’p 0?}% NL: ,at':“'b(ﬂ S° e,?}\\(a ° o\\(o é‘fb&
@ & N
o & P 0 & N NI
o &
& N2
S
&
N

Fig. 4.1.5. Energy efficiency of different hydrogen configurations.

However, the operation of a WH system for increasing wind penetration as well as supporting the grid
or for producing hydrogen fuel presents several disadvantages, which hinder its further exploitation as
a main RES energy storage method. Many research studies have focused on the effectiveness of a
hydrogen system coupled with wind energy. Based on their results, it seems that although the
technologies used in such systems can be considered mature, they present complexity when combined

together, and the frequency of operating faults increases.

Additionally, as seen from Fig. 4.1.5, the round-trip efficiency of a hydrogen system, including the
production, storage and utilisation of hydrogen processes, is low compared to other energy storage
technologies. In addition, it ranges between 30% for residential applications up to 66% with the majority
of the studies indicating values of 50% to 60%. A significant drawback of these energy storage
arrangements also comprises their capital and operational costs based on the cost of electricity for the
production of hydrogen. Moreover, the uncertainty span of the efficiency presented in Fig. 4.1.5 has to
be noticed as e.g. Varkaraki et al. (2006) presented a difference of 15% between minimum — and
maximum efficiency for the stand-alone electrolysis, and Bhogilla et al. (2017) presented a difference
of 13% when including storage and FC. Furthermore, the differences between max and minimum mean

values ranges from 73%-83% for the electrolysis process, 40% to 62% for the electrolysis and storage,
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and finally from 35% to 60% for the electrolysis, storage, and FC. These uncertainties have to be taken

into consideration when reviewing and planning for viable WH systems.

High investment and operational cost of a hydrogen system coupled with RES result in an increased cost
per kilogram of H fuel in order to have an economical viable business scenario. According to Fig. 4.1.6,
hydrogen costs have been found to reach even 26 €/kgH», but most studies indicate numbers up to 10
€/kgH> to balance the high investment costs. In the case of autonomous systems that operate under
thermal-based electricity generation, a total replacement of the existing conventional technologies with
a WH system would require a high capital and operating cost, which would increase the cost of

electricity for the remote community significantly.
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Fig. 4.1.6. Hydrogen costs for having an economically viable WH system.

An increasing hydrogen demand beyond storage is expected in the coming decades (Brown, 2016b),
which was further supported by this literature review, indicating an increasing interest in transportation
in recent years (see Fig. 4.1.1). This naturally raises a question on electricity supply for electrolysers,
while future research may debate if wind turbines are to be considered a service technology for
electrolysers, and not vice versa. However, this study emphasises that for now, risks such as the
uncertainty of the performance of the hydrogen system, just as the fluctuant behaviour of the wind, has
to be taken into account when assessing the cost of hydrogen. The literature review revealed that the
forecasted hydrogen demand mainly can be divided into groups of energy storage, ancillary services and

transportation ranging from hydrogen bikes to ferries.

Concerning the environmental benefits arising from the implementation of WH topologies, it is apparent
based on the reviewed studies that avoidance of GHG emissions in the electricity production and the

transportation sector are significantly lower depending on the scale of the WH system. The LC
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assessment of WH topologies presented in the previous section of this paper, showed lower indicators
in the LC categories compared to other hydrogen production methods. The most important advantage in
all assessments was argued to be the low climate change impact, which ranged in all studies between
0.95 and 1.78 kgCO.-eg/kgH2. Table 4.1.1 synopsises the results presented at the previous sections, and
by taking into account a range of CO, emissions per kWhe produced by conventional power plants (450
— 1050 gCO»/kWh) (Kaldellis and Apostolou, 2017), the authors calculated the avoidance of CO; from
the use of WH systems wherever this was not demonstrated in the reviewed studies. Moreover, in the
case of hydrogen-based transportation the authors estimated the CO- avoided by replacing conventional
vehicles with FC vehicles considering that the range of FC vehicles is approximately 100 km/kgH:
(Adolf et al., 2017) and that on average CO, emissions of contemporary vehicles equal to 112.2
gCO2/km (Magueta et al., 2018).

Table 4.1.1. Annual CO, emissions avoided from the electricity generation and
transportation sectors by the implementation of WH systems.

Annual COz Emissions

Source WH system (Wind Avoided (t)
Power; Electrolysis; FC) Electricity = Transportation
Production (vehicles)
(Gonzalez et al., 2004) 5GW; 30 MW 8.4-10° 1.6 - 106
(Gokeek, 2010) 6 kW; 2 kW 6.8 -15.9 1.1 (road)
(Zhang and Wan, 2014) 99 MW; 1 MW 43.5-10° -
(Guandalini et al., 2015) 16 GW; 620 MW 147 - 103 -

(Hou et al., 2017) 72 MW; 23.4 MW - 20.5 - 10® (road)
(Bechrakis et al., 2006) 20 kW; 6 kW; 10 kW 1.5-35 -
(Kavadias et al., 2018) 15.2 MW; 1.26 MW 67.5-157.5 or 81.6 (road)

(Enevoldsen and Sovacool, 2016) 22 KW; 45 kW; 50 kw 171.7 -
(Greiner et al., 2007) 3 MW; 1 MW - 1,940 (ferry)

According to the data presented in Table 4.1.1, the environmental benefits of the deployment of WH
systems either in grid connected or autonomous configurations are significantly favourable in terms of
lower GHG emissions. The annual CO; avoidance is in the order of tonnes and depending on the size of
the system, it can contribute positively towards a cleaner energy production and utilisation in the

mobility and electricity sector.
4.1.5 Conclusions and future prospects

This study has introduced the current state of hydrogen by investigating 40 papers, which have either
simulated or described WH systems installed in different configurations and for different purposes. WH
systems have been analysed in various countries, indicating the distributed potential of hydrogen as a

storage application as well as an important global energy source.
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The literature study revealed that academia has divided WH systems into three main categories. First,
grid-connected WH systems where hydrogen acts an ancillary service, which is very a profitable solution
for countries and/or market with high penetrations of wind power. Second, stand-alone WH systems
with the main purpose of stabilising electricity grids in closed grids in rural areas. This category is also
where the majority of actual WH systems have been developed. Third, WH systems to support
transportation, which, based on this literature review, seems to be an emerging sector in the hydrogen
industry. In all three categories, the reviewed studies showed the benefits of the implementation of WH
systems in the electricity production by reducing GHG emissions, while introduction of commercialised
FC vehicles fuelled by hydrogen produced by this kind of systems would decrease further the CO;
released by conventional vehicles. Nevertheless, the expansion of hydrogen usage for all three categories
has to be supported by a continuous development of the technology. One important academic parameter
was recently highlighted, namely the need for emphasizing the focus on energy-exergy analyses for
integrated power systems consisting of a renewable energy system, and hydrogen as a storage carrier
(Khosravi et al., 2018). Based on the review of this paper, it becomes clear that future studies should
specify the energy-exergy analysis on specific combinations of wind turbines and hydrogen systems to

ensure a sound development.

The analysis of literature trends discovered that the three main categories are supported by three
configurations, namely 1) electrolysis; 2) electrolysis and storage; and 3) electrolysis, storage and FCs.
The trend revealed in this study indicates that the studies focus less on hydrogen as a storage application
for wind power and more on hydrogen as a multifunctional ancillary service or add-on to the wind farm
with multiple outputs and configurations. This trend is based on the increasing demand for hydrogen for
transportation, as well as the low efficiency and uncertainty of FC performance. The overall
development is expected to continue, both in industry and academia, as the trend in the past decades
indicated more studies conducted on WH systems with greater incentives of combining the two

technologies.
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4.2 Optimisation of a hydrogen production — storage — re-powering system
participating in electricity and transportation markets. A case study
for Denmark

The power capacity of renewable energy sources is constantly increasing through the installation of new
units, primarily comprising the most mature technologies such as wind and solar energy converters, as
well as through the implementation of innovative technologies that are currently at an infant stage of
development. The aim of this study was to investigate the prospects of implementing hydrogen
technologies in the electricity network as an electricity production unit or/and utilise the produced
hydrogen as transportation fuel. Three main scenarios were identified to be the most appropriate for this:
1) Support of the electrical grid via a fuel cell; 2) participation of a hydrogen production and fuel cell

system in the electricity and transportation markets; and 3) participation in the transportation market.

The results indicated that a fuel cell generator providing ancillary services is not economically viable in
the investigated case study, while implementing a hydrogen production unit with a hydrogen fuel selling
price between 4 and 114 €/kgH>, depending on the electrolyser’s power input, will yield positive results.
For the third scenario, the hydrogen fuel price ranged between 3.6 and 15.0 €/kgH>. This research shows
that hydrogen technologies can be used in the electricity and transportation markets from a technical
point of view. However, from an economic point of view, a hydrogen system used only for a single
application does not seem to be financially appealing. This suggests that reducing the investment cost

and/or limiting operating costs is mandatory to support this type of investment.
4.2.1 Introduction

The Danish electricity network is divided into two parts: DK1 and DK2 representing the grids covering
Jutland and Funen as well as Zealand and the islands, respectively. DK1 has a higher capacity network
with a high RES share, which sometimes leads to network problems such as frequency fluctuations
(Aziz and Huda, 2019). The day-ahead electricity market operation in Denmark (part of Nord Pool) also
includes the cross-border electricity flows between the Nordic countries, which are used for pricing
based on bids and offers from electricity producers/consumers. Consumers and producers, who want to
buy and sell electricity, respectively, send their bids and offers one day before the energy is delivered to
the network in the spot market (Houmgller, 2017). The aim of Nord Pool is to reduce the price
differences between the participating regions and enable better energy planning between the respective
TSOs (Unger et al., 2018). However, in some cases, the energy demand cannot be entirely met, which
may create frequency imbalances, and as a result, the respective TSO is forced to request power to be

added or deducted in the electricity real-time market (Energinet, 2019; Unger et al., 2018). The
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imbalance between supply and demand often imposes negative prices on electricity, which means that

the producers have to pay to dispose their produced electricity.

Fig. 4.2.1 shows the balance of electricity imports/exports for DK1 in 2018 compared to wind energy
production and gross consumption. From Fig. 1.3, it is apparent that electricity is exported during high

wind power generation, whereas electricity is imported during low wind power generation.

Total wind ——Net import Net export Gross consumption
4000 A

3500 i

3000 -
s

2500 A
=
2000 -

1500

Electricity (

1000

Hour of the year
Fig. 4.2.1. Wind energy generation, gross consumption and electricity imports/exports for

DK1 in 2018. Based on (Energinet, 2019).

According to the Danish TSO (i.e. ‘Energinet’), the wind energy production exceeds the country’s
electricity demand many times during a year, and thus the cross-border interconnections are mainly
utilised to overcome RES curtailments (see Fig. 4.2.1) (Energinet, 2019). To this end, excess wind
energy production is integrated in the system through the electrical interconnections, resulting in
negligible levels of wind curtailment. However, it is expected that, at some point, due to a continuous
increase of the wind power capacity, there will be bottlenecks in the interconnections between Denmark
and the neighbouring countries that will induce wind curtailments. In support of the above, a research
published by Lindboe et al. (2015) on behalf of the Danish TSO indicated that by 2040, wind power
curtailments in Denmark may increase significantly compared to today. Curtailments are forecasted to
present an increasing trend from 0.75% in the optimistic scenario (including the deployment of a new
‘Viking Link’ interconnector, large heat pumps and flexibility of larger power plants) to 3.25% in the
base scenario (without the ‘Viking Link’ and development of power systems similar to the IEA new
policy scenario) (Lindboe et al., 2015).

Acknowledging the above, it is obvious that apart from upgrading the contemporary transmission

interconnection system in Denmark, it would be highly advantageous to integrate energy storage systems
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that allow higher RES capacities and contribute to reaching the 2050 goal of fossil fuel independence
(Danish Energy Agency, 2016).

Energy storage is a concept that has been studied extensively in recent decades. It includes different
technologies that can be coupled with RES (e.g. wind power), and depending on the application, the

produced energy is stored for later use.

Based on a report published by IEA in 2019, hydrogen is versatile, because, on the one hand, it can be
produced from different sources (e.g. fossil fuels, RES and nuclear power), and, on the other hand, it
can be used in many applications such as electrical power support, transportation fuel and heat
generation in the building sector (IEA, 2019c). For many years, research has focused on studying the
prospects of hydrogen technologies mainly for RES storage or as transportation fuel. Another significant
aspect of hydrogen technologies is the use of hydrogen as a bi-product, both in support of the electricity
network and as fuel for ‘green’ mobility or other applications (Apostolou and Enevoldsen, 2019). In this
context, several studies in peer-reviewed literature analyse hydrogen systems either for re-electrification
or for both electrical network support and transportation. However, none of these studies has provided
a tool that could optimise the operation of a hydrogen system used in both applications, taking into

account electricity market prices and investment opportunities for future investors.

Gonzélez et al. (2004) developed an optimisation and simulation algorithm for a hybrid wind power
system/hydrogen system to promote the penetration of wind energy in Ireland. The results showed a
minimisation of wind energy surplus of 7.5% of the initial value by incorporating a 30 MW electrolyser.
The produced hydrogen was calculated to supply fuel to approximately 541,000 vehicles, while the
annual avoided emission from the increased wind power penetration and ‘green’ transportation was
estimated to 10 Mt (Gonzélez et al., 2004). In the same context, Schenk et al. (2007) investigated the
prospects of a hydrogen system to increase wind power integration in the Netherlands. The grid-
connected system was found to assist the electricity network in cases of heavy loads during high wind

energy production by absorbing the excess energy for producing the hydrogen gas (Schenk et al., 2007).

Researchers aiming to find solutions for energy security and lower GHG emissions are examining the
implementation of hydrogen systems in smaller grids, e.g. on islands. Antoine et al. (2008) studied the
prospects of high RES integration in Malta, including a hydrogen conversion and storage system able
to support the grid and provide hydrogen fuel in the transportation sector. The scenario indicated that
the net effect of the FC energy supplied to the grid was insignificant; however, the system was used to
absorb the excess RES hydrogen production after meeting 5% of the transportation fuel demand

(Antoine et al., 2008). Similarly, Kavadias et al. (2018) examined the utilisation of hydrogen production
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from excess RES energy in an autonomous island grid to support the grid or as a fuel for light-duty
transportation. The results showed that the produced hydrogen could be used to reduce the oil-based
generation during peak power demands. In addition, the results showed that approximately 260 FC
scooters could operate on a daily basis, resulting in lower GHG emissions and lower fuel costs compared

to conventional counterparts (Kavadias et al., 2018).

Salgi et al. (2008) investigated the prospects of producing hydrogen in western Denmark for transport
applications based solely on the electricity market prices and a forecasted wind power production for
2030. The developed simulation model showed that even without hydrogen storage constraints, only
32% of the assumed hydrogen demand in 2030 could be covered if electrolysers would operate at a
maximum bid price of 20 €/kWh (Salgi et al., 2008).

Likewise, Carr et al. (2016) assessed the operation of an on-site hydrogen production refuelling station
powered from a wind turbine connected to the electrical grid in Rotherham, UK. Optimising the system
to maximise the revenues (i.e. electricity sales) while at the same time minimising the operating costs
(i.e. electricity costs) showed that electricity prices and hydrogen demand play a significant role in the
system’s economic viability. However, the hydrogen fuel sales were not taken into consideration,
limiting the hydrogen demand, which in case of higher values would compromise the economic viability
of the project due to increased hydrogen production and less available wind energy to be sold into the
electrical grid (Carr et al., 2016).

In their research, Hou et al. (2017) presented various cases of hydrogen systems’ integration in the
Danish energy and transportation sector. Offshore wind power-generated hydrogen was initially
examined as a fuel for re-electrification via a FC with hydrogen produced from off-peak electricity,
while the FC-generated electricity was sold to the grid at high market prices. The results indicated that
this scenario was not optimal from an economic point of view due to the low number of high price
differentials in the market. However, using the produced hydrogen as transportation fuel, the scenario
resulted in electrolyser capacities of 13.5 and 23.4 MW with a hydrogen fuel cost of 5 and 9 €/kgH, and
a payback period of 5.5. and 2.6 years, respectively (Hou et al., 2017).

4.2.1.1 Aims and objectives

The scope of this research was to assess the prospects of hydrogen systems participating in the electricity
and/or other applicable markets from an investor’s perspective. The ongoing transition to higher shares
of RES in the electricity networks mandates the use of energy storage systems capable of coping with

the grid problems arising from the dynamic output of renewable power generation. Moving towards a
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non-fossil fuel era, new methods for achieving this goal will include technologies that have the ability

to present multiple end-uses to reduce costs and support sustainability.

In this context, according to Apostolou and Xydis (2019), the transportation sector is one of the most
significant sectors requiring decarbonisation (Apostolou and Xydis, 2019). EU statistics show that
following the energy industry, the transportation industry was the second largest GHG contributor,
accounting 27% of the total GHG emissions in 2017, of which more than 71% was directly linked to
road vehicles (European Commission, 2020b). Today, there are two commercialised vehicle
technologies with zero direct CO, emissions. These are the BEVs and the FCEVSs. Although the latter
still represents a low number of entities, their prospects seem positive compared to BEVSs in terms of
higher driving autonomy and faster refuelling times (Apostolou and Xydis, 2019). The main issue with
FCEVs is the lack of infrastructure and the fact that most hydrogen fuel is produced from fossil fuels
(Nikolaidis and Poullikkas, 2017). Hence, although FCEVs are considered emission-free vehicles, the
hydrogen fuel production is a GHG emission-intensive process (e.g. steam-methane reforming), limiting

the ‘green’ character of the vehicle.

To this end, the main objective of this study was to develop a novel algorithm for investigating various
scenarios regarding the sizing and optimisation of hydrogen systems that provide support on a grid with
substantial RES capacity and/or ‘green’ hydrogen fuel for transportation, while offering an economically
feasible business case for future stakeholders. Hence, the above-mentioned objectives can be described

by the following RQs:

e Isit possible to size hydrogen systems participating in the electricity and/or the transportation
market accordingly to be economically viable?

¢ Which of the two markets comprises the most promising in terms of an investment?
4.2.2 Methodology

The investigation of the stated RQs was based on the mathematical formulation of a model, including
water electrolysis, FC operation and an economic evaluating tool used for three scenarios regarding the
utilisation of a hydrogen-based system in the electricity and/or transportation markets. As described
previously, the Danish electricity market DK1 was selected as a case study because of its specific
characteristics of the electricity network and the market in general. The developed model has been
applied to all three scenarios for the period between 2014 and 2018 in order to assess a future trend of

economic parameters such as investment and hydrogen fuel costs.
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The examined SCs covering basic configurations of hydrogen systems participating in electricity

markets included:

e SC4.1: A PEM FC system supplied with hydrogen purchased from an external supplier
participated in the spot and real-time markets. SC4.1 did not incorporate a hydrogen production-
storage unit to supply the FC with hydrogen due to the cost ratio between fossil fuel- and RES-
based production, which in literature currently ranges between 1/4 and 1/2 (Apostolou and
Enevoldsen, 2019; IEA, 2019c). Thus, when implementing a system that also includes a

hydrogen production and storage facility, a negative financial result is expected to deteriorate.

e SC4.2: A hydrogen system participated in the electricity and transportation markets with a
priority on the electricity markets. Compared to SC4.1, this scenario involved the production,
storage and utilisation of the hydrogen produced for re-electrification and the remaining gas as
a ‘green’ fuel for transportation. In the event of no participation in the transportation market,
SC4.2 would correspond to SC4.1 with an internal supply of hydrogen to the FC. SC4.2
consisted of two cases: SC4.2a with continuous operation of the electrolyser and SC4.2b with
operation only during periods of excess wind energy (Pexwina=>0), i.e. when the wind energy

production was higher than the total demand.

e SC4.3: The hydrogen system included hydrogen production and storage facilities that
participated in the electricity markets as a consumer and distributed the produced hydrogen for
‘green’ transportation purposes only. Like SC4.2, SC4.3 consisted of two cases: SC4.3a with
continuous operation of the electrolyser and SC4.3b with operation only during periods of

excess wind energy.
4.2.2.1 Model development

A hydrogen-based system able to participate in the electricity and/or the fuel transportation markets
comprises of different components. There are three main sections of such a system consisting of a
hydrogen production unit (in this case a water electrolysis system with a rated power (Pmax), @ hydrogen
gas storage unit and a FC (Prc) for utilisation in the repowering sector. To this end, the development of
the model was divided into the three aforementioned SCs, which were combined based on the

requirements of each SC.

The algorithm presented in Fig. 4.2.2 indicates that depending on the SC, the water electrolysis system
participates as a consumer in the spot and the real-time markets based on the following day’s lowest

price given by the TSO. Additionally, participation in the real-time market only occurs when there is a
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surplus power (Psurpius) in the system. Similarly, the FC generator participates in the spot and real-time
markets, but as a producer. In the event of a power deficit (Pger) in the grid and the hourly price given
by the TSO is positive for participating in the real-time market (Pricepa), the FC generator participates
in the real-time market. If there is no deficit and the spot hourly price (Pricesp) is positive, the FC
generator participates in the spot market. In all other cases, there is no participation of the FC generator

in the markets and the produced hydrogen is available in the transportation market.

H; fuel to
transportation

3

k.

Electrolyser SCs4.2,43 »  H; Storage SC4.2 Fuel Cell | SC4.1 External

Prmax Pic H: supplier

Buy from
Balance
market
NO NO No
TNO participation

YES YES
vyes | Buy from l

—*  Spot

market
7Y Sell to
NO Spot
market

No Sell to
Balance
market

participation

No

*| participation

Fig. 4.2.2. Algorithm used for the determination of the system’s operation in the

corresponding markets based on the examined SC.

4.2.2.1.1. Water electrolysis model

The developed model for describing the water electrolysis process was based on the results from
(Apostolou et al., 2019; Diéguez et al., 2008; Kavadias et al., 2018; Ulleberg, 2003), outlining the
thermodynamic, mass and thermal processes of alkaline water electrolysis. The main Egs. used for the

model development are:

R Ta ln( aH201/2) (4.2.1)

Upop = U 0
rev rev,T,P z F anz Aoz

(1t t
2
Ucetr = Urew + (1) [+ (51 + 55Ty + 55T%)  log K%) I+1 (422)
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e = ( (Z), ) f (4.2.3)
+(z)

Npp =1 (ZC FI) (4.2.4)

Ct% = (Qgen — Qloss — Qcool — Qsens (4.2.5)

where Uy is the reversible voltage in V, Uy 1,p° is the reversible voltage under standard conditions in
V, R is the universal gas constant and F is the Faraday constant. T is the operational temperature in °C
and awz, ooz, anzo are the activity coefficients of hydrogen, oxygen and water in kg, respectively. | is the
water electrolysis current in A, A is the surface of the electrodes, ri, r2 represent ohmic parameters, si,
Sy, Sz and ty, to, t3 account for the overvoltage parameters of the anode and cathode, respectively. #r is
the Faraday efficiency and fi, f, are the Faraday parameters. 72 is the hydrogen production rate, z is the

number of electrons required to split each molecule of water and nc is the number of electrolytic cells.

Eq. 4.2.5 describes the thermal balance during the electrolysis process, where C; is the total thermal
capacity of the electrolyser, Qqen is the generated heat in W and Qs is the heat loss transfer to the
environment. Q 4 is a function of thermoneutral voltage (Uw), which depends on the operating
temperature (see Eq. 4.1.6), while Q055 depends on the ambient temperature, which is considered to be
constant due to the assumption of an indoor installation (see Eq. 4.1.7). Qcool €quals to the heat removed

via the cooling system (see Eq. 4.1.8). Qens represents the enthalpy leaving the system with the product
streams along with the heat transferred from the unit to the input water (see Eq. 4.1.9) (Apostolou et al.,
2019; Kavadias et al., 2018).

Qgen=1 n. (Ugey — Usn) (4.2.6)

Qloss =—  (Toy—Ta) (4.2.7)
t

QCOOl = Cew (TCW,in - TCW,out) (4.2.8)

Qsens = (fyy cpz)(Tey — Tg) + (hoy €02) (Ter — To) + (Mpzo Cu20) (Ter — Trzoi) (4.2.9)

where R is the total thermal resistance of the electrolyser, Ta is the ambient temperature, muz, Moz, Mu20
are the mass flow rates of the hydrogen, oxygen and inlet water, respectively, in kg/s and Cwz, Co2, Cw are
the specific thermal capacities of the hydrogen, oxygen and inlet water in J/KgK. Thzoi is the temperature
of the entering water, Cey is the thermal capacity of the cooling water in J/K, Tew,in is the inlet temperature

of the cooling water and Tcw,out iS the outlet temperature of the cooling water (Kavadias et al., 2018).
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The electrolytic cell parameters used during the water electrolysis simulation are presented in Table
4.2.1. The algorithm for calculating the hydrogen-generated quantity based on the rated power of the

electrolyser and the input power (e.g. in case of using intermittent wind energy) is depicted in Fig. 4.2.3.

Table 4.2.1. Water electrolysis cell parameters used during the model development
(Apostolou, 2015).

Electrolytic cell parameters

Parameter Symbol Value Units
Electrode’s surface A 0.25 m?
Cell’s thermal resistance Ry 0.008 K/W
Cell’s heat capacity (o 2.98 10* J°’C
Empirical ohmic parameter 1 r 7.310° Qm?
Empirical ohmic parameter 2 r -1.1 107 Qm?'C
Cathode overvoltage parameter 1 t1 1.6 107 m3/A
Cathode overvoltage parameter 2 t -1.3 m? ‘C/A
Cathode overvoltage parameter 3 t3 412 m? "C?/A
Anode overvoltage parameter 1 S1 1.6 107 \
Anode overvoltage parameter 2 S2 1.38 108 V/°C
Anode overvoltage parameter 3 S3 -1.6 10° V/°C?

AL A2 B2
A3 B1
Prnax
=
A4 Pin<0.1-Prax
" | Pas=0 | Pat=Prnas | [ Pae=0 | Pav=P |
v A
P=f(Ue,l)
c1
To Hz storage cs
74
C2 4 . . . .
- Qsens = f(Mizo, Muz, Moz, Tel)
|_|=1(P;bs) rkz=f(1, Tel) 6
e

Tel = f(Qgen, Qioss, Qsens, Qeoo) ‘
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LS [ o \ 1
A en = f(l,Uel,Ut Un=f(Tel)
‘.\ Ua=f(1) M l#l
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A1: Electrolysis temperature interval set between 20°C and 80°C
with a step of 10°C.

SCHOOL OF BUSINESS AND SOCIAL SCIENCES

C3: Calculation of the electrolysis voltage for the corresponding
absorbed power.

AZ2: Electrolysis current interval set between 0 A and 720 A with a
step of 40 A.

C4: Flow rate of produced hydrogen.

A3: Calculation of the electrolytic cell reversible voltage based on
the set temperature.

C5: Flow rate of water consumption.

Ad: Electrolytic cell voltage.

C6: Flow rate of oxygen production.

A5: Number of electrolytic cells based on the electrolysis rated
power.

C7: Calculation of sensible heat.

AB: Electrolysis stack voltage.

C8: Calculation of heat losses.

AT: Equations of electrolysis input power and electrolysis current at
different temperatures.

C9: Heat removed through the cooling system.

B1: Rated power of the electrolyser.

C10: Electrolysis generated heat.

B2: Available power input to electrolyser.

C11: Electrolysis operating temperature.

C1: Absorbed power by the electrolyser.

C12: Thermoneutral volatage.

C2: Calculation of the electrolysis current for the corresponding
absorbed power.

Fig. 4.2.3. Water electrolysis algorithm. Based on (Apostolou et al., 2019; Kavadias et al.,
2018).

This algorithm can be divided into three main sections (see Fig. 4.2.3). The upper left determines the
relationship of the electrolysis power input, current and voltage (Ue) at different operating temperatures
set between 20 and 80°C. The upper right section calculates the absorbed power (Pass) by the electrolyser
(i.e. mainly in case of intermittent operation) based on the input power (Pin), while the lower part
describes the electrolysis processes and the calculation of the hydrogen quantity produced during the

operation of the system (Kavadias et al., 2018).
4.2.2.1.2. Hydrogen storage model

The hydrogen produced during the electrolysis process leaves the electrolyser at a pressure of 3 MPa.
However, hydrogen storage and transportation to end-users usually occur under higher pressures, though
not exceeding 20 MPa, to minimise operating costs and use of simpler materials (Andersson and
Gronkvist, 2019). Therefore, after storing the hydrogen in the storage tanks, the produced hydrogen is
compressed by a hydrogen compressor before transportation to hydrogen consumers. SC4.1 does not
take into account the hydrogen storage configuration, because hydrogen gas is assumed to be delivered
by an external supplier. Additionally, in SC4.3, the total hydrogen produced is sold to the transportation
market, and thus, the hydrogen tank plays a buffer role, and its capacity is taken to be equal to the

maximum daily hydrogen mass production.

Based on the above, the algorithm for calculating the hydrogen mass flow to and from the hydrogen

storage tank corresponds to SCs 4.2 and 4.3 and is shown in Fig. 4.2.4.
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Mstor=Mstor,max

M2

MrueL=Mstor + MKz M3

Pricemarket>0 Mestor<Mestor,max

M1

MFueL=Mstor.max - Mstor

Mstor<Mstor max

Mstar=rFc Hz

M4: Hydrogen flow rate from storage tank to the fuel cell equals
to the hydrogen stored in the storage tank at the specific time.
Subsequently, hydrogen mass in the storage tank is calculated
by adding electrolysis hydrogen production.

M5: If hydrogen stored in the storage tank is more than the one

M1: In case hydrogen mass in the storage tank exceeds
maximum capacity, the excess hydrogen is availble for
transportation purposes.

M2: In case hydrogen mass in the storage tank exceeds the fuel cell requires for operating at rated power, then
maximum capacity, all available hydrogen is available for hydrogen mass in the storage tank is calculated by adding
transportation purposes. electrolysis hydrogen production and substracting hydrogen

consumed by the fuel cell.

M3: Hydrogen production flow rate from the electrolysis
process.

Fig. 4.2.4. Algorithm for calculating the hydrogen mass stored in the storage tank,

transferred to the FC and being available for transportation.

According to Fig. 4.2.4, the hydrogen mass flow algorithm was based on the electricity prices in the
markets in which the FC generator participated (i.e. the spot and real-time markets). In the case of
positive prices, the hydrogen mass stored in the storage tank (Mstor) equals to the hydrogen produced by
the electrolyser (riz12) minus the hydrogen supplied to the FC (mrch2), While in the case of negative
prices, the produced hydrogen is used only for transportation (Mruel). In the first case, the excess
hydrogen that cannot be stored in the storage facility is again available as transportation fuel. The
capacity of the hydrogen storage tank (Mstor,max) iS assumed to be equal to the maximum daily hydrogen
production of the electrolyser, and the maximum hydrogen mass consumption of the FC (Mgcmax) iS

calculated according to the rated power of the FC (Prc).
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4.2.2.1.3. The fuel cell model

The modelling of the FC was based on two sub-models comprising the electrochemical and the thermal
models. According to (Al-Baghdadi, 2005) as well as (Chavan and Talange, 2017), and assuming that

hydrogen fuel utilisation in the FC is equal to one, the FC output current can be calculated as:

(4.2.10)

where ritrc 12 1S 1IN Kg/s, z is the number of electrons in the reaction per hydrogen molecule (=2), F is the

Faraday’s constant, Ncrc iS the number of FCs and MW is the molecular weight of hydrogen in kg/mol.

The cell voltage of the FC (Ugccen) in V can be described as a function of the FC’s reversible voltage
(Urevrc) and the different overpotentials observed during the operation of a FC. The FC’s cell voltage

can therefore be expressed as (Benchouia et al., 2013; Berning and Djilali, 2003):

Urccent = Urevrc = Uact = Uonm — Uaifr (4.2.11)

where U, is the activation overpotential describing the voltage drop observed during the transfer
reaction between the electrode and electrolyte interface, Uonm describes the voltage drop due to the cell’s
electrical resistance losses and Ugir accounts for the diffusion overpotential resulting from the mass
transfer limitations of the reactants.

The FC’s reversible voltage can be derived from the Nernst Eq. and is calculated from Eq. 4.2.12
(Benchouia et al., 2013; San Martin et al., 2014).

Upepre = 1.229 107* (Tpe — 298.15) + 4.31 1075 Tpe In(py2/105poa/105)
(4.2.12)

where Trc is the FC’s operating temperature in K and pw2, po2 are the partial pressures of hydrogen and
oxygen reactants in Pa. The partial pressures of the reactants can be calculated from Egs. 4.2.13 and
4.2.14 (Al-Baghdadi, 2005).

Sat
PH20 1 -1

2 1.653 i
exp( T1,334d>XH20
FC

PH2 =
(4.2.13)

! -1 (4.2.14)

4192 iy

— psat

Po2 = PH20
exp( 11334 )XHZO

FC
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where pg3t is the saturation pressure of water in Pa and is calculated from Eq. 4.2.15, iq4 is the current

density in A/lcm? and X0 is the molar fraction of water vapour and is given by Eq. 4.2.16 (Berning and
Djilali, 2003).

logyo(pp3/10%) = —2.1794 + 0.02953 (Tgc — 273.15) — 9.1837 1075 (Tpc — 273.15)% +
1.4454 1077 (Tpc — 273.15)3
(4.2.15)

Sat

Xyyp0 = BHL (4.2.16)

PFC

where pec is the total input pressure in Pa.

The calculation of the activation overpotential is a function of the operating temperature and the current

density of the FC. (San Martin et al., 2014) proposed the following formula:

_ R (Tpc—273.15)

Uper = Inie 4.2.17)

z a F ido

where a represents the exchange coefficient, and is approximately equal to 0.5, and iq, is the exchange
current density in A/cm? described as: igo = 1.27 108 exp(2.06 poz) (Berning and Dijilali, 2003).

Fowler et al. (2002) and Al-Baghdadi (2005) described the internal resistance of the FC (Rin) in Q cm?
as a function of temperature and current output of the FC along with the membrane parameters such as
resistivity (rm) in Q cm, surface area (Arc) and thickness (l). In this context, Egs. 4.2.18 to 4.2.20 are

used to determine the ohmic overpotential (Al-Baghdadi, 2005; Fowler et al., 2002).

Uohm - id Rint (4218)
m L
Rine = 2 (4.2.19)

. . 2.5
ig Trc\* (_id
181.6<1+0.03(AFC)+0.062(303) e

T' =
" 14-0 634——3(i—d) expl 4 18(M)
‘ Apc ' TEc

The diffusion overpotential occurs because of the lower response of the gas mass flow compared to the
load demand alterations and is determined by Eq. 4.2.21 (Al-Baghdadi, 2005; Laurencelle et al., 2001).

(4.2.20)

Ugirr =mq  exp(ng ig) (4.2.21)

where m and n are parameters associated with the electrolyte conductivity and the gas diffusion layer
porosity, respectively. Laurencelle et al. (2001) estimated the parameters that yielded an average value
for n equal to 8 cm? A1, while for the mass transfer coefficient m in V, the authors demonstrated a linear

dependence of the operating temperature. Egs. 4.2.22 and 4.2.23 present the formula used for the
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estimation of the m parameter for operating temperatures below and above 39°C (Laurencelle et al.,
2001).

mg =3.3 1073 = 8.2 1075(Tpe — 273.15), for Tec < 312.15K (4.2.22)
mg =1.1 1074 = 1.2 10~%(Tpe — 273.15), for Tee>312.15K (4.2.23)

Taking into account Eqgs. 4.2.11 to 4.2.23, one can calculate the power output of the FC (Prccen) based
on the input hydrogen fuel by using Eq. 4.2.24.

Prccet = Irc Merc Urccen (4.2.24)

However, as can be seen from Eqgs. 4.2.11 to 4.2.23, the operating temperature of the FC plays an
important role in determining Urceen. The operating temperature does not remain constant, and the
following thermal model is thus used to calculate the temperature profile during the operation of the
system. The proposed thermal model is based on the research of (Laurencelle et al., 2001; San Martin
etal., 2014).

The thermal energy balance of the FC system can be described by the formula presented in Eq. 4.2.25.

Qfc,net = Qfc,g — Qfc,loss — Qfc, cool (4.2.25)
where Qrcnet is the net heat flow stored in the FC and expressed as a function of temperature (see Eq.
4.2.26). Q1 is the FC heat flow, which is a function of the heat generated by the reaction (Qr,), the
electrical generated power as well as the sensible and latent heat of reactants (Qas) (See Eqs. 4.2.27-

4.2.31). Qtcl0ss represents the heat flow from the system to the environment (see Eq. 4.2.32) and Q1c.cool

indicates the heat flow removed from the FC’s cooling system (see Eq. 4.2.33).

dTpc

Qfc,net = Cope = (4.2.26)

Qfc,g = Qfc,¢c — Prccen — Qla, se (4.2.27)
with

Ofc,c =122 oo nepe (4.2.28)

Ola,se =¥ (mm cpi ((Tec —273.15) = (Tega - 273.15))) + Mpcuzo Homzoo (4.2.29)

i=H0:

Mpc,02 = % ZVM;ZE Mpc,H2 (4.2.30)
MpcH20 = A:,,MI;:: MEec po (4.2.31)
Ofc, loss = ﬁ ((Tre = 273.15) = (Tre,a — 273.15)) (4.2.32)
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QfC, cool = Meoo120  CpH20 (THZO,in - THZO,out) (4.2.33)

where Cqrc is the thermal capacity of the FC, 4Hw2o is the enthalpy of the liquid water formation, mirc;i
and c,,; are the mass flow rate and the specific heat of the reactants. Trc . is the FC ambient temperature,
Hy 120 Is the enthalpy of vaporisation of water and MW represents the molecular weight of the reactants.
In Egs. 4.2.32 and 4.2.33, Ryrc is the thermal resistance of the FC, ricoolH20 IS the flow rate of the cooling

water, and CpH20 and Twzo are the specific heat and temperature of the cooling water, respectively.

Based on the above-mentioned Eqs., one can calculate the FC temperature evolution according to the

following function:

Cr.rc d;ic =Qfc,g— Qfc,loss — Qfc,cool (4.2.34)

The cell parameters used to describe the FC model are presented in Table 4.2.2, while the algorithm

developed for simulating the FC operating process is presented in Fig. 4.2.5.

Table 4.2.2. Data used for the development of the FC cell modelling.

FC cell parameters

Parameter Symbol Value Units
Electrode’s surface Arc 400 cm?
Membrane thickness | 0.02 cm
Cell’s thermal resistance Rirc 6.9 10* K/W
Cell’s thermal capacity Circ 1.110° JI°C
From H: storage
L 2 L 4
’ Mec H20 | Mrc.02 H MEc H2 Prc
|
e [} O]

Urccen

Fig. 4.2.5. Algorithm describing the FC model operation.
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As main inputs, the FC algorithm (see Fig. 4.2.5) has the rated power of the FC under investigation and
the incoming mass from the hydrogen storage configuration (see Fig. 4.2.4). The output of the FC is not
always equal to the rated power of the unit due to various hydrogen input flows and operating

temperature fluctuations.
4.2.2.1.4. Financial model

In order to assess the economic viability of such a system in all the investigated scenarios, the NPV and
the IRR were introduced to the final algorithm for sizing the system. The calculation of the above
parameters was achieved using a set of equations involving the relevant factors of a hydrogen

production, storage and repowering system.

Eq. 4.2.35 indicates the calculation of the capital cost (IC,) of such a system (Apostolou et al., 2019;
Kuckshinrichs et al., 2016).

ICo = ICeleax + ICFCPFC + ICcomp + ICHZstorMstror,max + ICcorLstr
(4.2.35)
where ICe is the water electrolysis capital cost, ICrc is the capital cost of the FC, 1Ccomp is the cost of
the hydrogen compressor, ICrzstor iS the hydrogen storage configuration capital cost, ICconstr represents
the contingency (unexpected) and construction costs (feost.cont and feostconstr, respectively) as a fraction of

the total equipment cost (see Eq. 4.2.36).

ICconstr = (ICelPel + ICFCPFC + ICcomp + ICHZstorMstror,max) (fcost,constr + fcost,cont)
(4.2.36)

Table 4.2.3 includes the data used for calculating the system’s investment cost. The capital cost of the
electrolysis system corresponds to an average value of the cost range of a 1-MW system documented
between 1,000 and 1,500 €/kW (Guerra et al., 2018; Schmidt et al., 2017). In this study, it is assumed

that electrolysers above 100 kW of rated power would present a similar cost per KW.

Table 4.2.3. Parameters used for calculating the capital cost of the proposed system.

Parameter Symbol Value Units Source
Cost of the electrolysis (Bertuccioli et al., 2014; Guerra et
system ICa 1200 €kW " 2018: Schmidt et al., 2017)
Cost of the hydrogen tank I Chzstor 300 €/kgH> (Mayer et al., 2019)
Hydrogen compressor cost I1Ccomp 125,000 € (Pratt et al., 2015)
Cost of the FC system ICrc 2,660 €/kW  (Betalle Memorial Institute, 2017)
Construction work .
parameter feost constr 0.15 - (Gim and Yoon, 2012)
Contingency parameter foost,constr 0.08 - (Gim and Yoon, 2012)
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The calculation of the NPV was based on assumptions about the operation of the system in terms of its
lifetime (n = 20 years) and the required workforce (730 hours per year due to a partially automated
system). Other parameters also included bank loans with 30% own capital investment and 70% covered
by a loan and a required footprint (in m?, corresponding to the total rated power of the system in kW).
In addition to the above, the other data used in Egs. 4.2.37 and 4.2.38 giving the NPV of the project
(Apostolou et al., 2019; Xydis, 2013b) are presented in Table 4.2.4.

NPV = (@ + 3JZ3(Tr; = PO; — FCow — Inj — Rny — Ad; — Iloan;) + £12} Ad; —
SI3(Insty = LLj ) % CViggey — 1C, (4.2.37)

1

m ,j=1ton

with CVcoef =
(4.2.38)

where Tr represents the revenues from the sale of hydrogen fuel and the repowering income, PO is the
amount of salaries per employee during the operational period n, and FCowm is the O&M costs of the
system components, including water electrolysis (OMe), compressor (OMcomp), FC configurations and
auxiliary equipment (e.g. power electronics) (OMgc). A replacement cost of the main electrolyser and
the FC parts at the 11th year of operation was added to FCom. In accounts for insurance cost, Rn is the
land-lease price per month and Ad is the depreciation. Iloan is the interest of the loan, linst is the payment
amount of the loan assuming a rate of interest i, LL is the remainder of the loan amount and CV is the
conversion coefficient in current values with r. being the weighted average cost of capital (Apostolou et
al., 2019).

Table 4.2.4. Data used for the calculation of the NPV formula.

Parameter Symbol Value Units Source
Income tax coefficient @ 0.22 - (Melchior and Mailund, 2018)
Labour wage PO 33 €/h (Statistics Denmark, 2013)
Annual electrolyser 0 (Bechrakis et al., 2006;
0&M OMe 1.5% IC« € Bertuccioli et al., 2014)
(Bechrakis et al., 2006; Bernal-
0,
Annual FC O&M OMec 1.0% 1Crc € Agustin and Dufo-L6pez, 2008)
Annual compressor 5, 4.0% ICaomg € (Mayer et al., 2019)
O&M
Rep'“igiﬂ; COStOf  Eeoms  30% (ICa+ICrc) € (Weidner et al., 2018)
Insurance cost In 1.0% IC, € (Katikaneni et al., 2014)
i ) (Lokaleportalen, 2020; Qadrdan
Land-lease Rn 2 €/m and Shayegan, 2008)
Depreciation Ad; 10% (1Co-Adj-1) € (Hulten et al., 1981)
Loan rate of interest i 3.2% - (National Bank - Statbank, 2020)
Weighted avgrage cost of . 3.0% i (BEREC, 2018)
capital
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4.2.2.2 Sizing of the system

The process of sizing the system’s main components was based on finding the most economically viable
case (i.e. positive NPV and IRR) in all the investigated scenarios. The main assumption followed during
this methodology included the use of the same market price data and energy profile of each investigated
year during the 20-year period of the project SCs. While not valid in reality, it provided information on
the rate of change of the market electricity prices in order to have a feasible business case. Fig. 4.2.6

shows the sizing algorithm of the system depending on the SC investigated.

i Pricec (SC4.1) |

......................

Pricenz (SCs 4.2, 4.3)

v

Algorithms in Figs. 4, 6 |, Costu=2.4 €/kgne > Fe (fgf R S Pricewa > NO
(SC 4.1) : ;
100 KW < Pra, < 1000 KW (SCs 4.2, Prices
4.3)
100 KW < Pec < 1000 KW (SCs 4.1, »| Muormax (SCs 4.2, YES
42) 4.3)

Mstormax

Pricenz

Fig. 4.2.6. Algorithm used to size the hydrogen system and estimate the cost values of

hydrogen to be purchased or sold depending on the SC.

In terms of SC4.1, the NPV and IRR based on the electricity prices in the spot and real-time markets
between 2014 and 2018 were calculated for a given range of the rated power of a FC. Additionally, the
lower range of the hydrogen fuel costs (Costwz) for supplying the FC (i.e. 1.5 €/kgH. production cost for
Europe plus 0.9 €/kgH> for road distribution cost within a range of <200 km assumed to correspond to
DK1) (IEA, 2019c) was used to find the respective values of NPV and IRR, where the investment would
be economically feasible. However, these costs are rather optimistic and are expected to increase in the
future due to carbon taxes and incentives towards ‘greener’ hydrogen production processes, resulting in
a further mitigation of the economic viability of such investments. In case of negative economic
parameters (i.e. NPV and IRR), a rate of change factor (Pricec) for the Pricesa and Prices, values was
introduced to determine the change in market prices currently required to obtain a feasible business
scenario (see the dot lines in Fig. 4.2.6). However, a possible increase in market prices may not be the
most viable solution. To this end, two diminishing factors (RC,a and RC, ) are introduced in Egs. 4.2.35
and 4.2.37, respectively, in order to calculate how much the investment (IC, in Eq. 4.2.35) and O&M
(FCom in Eq. 4.2.37) costs in SC4.1 should be reduced without changing the electricity prices.
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SC4.2a and SC4.2b also included the production of hydrogen used for fuelling the FC and the remaining
guantity to be used as transportation fuel. Thus, in SC4.2, the introduction of hydrogen fuel costs to be
sold to hydrogen consumers (Priceny) also consisted of an income variable in the system sizing process.
The algorithm depicted in Fig. 4.2.6 is used for estimating the best electrolyser and FC rated power

along with the corresponding lowest hydrogen fuel price to have an economically feasible investment.

SC4.3 only included the production of hydrogen through water electrolysis. The hydrogen gas produced
was used solely as fuel in the transportation sector. In this case, the sizing of the hydrogen production
system was based on a variable hydrogen fuel price for which the NPV and IRR factors present a positive
value. In this way, the sizing algorithm’s result indicates an economically feasible scenario with the

lowest possible hydrogen selling price.
4.2.3 Results and discussion

The models/algorithms developed in the previous sections were implemented in the MATLAB software
platform as a code able to calculate all the parameters of the respective processes. The input of the scripts
depends on the case investigated and can easily be changed to different values of electricity prices, input
power to the electrolyser as well as electrolysis and FC stack characteristics. The next sections include
the results of the developed methodology for the aforementioned SCs of a hypothetical hydrogen system
participating in the Danish electricity and transportation markets. The data used as input for the
methodology comprise electricity prices and electrical power values for the years 2014-2018 given by
the Danish TSO (see methodology in Section 4.2.2.1).

4.2.3.1 Investigated scenario 4.1

In the first SC, the income of the hydrogen system operation comes solely from participation in the spot
and real-time markets as electricity producer. Table 4.2.5 presents the results of the developed model
application based on the hourly electricity price data for the years 2014-2018.

Table 4.2.5. Optimisation results of a fuel cell integrated in the electricity markets.

Parameter 2014 2015 2016 2017 2018
Pec (kW) 100 100 100 100 100
Electricity produced (MWh) 800.8 799.4 801.5 796.5 799.1
NPV (€) -1.56 10° -1.65 10° -1.62 10° -1.56 10° -1.39 10°
IRR - - - - -
Average price of spot market
(€/kWh) 0.031 0.023 0.027 0.030 0.044
Average price of real-time
market (€/kWh) 0.034 0.026 0.029 0.033 0.046
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According to Table 4.2.5, it is apparent that in the period investigated, the sizing algorithm outcome was
a FC with a lower rated power range, which, however, did not create positive business scenario results
(NPV negative). What is obvious though is that as the average electricity prices increase, the NPV
increases simultaneously, suggesting that at a certain market price, the business scenario of a FC
production unit in the electricity network would be feasible. Although the rated power of the FC in all
the investigated years is calculated to be the same, the electricity production is not the same due to

different deficit energy and electricity market prices each year (see algorithm in Fig. 4.2.2).

In order to determine what would be the minimum rate for changing the average electricity price in both
markets to have an economically feasible business scenario, the sizing algorithm was modified to
include a factor of price changes in the electricity market (i.e. Prices in Fig. 4.2.6). The provided results

are presented in Table 4.2.6.

Table 4.2.6. Optimisation of the fuel cell system and calculation of the price change
parameter to produce positive economic outcomes.

Parameter 2014 2015 2016 2017 2018
Prc (kW) 750 650 450 800 350
Annual operating hours 8729 8714 8737 8682 8711
NPV (€) 1.68 10* 1.05 10* 2.73 103 0.88 10° 3.19 10
IRR 1.1010°% 8.21 10* 3.1110* 5.58 10° 4.70 10
Pricech 340% 480% 420% 340% 220%

The results in Table 4.2.6 indicate that the average electricity prices need to be increased by at least
220% to 480% annually in order to have a feasible FC-based producer business scenario. The higher the
average electricity price in each market (see Table 4.2.5), the less increase is required to reach economic
viability. One may also observe that the sizing algorithm’s outcome regarding the rated power of the FC
is higher compared to the 100 kW in the business-as-usual scenario (i.e. no electricity market price
change). Taking as example the case corresponding to the year of 2018, the algorithm output presented
in Fig. 4.2.7 shows that in order to have a feasible business scenario for a FC with a rated power of 100
kW, the average annual market price should change by a factor of at least 3.8 to obtain the least positive
NPV. For a 350 kW FC, this factor drops to 3.2. Fig. 4.2.7 also lists all the Pricec, factors for the

examined FC rated power values.
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X: FC rated power
Y: Price change factor

x10° : b Z: NPV
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Fig. 4.2.7. Sizing output of the algorithm for the year 2018, including the price change factor

and cases where NPV is positive.

The highlighted dots in Fig. 4.2.7 show the lowest Prices points, where NPV is positive for all the
examined FC rated power cases. Obviously, as the FC’s rated power increases, the Priceq factor, where
NPV turns positive, decreases and vice versa. In other words, the lower Priceg, factor, the more the
electricity is sold to the market to obtain a higher income, which offsets the increase in investment cost

and leads to lower electricity market prices.

However, a significant increase in electricity prices does not seem to be a viable option, and it is rather
interesting to note how the investment and O&M costs need to be changed to have an economically
viable SC without changing electricity market prices. Table 4.2.7 presents the updated data of Table
4.2.5 with the introduction of the diminishing factors described in Section 4.2.2.2 on the investment and

O&M costs.

Table 4.2.7. Optimisation of the fuel cell system and calculation of the diminishing factors of
investment and O&M costs to produce positive economic outcomes.

Parameter 2014 2015 2016 2017 2018
Prc (kW) 1000 900 900 1000 500
Electricity produced (MWh) 8.01 10° 7.19 10° 7.21 108 7.96 10° 3.99 10°
RCoa 0.4 0.2 0.3 0.4 0.2
RCop 0.1 0.1 0.1 0.1 0.3
NPV (€) 2.47 10* 2.81 10 2.98 10 8.56 10° 1.07 10
IRR 3.20 103 8.20 103 6.10 103 1.10 10° 5.90 10

According to the results presented in Table 4.2.7, the cost reduction of a hydrogen system participating
in the Danish electricity market in order to be economically viable is currently unrealistic. However,

such long-term cost reductions should not be entirely rejected; they can be achieved as economies of
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scale grow. The developed algorithm calculated for all cases a FC rated power at the upper power range
showing that when associated costs decrease to levels that allow for profit, large-scale systems are in

favour of adequately supporting the electrical grid.
4.2.3.2 Investigated scenario 4.2

The second SC is divided into two different sub-categories concerning the operation of the water
electrolysis system. The first (SC4.2a) includes a continuous operation of the electrolyser, while the
second (SC4.2b) indicates operation of the electrolysis system only during periods of excess wind
energy production. The algorithm for SC4.2 sets firstly as priority for the produced hydrogen the support

of the grid via a FC and secondly, provision of the remaining fuel to transportation.
4.2.3.2.1. Scenario 4.2a

The algorithm depicted in Fig. 4.2.6 in conjunction with the respective algorithms presented in the
previous sections of this paper provides the results of the rated power of the hydrogen production unit,
the hydrogen storage configuration and the FC system. The results for the continuous production of
hydrogen via the water electrolysis system in all the investigated years are included in Table 4.2.8. The
Pricen, corresponds to the hydrogen selling price prior to distribution to the final consumers in the
transportation sector (e.g. refuelling stations) and is calculated accordingly to give an economically
viable investment. If Meyge. is set to zero (i.e. no hydrogen sold for transportation), the result will be a
negative IRR, corresponding to SC4.1 with hydrogen supply from an electrolysis-storage system instead
of from an external supplier. In comparison with the 2018 NPV results in Table 4.2.5, Table 4.2.8 also

includes results for 2018 (column ‘2018 b”) in the case of no participation in the transportation market.

Table 4.2.8. Optimisation results showing the best cases of integrating a hydrogen system
with continuous operation in the electricity and transportation markets.

Parameter 2014 2015 2016 2017 2018 2018 b
Pmax (KW) 1000 1000 1000 1000 1000 100
Prc (kW) 100 100 100 100 100 100
Annual FC operating hours 8722 8708 8725 8666 8695 8695
Mistor,max (KQ) 413 413 413 413 413 41.3
NPV (€) 1.17 10° 1.06 10° 4.68 10* 24210 32510 -1.7210°
IRR 1.00 102 9.10 108 4.00 10 2.1010% 2.8010°% -
Annual total mec 12 (kg) 2.62 10* 2.61 10 2.62 10 2.6010* 2.6110* 1.5010*
Annual total Meuer (kg) 1.24 10° 1.24 10° 1.24 10° 1.24 10° 1.2410° -
Pricen» (€/kgH>) 4.4 4.0 4.2 4.4 5.1 -

Based on the results presented in Table 4.2.8, the sizing algorithm outcome was a selection of the highest

and lowest end of the range of the water electrolysis and FC systems, respectively. Taking into
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consideration the results of SC4.1, it appears that from an investor’s perspective, the system should aim
for the highest possible hydrogen production to cope with the negative results by fully participating in
the electricity markets as producer. In the case of no participation in the transportation market (column
2018 b’ in Table 4.2.8), the NPV was lower than the one in SC4.1, where hydrogen is delivered
externally. Additionally, the algorithm calculated among the given rated power range of the electrolyser
and the FC the lowest values for both components in order to cope with the high capital costs. Annual
FC operating hours were slightly lower in this SC due to the negligible time incompatibility of the

electrolyser-FC simultaneous operation.

The Pricen. is between 4.0 and 5.1 €/kgH> depending on the revenue from selling the FC-produced
electricity to the electricity markets and the electricity costs for producing the hydrogen gas. To this end,
one could expect that higher electricity prices would allow for a decrease of the hydrogen fuel costs.
This is not confirmed due to the increased operating costs of hydrogen production preventing the
decrease of the hydrogen gas price. Quite the contrary, it is proved that the price of hydrogen fuel is
negatively affected by higher values. Nevertheless, the price range of the electrolytically produced
hydrogen fuel to be sold in the transportation sector is considered at the low end compared to the data
given in the international literature (Apostolou and Enevoldsen, 2019), though it is considered higher

than conventional ways of producing hydrogen (IEA, 2019c).
4.2.3.2.2. Scenario 4.2b

SC4.2b concerns the operation of the water electrolysis system using excess wind power production
only, i.e. excess wind power that had not been used to cover the electricity demand in DK1. In this case,
the operating hours of the hydrogen production system are substantially lower than SC4.2a, and hence
the hydrogen production is significantly lower. Similar to SC4.2a, a MrueL equal to zero corresponds to
SC4.1 with an electrolysis-storage system inclusion showing an even lower NPV compared to column
2018 b’ in Table 4.2.8 and thus it was not further investigated. The results of the applied algorithm are
presented in Table 4.2.9.

The results included in Table 4.2.9 show that in SC4.2b, the selling price of the available hydrogen for
the transportation market is markedly high and not realistically acceptable. This is because the quantity
of hydrogen produced is too limited due to the low operating time of the water electrolysis system,
allowing only a small quantity to be sold in the transportation market compared to SC4.2a. Additionally,
the revenue from selling electricity to the network along with the capital cost of the investment cannot

offset the cost of participating in the electricity markets as consumers (i.e. hydrogen production), and
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thus the cost of selling hydrogen in the transportation market is calculated to be much higher to cover

the annual expenses of the investment compared to SC4.2a.

Table 4.2.9. Optimisation results showing the best cases of integrating a hydrogen
system operating during excess wind energy in the electricity and transportation markets.

Parameter 2014 2015 2016 2017 2018
Pmax (KW) 1000 1000 1000 1000 1000
Prc (KW) 100 100 100 100 100
Annual electr. operating hours 1231 1442 1167 1510 1248
Annual FC operating hours 5733 6773 5561 6878 6201
Mitor,max (K@) 412 412 412 412 412
NPV (€) 3.18 10* 5.28 10* 5.88 10* 4.22 10 5.44 10
IRR 2.70 10°® 450103 5.00 10°® 3.60 10°° 4.70 10°
Excess wind energy (MWh) 5.48 10° 6.34 10° 5.66 10° 7.4210° 5.97 10°
Annual total mec 2 (Kg) 1.72 10 2.03 10 1.66 10* 2.06 10* 1.86 10*
Annual total MrueL (kg) 3.9510° 4.45 10° 3.37 10° 5.11 10° 2.8310°
Pricen2 (€/kgH>) 81 71 94 60 114

By comparing the years 2014 and 2016, one may notice that although the excess wind energy in 2016
was higher than in 2014, the annual electrolysis operating hours and thus the hydrogen production were
lower. This is because the amount of excess wind energy in 2016 was higher than in 2014, while the
annual hours of excess wind power were lower. Hence, although the amount of annual excess wind
energy plays a positive role for hydrogen production and, consequently, for hydrogen fuel costs, the
operating hours of the system and the amount of available energy that can be absorbed by the electrolyser

seem to be more significant.

It is also apparent that as hydrogen production increases, the price of hydrogen to be sold in the
transportation sector decreases, indicating that with an increase in excess wind power in the future due
to an increase in the number of new wind power installations, the more appealing such investments that

take advantage of the non-integrated wind energy will be.

The author also examined the operation of the water electrolysis system during periods of excess wind
power generation and only under negative electricity prices to eliminate the electricity cost of the
hydrogen production process. The examined case resulted in very low hydrogen production, which
cannot generate revenue from the participation of the FC system in the electricity markets and from the

remaining hydrogen fuel in the transportation sector to overcome investment cost.
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4.2.3.3 Investigated scenario 4.3

The third scenario consists of two cases similar to SC4.2, including a) continuous operation of a water
electrolysis system to provide hydrogen as transportation fuel (i.e. SC4.3a) and b) operation only during

periods of excess wind power production (i.e. SC4.3b).
4.2.3.3.1. Scenario 4.3a

The continuous operation of the water electrolysis system allows large production of hydrogen
depending on the rated power of the electrolyser, though the developed model calculates the best
solution for having an economically viable business, while at the same time keeping the selling price of

hydrogen fuel as low as possible. The results of the algorithm application are shown in Table 4.2.10.

Table 4.2.10. Optimisation results showing the best cases of integrating a hydrogen
production-storage system with continuous operation in the transportation market.

Parameter 2014 2015 2016 2017 2018
Pmax (KW) 400 420 440 440 440

Annual cost of electricity (€) 1.02 10° 8.42 10* 1.03 10° 1.16 10° 1.70 10°
Mstormax (KQ) 165.2 1735 181.7 181.7 181.7

NPV (€) 3.60 10° 4.43 10° 1.96 10* 1.54 10* 5.18 10°

IRR 8.2510* 9.75 10" 4.10 10 3.3010° 1.10 103

Annual total Meuer (kg) 60110  6.32 10* 6.64 10° 6.6210°  6.6210°
Pricey, (€/kgH,) 4.0 3.6 3.8 4.0 4.8

Based on the model outcome presented in Table 4.2.10, the positive investment factors of NPV and IRR
are found for the electrolyser’s rated power between 400 and 440 kW, while the lowest Pricen, ranges
from 3.6 to 4.8 €/kgH». By comparing the last cases for the years 2016-2018, it can be found that the
increasing price of hydrogen fuel stems from the increasing electricity costs during participation in the
hydrogen production unit as a consumer in the electricity markets. Additionally, the hydrogen
production costs are lower compared to those of SC4.2a due to the mid-scale electrolyser unit and the
absence of the FC system. The range of the hydrogen fuel price is similar to the low end of hydrogen
cost values from the water electrolysis, but higher than the cost of hydrogen produced from fossil fuels
(IEA, 2019c).

4.2.3.3.2. Scenario 4.3b

The operation of the water electrolysis system during periods of excess wind power resulted in lower
production of hydrogen fuel, and together with the main capital expenditure components, the selling
price of hydrogen to have a profitable business case was calculated to be higher than SC4.3a. The results
of the algorithm for SC4.3b are presented in Table 4.2.11.
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Table 4.2.11. Optimisation results showing the best cases of integrating a hydrogen
production-storage system during excess wind energy in the transportation market.

Parameter 2014 2015 2016 2017 2018
Prnax (KW) 1000 1000 1000 950 1000
Annual cost of electricity (€) 2.88 10* 2.06 10* 2.15 10* 2.74 10 3.86 10*
Mestor max (Kg) 412 412 412 391 412
NPV (€) 5.26 10° 1.89 10* 1.92 10 0.57 10° 1.20 10*
IRR 0.5310°% 1.90 10 2.00 10 6.08 10° 1.20 10
Excess wind energy (MWh) 5.48 10° 6.34 10° 5.66 10° 7.4210° 5.97 10°
Annual total MrueL (Kg) 2.11 10* 2.47 10 2.00 10* 2.46 10* 2.14 10
Pricen, (€/kgH>) 14.5 12.1 15.0 11.9 14.8

The results derived for SC4.3b showed that to have the lowest hydrogen selling price in the years
investigated, an investment at the high-end range (i.e. 950 and 1000 kW) of the electrolyser’s rated
power is required. The Pricen; is between 11.9 and 15.0 €/kgH> and depends mainly on the annual
production of the fuel together with the electricity prices (see ‘Annual cost of electricity’ in Table
4.2.11). For example, although in 2016 and 2018, the rated power of the electrolysis system was the
same and the annual cost of electricity in 2018 was higher than in 2016, the Pricen, is calculated to be
lower due to the higher hydrogen production as a result of more frequent operation of the system. In
addition, the annual excess wind energy seems to play a major role in the price of the hydrogen fuel,
with greater availability of excess wind energy favouring the price of the fuel. However, it is apparent
that, as in SC4.2b, this must be aligned with the frequency of excess wind energy throughout the year.
So in 2014, the total wind energy was lower than in 2016, but it was distributed over several hours,
allowing the electrolysis system to operate more frequently and produce larger amounts of hydrogen

fuel.
4.2.3.4 Main outcome

The development and application of the sizing algorithm for a hydrogen system integrated into the
electricity and transportation markets have provided the specifications of the system and the hydrogen

selling price to have a viable business SC. The novelty of this paper lies in two main aspects:

1. The algorithm is able to interact with the specifications of the system and the respective inputs

of the under investigation electricity markets, and

2. The developed methodology, which is the keystone of a viable, multi-purpose hydrogen system
in the energy and transportation sectors, can be used to identify how costs and prices (electricity

and hydrogen fuel) must change towards an economically sustainable hydrogen market.
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The application of the developed algorithm for finding the optimal business case scenario revealed that,
currently, a hydrogen production-storage and repowering system participating in the Danish electricity
market is not economically viable. Both investment and O&M costs need to be unrealistically reduced
(by at least 70% and 90%, respectively), or electricity market prices should increase to meet the high
capital and O&M costs of hydrogen technologies. However, this outcome only applies to the specific
case study on the status of the Danish electricity system. The developed algorithm can also be
implemented in other countries or autonomous electrical systems, where other results may be obtained.
As for the investigated case study, it seems that the introduction of hydrogen technologies for energy
storage in the electrical grid is not currently an economically viable solution. With increased RES
capacity and consequently excess energy, along with a significant decrease in the capital and O&M costs

associated with hydrogen technologies, such investments could become more feasible.

On the other hand, the results showed that an investor could profit from the participation of a hydrogen
configuration in both the electricity and/or transportation markets depending on the selling price of the

hydrogen fuel for transportation.

Acknowledging the above analysed SCs, the most realistic results have been derived in SC4.2a and
SC4.3a, while the hydrogen price results for SC4.3b can be considered within the range given in peer-
reviewed literature (Apostolou and Enevoldsen, 2019). Fig. 4.2.8 presents the hydrogen price range of

these SCs along with the hydrogen cost given in other indicative studies.

SC4.2a and SC4.2b present the hydrogen price values lower than the average depicted in most of the
other recent studies in Fig. 4.2.8. This is because most of these studies include, in their estimations, a
RES generator to operate the water electrolysis system. To this end, the hydrogen fuel costs are increased
by 2 to 16 €/kgH- depending on the case investigated.

Even though the hydrogen fuel selling price of the above-mentioned SCs is considered low compared
to the other studies in Fig. 4.2.8, it is still approximately double than the highest price of hydrogen
produced from NG (i.e. 2.1 €/kgH, (IEA, 2019c)). Hence, although fossil fuel-based production of
hydrogen is carbon-intensive, it currently provides a more appealing choice for the end-users of
hydrogen in the transportation sector. However, a reduction in the investment and O&M costs or/and a
financial support from state authorities may contribute to a decrease in the selling price of hydrogen fuel

produced from emission-free water electrolysis to competitive values.
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Fig. 4.2.8. Range of wholesale hydrogen price results based on the examined SCs and
respective values found in literature. Based on (Babarit et al., 2018; Hou et al., 2017; IEA,
2019c; Kim and Kim, 2017; Weidner et al., 2018; Zhang and Wan, 2014).

4.2.4 Conclusions

The aim of this research was to provide a tool for assessing the prospects of integrating a hydrogen
system into the electricity and/or transportation markets to sustainably support their growth towards a
zero-carbon emission future. To this end, an algorithm was developed to interact with inputs from the
electricity market prices, the electricity surplus/deficit and the excess wind power in the grid to evaluate
the investment financially. In addition, the developed model simulated the processes occurring during
the hydrogen production, storage and repowering stages for calculating the optimal size of the system
to ensure the lowest possible wholesale price of hydrogen fuel for transportation, while at the same time

providing grid support when required.

The investigation of the three scenarios regarding the participation of the hydrogen system in the Danish
electricity and/or transportation markets showed that participation in both markets could be
economically feasible, but limitations of the system’s operating hours could contribute to increased
hydrogen fuel prices. Although scenario 1 currently does not seem viable in terms of business prospects,
a significant reduction in the capital costs could alter the outcome in favour of this topology. Scenarios

4.2a and 4.3a, on the other hand, present the highest prospects from a business perspective, indicating
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that continuous operation of the hydrogen production unit and thus higher hydrogen production would

allow for more cost-competitive prices compared to conventional fuels in the transportation sector.

In conclusion, the integration of ‘green’ hydrogen technologies in the Danish electricity market and the
use of the produced hydrogen as a bi-product (i.e. for repowering applications and as a fuel for
transportation) show positive prospects from a business case perspective. The Danish electricity system
allows high penetration of renewable energy due to the interconnections with the neighbouring countries
and does not currently require the use of large-scale energy storage topologies. However, as the
renewable energy capacity increases, energy storage configurations will be essential for managing
energy waste. In contrast to the investigated case study, electricity networks in other countries present
still less flexibility in terms of renewable energy integration. To this end, the developed algorithm and
the methodology followed can easily be applied to identify the best scenarios for implementing hydrogen
technologies in the respective electricity and/or transportation markets, allowing an increased
penetration of renewable energy sources. Hence, the adoption of such a solution documented by the
analysed SCs could be deemed to depend on two main factors. First, on the reduction of the systems’
capital costs and second on the emerging necessity to implement these topologies to facilitate the
expansion of multiple markets such as the ones of transportation and electricity. One may also argue
that the conditions to make these SCs commercially realistic also include the level of maturity of those
systems in the energy markets. The implementation of technologies that are not widely tested in
medium-to-large scale applications could become an obstacle toward the propensity of investors to

invest in such systems and therefore their commercialised expansion could be hindered.

Although there are still drawbacks in terms of higher costs compared to other competitive technologies
in the repowering sector, such as pumped-hydro storage, the versatile characteristics of the hydrogen
product make it ideal to use for various applications (e.g. transportation, industry, power sector and

heating purposes), positively countering the negatives arising from using it in one sector only.
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5. Which type of hydrogen refuelling infrastructure for cycling-

based transportation is the most economically feasible
solution from an investor and customer perspective?

The main objective of the third RQ was to assess the different types of HRSs suitable for light-duty

urban vehicles such as FCEBs or FCESs in order to identify the best financially appealing SC from the

perspective of both hydrogen technologies stakeholders and future consumers. The examination and in-

depth analysis of the prospects of each HRS type have been aligned to the research scope of the

following four journal articles:

D. Apostolou, P. Enevoldsen, G. Xydis (2019). Supporting green urban mobility — The case of
a small scale autonomous H- refuelling station. International Journal of Hydrogen Energy,
44(20), pp. 9675-9689, https://doi.org/10.1016/j.ijhydene.2018.11.197.

D. Apostolou (2020). Assessing the operation and different refuelling cost scenarios of a fuel
cell electric bicycle under low-pressure hydrogen storage. International Journal of Hydrogen
Energy, 45(43), pp. 23587-23602, https://doi.org/10.1016/j.ijhydene.2020.06.071.

D. Apostolou, P. Casero, V. Gil, G. Xydis (2021). Integration of a light mobility urban scale
hydrogen refuelling station for cycling purposes in the transportation market. International
Journal of Hydrogen Energy, 46(7), pp. 5756-5762. https://doi.org/10.1016/j.ijhydene.
2020.11.047

D. Apostolou (2021). Refuelling scenarios of a light urban fuel cell vehicle with metal hydride
hydrogen storage. Comparison with compressed hydrogen storage counterpart. Energy

Transitions. Under review.

5.1 Supporting green urban mobility — The case of a small scale

autonomous H; refuelling station

Nowadays, the development of hydrogen economy in the transportation sector is hindered by the

principal barriers arising from the lack of adequate infrastructure and the small fleet of hydrogen-based

road vehicles.

This study investigates the potential of small-scale autonomous hydrogen refuelling stations with on-

site production via an alkaline electrolysis apparatus powered by a small wind turbine. In this context,
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an urban area with promising wind resources has been selected. Based on the wind conditions and an
indicative hydrogen demand for refuelling light-duty fuel cell electric vehicles such as bicycles, the
sizing of the wind turbine and the electrolyser has been theoretically calculated. For supporting the daily
hydrogen refuelling demand of the fuel cell electric bicycles, which is estimated at approximately 6 kg,
it is calculated that a 50 kW wind turbine should be installed in order to power a 70 kW alkaline
electrolyser for producing hydrogen. The capital cost of the hydrogen station is calculated at €248,130,
while the retail price of the produced hydrogen is estimated to be more than 50.2 €/kgH> in order to

achieve a positive internal rate of return.

Ultimately, the present paper aims at delivering a feasibility study of a small-scale H. refuelling station
for fuel cell bicycles in order to provide investors with initiatives to implement such schemes in urban

environments where problems of low air quality and high traffic are intense.
5.1.1 Introduction

Today, although the transition to environmentally friendlier means of transportation faces several
challenges, green mobility develops continuously, owing to the introduction of new vehicle concepts
and refuelling technologies based on RES (Bekiaris et al., 2017; Morrison et al., 2018). One of the most
promising options for supporting green transportation is the use of hydrogen as a fuel. A comparative
study performed by Bicer and Dincer in 2017 indicated that hydrogen-based vehicles present more
environmental benefits in a life cycle assessment as compared to electric and methanol vehicles.
Specifically, the authors concluded that the global warming potential of hydrogen vehicles is

approximately three times lower than the other investigated green vehicles (Bicer and Dincer, 2017).

Since Toyota introduced the first commercialised FCEV in 2015, many other automotive industries
followed suit, deploying FCEV models in order to keep up with the emerging hydrogen market in the

transportation sector.

However, this trend moving towards hydrogen mobility seems to be hindered by several factors such as
lack of adequate infrastructure and high cost of ownership (Brey et al., 2018; Michalski et al., 2011). As
for hydrogen infrastructure and specifically HRSs, more than 315 stations are in operation today with at
least 2/3 of them representing publicly accessible refuelling spots (Ludwig-Bolkow-Systemtechnik,
2017; SUD, 2017; Wasserstoff-Tankstellen weltweit, 2017). The region with the most HRSs in operation
at the beginning of 2018 was Europe with more than 130 HRSs, while Asia ranked second with
approximately 120 HRSs, mostly located in Japan. America came in third with more than 60 stations
installed (mostly in USA) (SUD, 2017). Fig. 5.1.1 illustrates how operative HRSs are distributed
globally, highlighting the regions where the new hydrogen market emerges. However, the main barriers
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that limit the rapid deployment of new hydrogen infrastructure stem from the low number of on-road
FCEVs and the high capital investment of an HRS.
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Fig. 5.1.1. HRSs in operation, early 2018. Adapted from (Wasserstoff-Tankstellen weltweit,
2017).

At this time, the number of FCEVSs reaches 6,000, with more than 2,500 units sold in 2017. Although
Europe, compared to other regions, has a more developed hydrogen network in terms of HRSs (see Fig.
5.1.1), the leader in FCEVs is North America with more than 50% of total vehicles, followed by Asia
with 40% and, lastly, Europe with a 10% share of the FCEV fleet (Information Trends, 2018). On the
other hand, the capital cost of an HRS can still be considered prohibitive for small investors, and
depending on the capacity (kg/day of Hy), the type of the station (On-site Steam Methane Reformer or
Electrolysis, Delivered Gaseous H: or Liquid Hz) and the country where the HRS is installed, it ranges
between $0.85 million and $4.5 million (Mayyas, 2015; Mayyas and Mann, 2016).

Although hydrogen fuel can be produced via several methods, the most appealing in terms of
environmental benefits is through water electrolysis powered by RES. One of the most mature renewable
technologies comprises wind power, and many researches analyse the coupling of wind power with
water electrolysis topologies. Greiner et al. (2007) presented a sizing and optimisation method for a
hydrogen system powered by wind energy in a Norwegian island based on the demand of a hypothetical
Ha-propelled vessel (Greiner et al., 2007). A techno-economic analysis of wind power produced
hydrogen was published by Gokgek (2010). The author concluded that the operation of the system
presented high variations of hydrogen production based on the available wind resource, and the levelised
cost of hydrogen ranged between 12.5 €/kgH» and 18.9 €/kgH, (Gokgek, 2010). Likewise, Geng et al.
(2012) financially analysed a wind power hydrogen system, presenting results for hydrogen fuel cost

between 7.3 €/kgH, and 26.6 €/kgH> based on different wind and water electrolysis topologies (Geng et
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al., 2012). On the other hand, Ulleberg et al. (2010) analysed the results of a pilot wind power electrolysis
system in Norway, and argued that for having an efficient system it is required to install efficient
electrolysers able to operate dynamically (Ulleberg et al., 2010). More recently (Kim and Kim, 2017)
compared wind onshore and offshore installations coupled with a centralised water electrolysis unit and
indicated a levelised H: cost between 8.93 €/kgH> and 13.1 €/kgH>. Hou et al (2017) on the other hand,
presented business cases on wind energy-based hydrogen production where it is demonstrated that a cost
of hydrogen for power to gas applications should be above 5 €/kgH> in order to have an economically

viable scenario (Hou et al., 2017).

Hydrogen as a renewable energy storage medium presents today an appealing technology to many
applications. During the last decade, the scientific community studied the utilisation of hydrogen for
mobility purposes through the research on FCEVs and H; refuelling processes. Ahmadi and Kjeang
(2015) examined the prospects of FCEVs in Canada through a life cycle assessment based on different
technologies used for the production of hydrogen fuel. Specifically, H, production through
thermochemical process by using renewable waste heat presented the best life cycle cost compared to
other H; and gasoline technologies (Ahmadi and Kjeang, 2015). Reddi et al. (2017) presented a techno-
economic evaluation regarding HRSs, pointing out that current dispenser prices of H, fuel in USA ranges
between 11.4 €/kgH, and 13.2 €/kgH, and are highly dependent on the technologies used and the
capacity of the station (Reddi et al., 2017). A cost analysis of hydrogen fuel based on two scenarios of
FCEV deployment in Normandy has been published by (Brunet and Ponssard, 2017). The outcomes of
the research indicated that moving to higher capacity of HRSs to cover an increased fleet of FCEVs,
will result to an H production cost of approximately 5 €/kgH». Ezzat and Dincer (2018) presented their
research on a hydrogen-ammonia system for FCEVs able to recover hydrogen during the operation of
the vehicle through an ammonia electrolyte electrolyser powered from on-board photovoltaics. The
results indicated that the system can produce and store approximately 314 gH» during 1 hour of operation

of the vehicle under an output power of 98.3 kW (Ezzat and Dincer, 2018).

Apart from the commercialisation of medium-scale passenger FCEVs, many studies conducted since
2000 focused in developing light-duty fuel cell vehicles such as scooters and bicycles at a relatively low
cost of ownership. In 2002, Cardinali et al. tested a modified electric bicycle charged by a fuel cell and
published their results on the system’s efficiency and the components’ performance (Cardinali et al.,
2002). Tso and Chang (2003) revealed the necessity of integrating fuel cell scooters in Taiwan and
presented the promotional activities initiated by the local government (Tso and Chang, 2003). A
hydrogen bicycle’s development and performance in correlation with its efficiency and autonomy have
been investigated by Hwang et al. (2004) who concluded that this technology under commercialisation

would be profitable (Hwang et al., 2004). In 2005, Hwang et al. also described the development of a
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light-duty fuel cell vehicle and reported positive results in terms of performance and efficiency of the
vehicle compared to conventional ones (Hwang et al., 2005). Indicative research on specifications and
cost analysis of a hydrogen scooter has been presented by Chao et al. (2009) through the modelling of a
Taiwan fuel cell scooter. The authors evaluated the performance of the scooter based on their simulation
results and suggested that the cost of ownership is directly comparable with that of a conventional
scooter (Chao et al., 2009). Tso et al. (2012) analysed the results of a project where 30 fuel cell scooters
were tested under various conditions and across different route patterns and driving profiles. The results
showed adequate technical feasibility of the scooters, but also revealed parameters such as driving
performance, hydrogen storage and outdoor temperature in correlation to hydrogen storage that need to
be considered when developing this kind of vehicle (Tso et al., 2012). Tolj et al. (2013) studied the
performance of a fuel cell used as a range extender of an electric golf cart. The authors demonstrated a
range extension of 63% and up to 110% (Tolj et al., 2013). Another research conducted by Kheirandish
et al. (2014) was based on experimental investigation of a fuel cell bicycle. Their results showed that
hydrogen-based vehicles are superior to conventional vehicles operating in urban environments
(Kheirandish et al., 2014).

Taking the above into consideration, it is obvious that a new market of hydrogen-powered light vehicles
is emerging. Hence, in order to support the growth of this urban hydrogen mobility, it is imperative to
promote feasible solutions concerning the refuelling processes. To this end, this paper analyses the
potential of a small HRS for cycling transportation with on-site hydrogen production via electrolysis
powered by a small WT installed near urban areas. The main purpose of this research is to present a
low-cost solution for small HRSs providing H: to light-duty vehicles such as FCEBs, primarily in

countries where this mean of transportation dominates in urban regions.
5.1.2 Methodology

The proposed methodology consists of four main sections, where a detailed analysis of the proposed
configuration is described in both technical and financial terms. Fig. 5.1.2 presents a schematic outline
of the system under study, consisting of a small wind turbine, an alkaline electrolyser, auxiliary systems,
a hydrogen buffer tank and a low-pressure output H, compressor for keeping the refuelling pressure
constant. Fig. 5.1.3 indicates the steps followed during the review of the technical aspects of this topic,
including the sizing of the wind turbine based on the available wind resource and an assumed average
number of FCEBSs to be daily refuelled, the sizing and optimisation of an alkaline electrolyser able to
absorb the highest amount of the produced wind-based electricity. The sizing of the low-pressure H;

buffer tank and the exact number of FCEBs that can be refuelled on a daily basis have been determined
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subsequently. Auxiliary components such as the H, compressor are assumed to be electrically supplied
directly from the grid.
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Fig. 5.1.2. Proposed small HRS configuration.
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Fig. 5.1.3. Main steps of the sizing process.

Following the above, the last part of this paper’s methodology section presents a financial evaluation of
the proposed topology in order to provide future stakeholders and investors with all the necessary data

and results on a hydrogen economy in the transportation sector.
5.1.2.1 Sizing of the wind turbine

As it was previously mentioned, the first step in the investigation of a small HRS near an urban
environment consists in the sizing of the wind turbine on the basis of an estimate of the final energy
needed to daily refuel a certain number of FCEBs and the available wind speed data on the specific
region to be studied.

The urban environment under investigation is the city of Herning, which is located in central Jutland in
Denmark. The city’s population in 2017 was 49,229 inhabitants (Nin) based on Statistics Denmark

(Statistics Denmark, 2018a), while the percentage of inhabitants using bicycles on a daily basis is 28%
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and the average daily distance covered (Dgist) approximates 1.5 km/cyclist (Cycling Embassy of
Denmark, 2015).

The region’s average annual wind speed at 25 m above ground level is approximately 6 m/s. The area

of the wind measurements and the proposed location of the WT and the HRS are indicated in Fig. 5.1.4.

Herning

Fig. 5.1.4. Location of the wind turbine and hydrogen refuelling station.

The specifications of the FCEB are presented in Table 5.1.1. According to the data given, the FCEB has
an autonomy of 100 km with a maximum quantity of 30 gH stored in its fuel tank at a pressure of 200
bar and a fully charged battery. However, based on Boyle’s law (see Eq. 5.1.1) and the specific density
of hydrogen, one can obtain the quantity of the hydrogen stored in g (Mu.storea) UNder lower pressure (i.e.

30 bar) assuming constant temperature (Webster, 1963).

P1V1 = P22 (5.1.1)

Table 5.1.1. Specifications of the FCEB (Pragma Industries, 2017).

Parameter Value Units

Motor power 250 w

Motor voltage 36 \Y

Fuel cell rated power 150 W

Water volume of the H; tank 2 L
Maximum H, storage pressure 200 bar
Quantity of H, at maximum pressure 30 g
Max. riding range at maximum H; storage 100 km
Average time for refill 2 min

In this regard, the daily number of refuelled bicycles can be estimated by dividing the number of bicycles
used daily (28% of Herning’s population) with the average days of each bicycle’s autonomy (Rbpike/Duist)
(see Eq. 5.1.2).

Rpike
Nyikes = Ninn 0.28 / (S2ike) (5.1.2)

Dgist
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where Npikes iS the estimated total number of refuelled FCEBs per day, and Ryi is the average range of
the FCEB refuelled at 30 bar of H; pressure.

However, on account of the magnitude of refills that may result from Eq. 5.1.2, one refuelling hose may
not be able to cover the demand due to the specific time required to refill one FCEB. To this end, based
on the time to refill (trerin) @ FCEB (taking also into account the time used on other procedures in the
process such as. the purchase procedure) equalling, the maximum number of FCEBs/refuelling hose

served daily from one HRS (Nbikeshose) Can be calculated via Eq. 5.1.3, where hqay represents the daily

hours.
Rga 60
Nbikes,hose = ciy - (5.1.3)
refill
In addition, the total number of HRS hoses (Nursnoses) Can be estimated through Eqg. 5.1.4.
_ __ Nbpikes
NHRS,hoses ~ N . (5.1.4)

Npikes,hoses

Acknowledging the above and the electricity demand of an electrolyser (Ee) (Apostolou, 2015), Eq.
5.1.5 calculates the average annual electricity production of the wind turbine (Ewr) (KWh) required to

cover the hydrogen demand of the FCEBs.

_ _ my stored LHV 2
EWT - Nbikes Eel Ndays - Nbikes ( Nel Ndays (5.1.5)

LHVw. is the low heating value of hydrogen in kWh/g, 7. is the electrolyser’s efficiency which is
assumed to be 60% (LHV-based) (IEA, 2015) and Nuays represents the days of the year.

The WT’s rated power (Pr) can then be calculated by taking into account the capacity factor (CF) of
its annual operation (hours of the year, hyear) through Eq. 5.1.6 (Kaldellis and Apostolou, 2017). The CF
can be designated via Eg. 5.1.7, where A represents the technical availability of the WT, indicating the
ability of a wind turbine to operate with minimal downtime and thus produce higher energy yield. The
technical availability of small wind turbines is lower than larger converters and may reach approximately
91% (Bowen et al., 2009). On the other hand, w is the mean power coefficient, which is dependent on

the wind resource and can be calculated via Eq. 5.1.8 (Kaldellis and Apostolou, 2017).

EWT =CF PR hyear (516)
C(F=w A (5.1.7)
w= [ R FWIaV = [P f(v)ay (5.18)
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f(V) represents the probability density curve of the wind speed, V, and can be calculated through the
Weibull distribution (see Eg. 5.1.9) (Akdag and Dinler, 2009), Pex(V)/Pr corresponds to the non-
dimensional power curve (see Fig. 5.1.5) of the wind turbine with P« (V) being the power output of the
wind converter (of Pgr-rated power) at different wind speeds, V, at hub height. V¢ and Vs are the cut-in

and cut-out speed of the wind turbine, respectively (Kaldellis and Apostolou, 2017).

ko vkl (V)
f) = (—W) e @)
(5.1.9)
k is the dimensionless shape parameter, and cy, is the scale parameter in units of wind speed. For the
calculation of the parameters k and c, the authors used the ‘Moment Method’ proposed in international
literature (Akdag and Dinler, 2009; Usta, 2016), where the local annual wind resource of the region has

been used as input (see Fig. 5.1.6).

In this context, it is possible to select a commercial WT able to provide the necessary energy in order to

cover the annual hydrogen demand of the FCEBs.
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Fig. 5.1.5. Non-Dimensional power curve of a small WT. Based on (HUMMER Industries,
2018).

Fig. 5.1.6. 2016 annual wind speed at 25 m height at the proposed location.
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5.1.2.2 Sizing of the alkaline electrolyser

Considering the power curve of the selected WT given by the manufacturer, the actual annual generated

power of the WT can be calculated by using the available wind speed resource (Fig. 5.1.6).

Based on an electrolysis sizing and optimisation algorithm developed by the first author in MATLAB
code (see Fig. 5.1.7) and by using as input, Pin, the output power of the wind turbine, the electrolyser’s
maximum operational power for producing the maximum hydrogen quantity can be calculated
(Kavadias et al., 2018).

Nc=f(Ucen,|,Pmax)

Ucor=f(Urew,,T)

| Pas=0 ] | Pas=Prax | | Pan=0 I I Pass=Pa I

Uer=f(nc, Uces)

P=f(Ue,l)

A2

Qsens=f(mwzo,muz,moz,Tel)

| lel=f(Pabs) n2=f(lel. Tel)

Qloss=f(Tel)

1

Tel=f(Qgen,Qloss,Qsens,Qcool

E | agen=(iel.uelutn) | [ Utn=t(Te))
Uel=f(lel)

Fig. 5.1.7. Sizing and optimisation algorithm of the alkaline electrolyser. Based on
(Apostolou, 2015; Kavadias et al., 2018).

In Fig. 5.1.7, the upper right section concerns the power absorbed by the electrolyser for different values
of rated power (Pmax) depending on the electrolyser’s operational power range (e.g. 10% to 100%) and
the respective available input. The upper left part of the block diagram displays the estimation of the
current-power equations at different operational temperatures, between 10°C and 80°C, for different
values of current ranging from 0 A to 720 A. The electrolysis simulation is presented at the lower part

of the figure. In this connection, the algorithm estimates in a loop mode the appropriate size of the
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electrolyser for producing the maximum hydrogen quantity (nw2), and at the same time, it calculates all

the parameters associated with the electrolysis process (Kavadias et al., 2018).

The algorithm used to determine the optimum size of the electrolyser, and therefore the electrolysis’
additional parameters (e.g. hydrogen production, efficiency), was based on a set of equations (Eqg. 4.2.1
to 4.2.5) describing the electrolysis process as well as a heat transfer model proposed by (Diéguez et al.,
2008; Kavadias et al., 2018). Through these equations, the voltage current curves of each cell are
determined (see Fig. 5.1.8). The specifications of each cell appear from Table 4.2.1.

22|
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Fig. 5.1.8. Voltage-current curves of the electrolytic cell.

5.1.2.3 Sizing of the low-pressure buffer tank — determination of the daily FCEBs refuelling

processes

The sizing of the low-pressure buffer tank was based on the daily demand for hydrogen, Muzgem. The
maximum storage capacity of the tank (Muzur) is defined in Eq. 5.1.10. However, if the maximum
hydrogen production from the electrolyser is higher than the daily H, demand, then the buffer storage

should be able to accommaodate this maximum produced quantity.

Thereafter, the buffer tank’s water volume (Vuirwy) Can be calculated through the maximum value of
daily produced hydrogen mass, the specific density of hydrogen and Boyle’s law (see Eq. 5.1.1), where
p: and v, are the pressure and volume of hydrogen at STP conditions, while p, and v, are the pressure
and volume of hydrogen at 30 bar. v, equals the water volume of the buffer tank, representing the actual
size of the buffer tank for the respective daily storage of the produced hydrogen under pressure of 30

bar.

MHber = Npikes my stored
(5.1.10)
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The actual daily number of FCEB (Nrces) refills from the proposed HRS can be determined from the
hydrogen mass in the buffer tank (muaot), the H2 quantity stored in each FCEB tank (Mustored) and the
daily H. production from the electrolyser (Muzeiectr). Fig. 5.1.9 indicates the algorithm used for
calculating the daily FCEB refuelling processes. In order to secure fuel availability on a daily basis, it
is assumed that whenever the hydrogen quantity inside the buffer tank is lower than the daily H, demand,

only half of this quantity can be used for refuelling purposes.

Miabse

mHZ,e\ectr

MHzbfr 2 MH stored Nrcee =0

MHzbfr

Muzbfr < MHz2dem

NFces * MH stored |'—| NFces = Mzbtr / MH stored

Y

| NFces = Mz2bir/2 / MH stored

Fig. 5.1.9. Algorithm used to determine number of FCEBs to be refuelled daily.

5.1.2.4 Financial evaluation

Review of the financial parameters in relation to the proposed configuration plays a major part in the
investment decision and the techno-economic analysis. In this context, the NPV, the IRR and PP of the

project have been used to assess different investment scenarios.

For the calculation of the above parameters, a set of equations regarding all the different factors of the
small-scale HRS business was used based on (Kuckshinrichs et al., 2016; Xydis, 2013b). The investment
cost of the entire project is assumed to be covered by own capital and a bank loan (equity-loan ratio).
Eq. 5.1.11, which includes the different components of the installation, indicates the formula for the
calculation of the capital cost.

ICO = ICWTPWT + ICeleax + ICCS + ICd + IbeTMHbeT' + ICcomchomp + ICconstr (5-1-11)
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where IC, is the project’s investment cost in €, ICwr is the total cost of the WT installation, IC is the
total cost of the electrolysis system, 1Ccs is the cost of the control and safety components, 1Cq is the cost

of the dispenser, ICyy is the cost of the H, buffer tank and ICcomp is the cost of the H, compressor.

In addition, the total investment cost includes the construction and contingency (unexpected costs during
construction work) costs (ICconstr), Which can be estimated (see Eq. 5.1.12) as a percentage of the
equipment cost (feost.constr aNd feost cont, respectively), excluding the wind turbine installation costs that have

been taken into account in ICwr (Gim and Yoon, 2012).

ICconstr = (ICeleax + ICCS + ICd + [berMHber + ICcomchomp) * (fcost,constr + fcost,cont)
(5.1.12)

The low-pressure compressor for maintaining a pressure of 30 bar during the refuelling processes and a
flow rate of approximately 200 Nm?h is assumed to be a 3 kW (Pcomp) compressor ideally used for
hydrogen (RIX Industries, 2019).

For the calculation of the NPV of the project, the formulas found in Egs. 4.2.37 and 4.2.38 were used
(Kuckshinrichs et al., 2016; Xydis, 2013b). The parameters used to proceed with the financial evaluation
of the project are found in Table E1, Appendix E. Table 5.1.2 presents the data used for the calculation

of the investment cost of the proposed scheme.

The assumptions used in the financial evaluation included a project lifetime of 20 years (n), a bank loan
with a repayment period of 10 years, an HRS workforce of one person for 13 hours per day and a required

footprint of 1,000 m2. Any form of subsidy in relation to the business plan is disregarded.

Subsequently, the calculation of the final cash flows during the operational lifetime of the project derived

through the NPV formula results in an estimation of the IRR and the payback period.

In order to provide the best-case scenarios in relation to the project viability, a sensitivity analysis

showing how IRR changes at different H, fuel costs and equity-loan ratios has been compiled.
5.1.3 Results and discussion
5.1.3.1 Sizing of the HRS’s components

As it was mentioned in the previous sections of this paper, the sizing of the WT powering the electrolyser
depends on the final hydrogen demand for refilling the FCEBs as well as the wind resource of the

investigated region. The results, which are based on Eq. 5.1.2 t0 5.1.9, are presented in Table 5.1.2.
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Table 5.1.2. Results of the WT sizing process.

Parameter Symbol Value Units
Mass stored in the FCEB at 30 bar pressure MH stored 5.465 g
Estimated range of the FCEB with My stored OF Ha Rbike 18 km
Number of daily FCEB refills Nbikes 1,149 -
Maximum number of daily served FCEBs/hose Npikes hose 480 -
Number of HRS refuelling hoses NHrs hoses 3 -
Daily demand for hydrogen Mr2dem 6.8 kg
Annual energy production of the WT Ewr 127,211 kWh
Scale parameter of wind resource Cw 6.495 m/s
Shape parameter of wind resource k 2.289 -
Mean power coefficient 1) 0.402 -
Capacity factor CF 0.298 -
The WT’s minimum rated power Pr 48.4 kw

Based on Table 5.1.2, the WT’s rated power should be more than 48.4 kW in order to satisfy the
hydrogen energy demand of Npies. TO this end, a H17.0-50kW wind turbine manufactured by
Anhui Hummer Dynamo Co., Ltd. has been selected for the proposed configuration. The specifications

are shown in Table 5.1.3.

Table 5.1.3. Specifications of the H17.0-50kW WT (HUMMER Industries, 2018).

Parameter Value Units
Rotor diameter 17 m
Rated power 50 kw
Cut-in speed 35 m/s
Cut-out speed 25 m/s
Wind speed at rated power 9.5 m/s

Fig. 5.1.10 presents the annual power generation of the WT based on the wind speed data shown in Fig.

5.1.6, the specifications of the proposed WT and the power curve given by the manufacturer.

276
551
826
1101
1376
1651 /=
1926
2201
2476
2751
3026
3301
3576
3851

4126
4401
4676
4951
5226
5501

5776
6051
6326
6601

6876
7151

7426
7701

7976

8251
8526

Hour

Fig. 5.1.10. Annual power output of the WT.
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The sizing of the electrolyser is based on the algorithm presented in the previous sectopn (see Fig. 5.1.7).
Fig. 5.1.11 indicates the number of electrolysers whose rated power was checked during the algorithm
application. According to Fig. 5.1.11, a 70 kW capacity electrolyser is optimal for utilising the WT’s
generated energy to produce the largest quantity of hydrogen. 71.8% of the WT’s available production
is transformed into hydrogen. It is obvious that the capacity of electrolysis is higher than the one of the
WT because of the electrolyser’s operational power limits ranging between 10% and 100% of its

nominal capacity.
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Fig. 5.1.11. The WT’s stored energy percentage at different electrolyser’s maximum

operational power.

The daily hydrogen production (mex2) of the 70 kW electrolyser is depicted in Fig. 5.1.12. The maximum
quantity produced per day reaches 21.2 kg, while the average daily production is calculated at 7.9 kg.

By comparing Fig. 5.1.10 and Fig. 5.1.12, one may observe that although the hydrogen production rate
follows a similar pattern with the power output of the WT, there is an obvious difference when it comes
to the maximum points. In many cases, when the WT’s output power is maximum, the hydrogen
production is lower than the expected 21.2 kg. This is happening because of the relationship between
the operational temperature of the electrolysis and the electrolytic cell voltage (see Eq. 4.2.1 and 4.2.2).
These equations suggest that even at similar power input values observed during a certain time period,
the electrolyser does not produce the same amount of hydrogen when it operates under different
temperatures. Fig. 5.1.13 illustrates the electrolyser’s operational temperature variations on an annual,
hourly basis. By comparing Fig. 5.1.12 and 5.1.13, it becomes apparent that the operational temperature
of the electrolyser decreases whenever the power input is low, while when operating under maximum
input, the temperature rises to the highest set value. However, this variation does not follow the power

changes immediately because of the heat capacity and the thermal resistance of the electrolysis stack.
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Thus, this phenomenon explains the differences observed between the H» production values at the

highest values of power input.
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Fig. 5.1.12. Daily hydrogen mass production.
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Fig. 5.1.13. Operational temperature of the electrolyser.

Regarding the hydrogen buffer storage tank, it should obviously be able to store the maximum daily H»
produced by the electrolyser in order to avoid rejection of the produced hydrogen to the atmosphere. In
this regard, and by taking into consideration that the maximum daily production of the electrolyser
exceeds the daily demand (see Section 5.1.2.3, Table 5.1.2, and Fig. 5.1.12), the maximum H, mass that
the tank should be able to store amounts to 21.2 kg. Hence, based on Eq. 5.1.1, the water volume of the

H, buffer tank is calculated at 7.8 m2.

By taking into consideration the daily hydrogen production and the buffer tank’s water volume, the
number of FCEBs that can be refuelled per day is shown in Fig. 5.1.14. Fig. 5.1.15 indicates the
hydrogen mass rate inside the buffer storage tank when factoring in the number of daily refills.
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Fig. 5.1.14. Number of daily FCEB refills.

As is obvious, the daily demand for FCEB refills could not be covered entirely due to the intermittency
of the wind-generated electricity. Based on the data from Table 5.1.2, the total annual demand for FCEB
refuelling processes equals 419,385 refills. Instead, the proposed HRS would be able to cover the entire
daily refuelling demand 322 times on an annual basis, while the total annual FCEB refills would reach
369,978.
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Fig. 5.1.15. H, annual mass flow rate in the buffer tank.

Consequently, in order to cover the total daily demand of the investigated region, implementation of at

least one more HRS with lower capacity than the one investigated is required.

Table 5.1.4 summarises the results concerning the electrolysis process, the hydrogen buffer tank and the

number of daily served FCEBs.
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Table 5.1.4. Results of the electrolysis-buffer storage algorithm-FCEB refills.

SCHOOL OF BUSINESS AND SOCIAL SCIENCES

Parameter Symbol Value Units

Electrolyser’s maximum operational power Pel 70 kw
Electrolyser’s maximum operational temperature Tel 70 °C
Number of electrolytic cells Ne 54 -

Electrolyser’s maximum H, mass flow rate ik 0.24 /s
Calculated electrolyser’s average overall efficiency Tel 0.59 -

Buffer tank’s water volume Vofrwv 7.8 m3

Maximum H, buffer tank storage at 30 bar pressure Meizbir 21.2 kg
Annual hydrogen production MHztot 2896 kg

Average daily Hz quantity stored in buffer tank - 15.1 kg
Average daily refuelling processes - 1051 -
Number of days of covered H, demand for refuelling in 1 year - 322 -

5.1.3.2 Financial results of the HRS

The economic viability of the proposed configuration is highly dependent on the equity-loan ratio and
the price of the H; fuel. Fig. 5.1.16 shows the results of the sensitivity analysis concerning how IRR is

affected by the H; fuel cost and the percentage of own capital in the initial investment.

The capital cost of the business plan, including the replacement of main electrolyser stack parts after the
10" year of operation, has been calculated at €248,130 from Eq. 5.1.11 and 5.1.12. Based on the results
illustrated in Fig. 5.1.16, it is apparent that an H. fuel price above 50.2 €/kgH> is required in order to
have a financially viable project. It can also be seen that even in the case of a lower equity-loan ratio
(e.g. 20/80), the minimum price of hydrogen fuel is not lower than the above-mentioned value.

Nevertheless, in this scenario, the IRR of the project would increase significantly should the H; prices

increase only slightly.
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Fig. 5.1.16. Changes in IRR under different cost and investment scenarios.

Table 5.1.5 presents the NPV, IRR and PP for different costs of H» fuel under two different equity-bank

loan ratio scenarios.

Cost of H, Fuel (€/kg)
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Table 5.1.5. HRS business scenarios at different H, fuel costs.

Equity-bank loan ratio 50/50 Equity-bank loan ratio 20/80
H2fuelcost by (g) IRR PP (years) NPV (€) IRR PP (years)
(E/kgr2)

51 25,860 3.19% 12 26,203 6.11% 12
52 61,764 7.00% 10 62,107 14.20% 6
53 97,668 10.41% 8 98,011 22.13% 5
54 133,572 13.57% 7 133,915 29.85% 4
55 169,476 16.58% 6 169,818 37.37% 4

As Table 5.1.5 suggests, the NPV values for each ratio scenario are almost the same for the same H>
fuel price. However, the calculations show that in the case of a self-financing ratio of 20%, IRR is
significantly higher, while PP is substantially reduced. Although the most profitable scenario for an
investor would be to set a fuel price higher than 53 €/kgH>, the price of the fuel should be as more as

appealing to customers in order to support the transition to hydrogen-based urban transportation.
5.1.4 Conclusions

The scope of this study was the assessment of a small-scale autonomous HRS powered by wind energy,
able to support a relatively small city’s FCEB fleet. The research on this specific topic provides a tool
for the estimation of the technical and financial parameters of a small-scale HRS coupled with an on-
site wind turbine powering a water electrolysis system. The results indicate that this venture is feasible
only by employing proper sizing and optimisation techniques in order to accommodate the daily
hydrogen fuel demand, while keeping the cost of the station as low as possible.

In sum, the research results show that a medium-scale urban area with relatively good wind resources,
such as the Herning municipality located in Denmark, can accommodate at least one HRS in a scenario
where FCEBs would be the main transportation mean for urban trips. The proposed three-hose HRS
would be able to support the daily demand for hydrogen fuel more than 87% of the annual calendar
days, while no refuelling processes would occur in only one day of the year. From a financial point of
view, the capital investment required for this type of HRS is not prohibitive for an investor, and the IRR
in conjunction with the NPV and the PP presents positive results for an unsubsidised price of the H. fuel
above 51 €/kgH>.

Although this cost seems relatively high compared to previous researches for hydrogen production
coupled to wind power (i.e. price up to 26.6 €/kgH>), it is normal to observe this price increase due to
the other components required for even a very small capacity HRS with relatively low hydrogen fuel
annual demand. Additionally, the country of installation seems to play a significant role in the final price

of the hydrogen fuel due to the labour, land costs and taxation schemes. To this end, it can be concluded
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that the hydrogen fuel price is dynamically calculated and compared to conventional fuels it could
present higher volatility between countries.

In conclusion, this research consists of a feasibility assessment of the proposed solution in order to
identify possible business opportunities for energy investors and contribute positively in the transition
to a future hydrogen-based economy.
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5.2 Assessing the operation and different refuelling cost scenarios of a fuel
cell electric bicycle under low-pressure hydrogen storage

The transition to low- or zero-emission vehicles in the transportation sector is a challenging task toward
meeting the greenhouse gas emission targets set by the majority of countries. One way of achieving this
goal is to utilise hydrogen gas via fuel cell electric vehicles. This paper investigates the operation,
driving range and refuelling process of a fuel cell electric bicycle. The methodology applied includes an
estimation of the bike’s range under different routes and riders, the riders’ opinions and a financial
evaluation of the hydrogen fuel cost compared to other urban vehicle alternatives. The results showed a
minimum median range-to-energy consumption ratio of 20.5 km/kWh, while the maximum hydrogen
cost was found to reach 0.025 €/km when refuelling the hydrogen bicycle in an autonomous hydrogen
station. The outcome of this study indicates that the introduction of light-duty hydrogen vehicles in

urban transportation may adequately meet the average daily driving distance of city residents.
5.2.1 Introduction

Since the beginning of the 1990s and especially after the treaty known as the Kyoto Protocol, many
countries, including the EU, have set targets for reducing GHG emissions than the ones documented in
1990 (United Nations, 2019b). In 1990, global GHG emissions within the OECD countries were equal
to approximately 20.3 Gt COz-eq, while in 2016, emissions had dropped to 18.8 Gt CO,-eq (OECD,
2019a). In contrast, non-OECD economies such as China and the Russian Federation presented an
increase of GHG emissions from 8.7 Gt CO.-eq in 1990 to more than 16 Gt CO»-eq in 2016, suggesting
a cumulative increase of total emissions by 17% (Climate Action Tracker, 2019; Ge et al., 2016; OECD,
2019a).

In the EU, GHG emissions, including international aviation, have decreased significantly since 1990
(from 5.7 Gt CO.-eq in 1990 to 4.5 Gt CO»-eq in 2017), indicating that the member states have
implemented policies promoting RES in sectors such as electricity production and the energy market in
general (Eurostat, 2020a). The RES share in gross final energy consumption has increased from 8.5%
in 2004 to 17.5% in 2017, while the targets for 2020 and 2030 have been set to 20% and 27%,
respectively (Eurostat, 2019c; IRENA and European Commission, 2018). The evolution of GHG
emissions by sector in the EU-28 since 1990, shows a clear reduction in the vast majority of the sectors,
with the most obvious being the energy sector from 1.7 Gt COz-eq in 1990 to 1.2 Gt COz-eq in 2017.
The only sector where GHG quantities has increased is in transportation (from 0.79 Gt CO2-eq in 1990
to 0.95 Gt CO2-eq in 2017) (Eurostat, 2020a).
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Road transportation emissions in the EU-28 have increased from 0.73 Gt CO»-eq in 1990 to 0.90 Gt
COz-eq in 2017, while at the same time, the share of annual emissions from transportation has increased
from 92% to 95%, respectively (European Commission and Directorate General for Mobility and
Transport, 2018; Eurostat, 2020a).

Acknowledging the above, one can observe that road transportation and specifically urban mobility
plays a significant role towards the target of reducing GHG in the near future. As seen in Fig. 5.2.1,
light-duty vehicles such as private cars comprised 60.6% of the total GHG emissions of road
transportation in 2017, suggesting that the adoption of a ‘greener’ way of transportation such as
alternative-powered vehicles could be an important benefit in coping with high GHG emissions
(Bekiaris et al., 2017; Eurostat, 2020a; Morrison et al., 2018). Moreover, the European Commission has
estimated that more than 40% of CO, and 70% of other GHG emissions from road transportation are
observed in urban environments due to the large traffic problems and the overpopulation (European
Commission, 2019b).

® Cars mLight duty trucks mHeavy duty trucks - buses @ Motorcycles

Fig. 5.2.1. Shares of road transportation vehicles in the EU-28 (2017). Based on (Eurostat,
2020a).

Contemporary alternative-powered vehicles presenting environmental benefits in a LCA include, among
others, the BEVs and the FCEVs. Bicer and Dincer (2017) published a research study that compared
alternative vehicle technologies in terms of LCA and concluded that the hydrogen vehicles presented an
almost three times lower global warming potential than BEVs and methanol-fuelled vehicles (Bicer and
Dincer, 2017). In this context, Shin et al. (2019) suggested that FCEVs can be more environmentally
friendly than BEVs, especially in cases where the hydrogen fuel is supplied as a by-product of the
chemical industry (Shin et al., 2019). Similarly, Thomas (2009) argued that in the near term, FCEVs
would be more environmentally friendly than BEVs due to 1) the fossil fuel-based electricity mix of

most countries, contributing to increased lifetime GHG emissions of BEVs and 2) the assumption that
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most of the produced hydrogen would come from natural gas reforming processes (Thomas, 2009).
FCEVs introduction in the transportation fleet of the Turkish city of Burdur, replacing 10% of expected
conventional vehicles by 2030 was assessed by Uyar et al. (2019). The results of their study indicated
that even with this low penetration of FCEVs, CO; emissions in the specific region would decrease by
43.44 kt (Uyar et al., 2019). Likewise, Liu et al. (2020) studied the WtW energy and emission differences
between FCEVs and internal combustion vehicles. The outcome showed that even if the hydrogen fuel
is derived from fossil fuel processes, WtW energy and GHG emissions are lower by 5% - 33% and 15%
- 45% respectively (Liu et al., 2020). However, according to Kolbe (2019), FCEVs fuelled by hydrogen
produced from water electrolysis powered from a regular energy mix presented in general no
environmental benefits compared to other alternative fuel vehicles (Kolbe, 2019). In this regard, Li et
al. (2016) published a more detailed analysis comparing the environmental benefits of FCEVs and
BEVs, respectively. The authors concluded that vehicles with greater environmental benefits depend on
the energy mix, the methods used to produce the hydrogen fuel and the phase of the fuel (i.e. in gaseous
or liquid form) (Li et al., 2016). One may also argue that depending on the energy mix and the respective
electricity prices of each country, FCEVs might present higher driving costs compared to BEVs. Wu et
al. (2019) developed an optimisation algorithm concerning the power allocation between the FC and the
battery pack of a plug-in FCEV. The results showed that only the size of the FC system is affected by
different driving styles, while the optimised battery pack system did not require any alteration. For a
city driving cycle of a 50 kW FC rated power FCEV, hydrogen consumption and consequently fuel cost
increased, while for a suburban driving cycle the energy cost decreased by approximately 52% (Wu et
al., 2019). In the same context, Hu et al. (2020) investigated the energy management optimisation of a
hybrid FC-battery bus aiming at a cost-optimal solution. The outcome of their study showed that
hydrogen fuel along with FC and battery cost evolution affects significantly the optimisation result,
while degradation of the FC and battery components seemed to slightly decrease the cost (Hu et al.,
2020).

According to the above, the transition of the mobility sector in terms of road transportation to hydrogen-
based light-duty vehicles would substantially benefit the environmental parameters found in urban areas
with the least possible operating cost. To this end, this research focuses on the operating conditions,
characteristics and refuelling processes of a light-duty FCEV in an urban environment such as a FCEB
or a FCES. Although a FCEB cannot be considered entirely as a motor-based vehicle, it is a version of
an electric bicycle that either uses a FC to direct power the DC motor to support the pedalling force of
the rider or uses a FC extender to increase the driving range of the battery-based configuration. In this
regard, FCEBs can be used extensively in urban environments for commuting purposes by replacing

conventional non-environmentally friendly vehicles.
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One may suggest that the main benefits of a FCEB/FCES over a battery-based bicycle/scooter are the
same benefits of FCEVs compared to a BEVs. FCEVs present similar behaviour in terms of range
autonomy and refuelling time such with the conventional vehicles, meaning higher driving range than
battery-based vehicles and refuelling times that do not exceed 3 min (Brey et al., 2018). Similarly, a
FCEB/FCES is expected to present significantly lower refuelling time than the recharging time of a
battery bicycle/scooter, while depending on the respective system, driving range may be substantially

higher. Thus, the aim of this paper is to investigate the prospects of FCEBs in the urban mobility sector.

The operation and prospects of light-duty hydrogen vehicles appropriate for transportation in city centres
have been investigated by several researchers in the past, showing advantages and disadvantages
compared to conventional or/and other alternative-powered vehicles. Colella (2000) studied the market
opportunities of a low-power FCES in Thailand and concluded that at the time of the research
publication, FCESs showed better performance than lead acid electric scooter counterparts, but technical
obstacles such as drying of the FC’s membrane or decreased efficiency during rapid acceleration should
be overcome (Colella, 2000). The efficiency and operation of an electric bicycle with a FC extender
were examined by Cardinali et al. (2002), showing an increase of the range from 25 to 120 km, while
the system’s efficiency was found to increase with power (Cardinali et al., 2002). In 2003, Tso and
Chang published a plan for the implementation of FCESs in Taiwan in order to cope with the intensive
environmental pollution found in big cities, while in 2012, Tso et al. presented the results of the
experimental operation of a FCES fleet in Taiwan. The results showed drawbacks concerning the
endurance of the drivetrain system and the effect of the ambient temperature to the system’s
performance, and revealed data on hydrogen fuel economy and range (Tso et al., 2012; Tso and Chang,
2003). Hwang et al (2004) designed, developed and studied the operation of a 300 W FCEB with metal
hydride hydrogen storage. The road test data showed an efficiency between approximately 22% and
34% as well as a distance-to-fuel ratio of 1.35 km/gH- (Hwang et al., 2004). In 2009, Chao et al. (2009)
presented a modelling and simulation algorithm of a FCES. The simulation of the system showed that
the size of the fuel cell system should have a peak power of 3.6 kW and an average power of 600 W.
The average hydrogen consumption was calculated to 1.6 gua/km (Chao et al., 2009). In 2011, Tang et
al. published an experimental study of a 2 kW power FC system for lightweight vehicles. The research
focused on the dynamic response of the FC system under load variations, and the authors concluded
three main things from the study. Overshoot and undershoot of the FC current and voltage, respectively,
were observed during the load variation due to the water and gas transport as well as the distribution
inside the FC, while the FC’s response was transient to power variations, and in case of higher loads
than the ones the FC could support, the battery supported the system (Tang et al., 2011). Hwang (2012)

reviewed previous research studies on FCESs and performed a SWOT analysis for the development of
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FCESs in Taiwan by using as input the energy density and GHG emissions of FCESs compared to
battery and conventional counterparts. In all cases, the FCES showed lower energy consumption and
GHG emissions per kilometre in a WtW analysis compared to the other vehicles accounting for
approximately 123 Wh/km and 23 g CO;-eq/km, respectively, while the SWOT analysis revealed high
prospects for the implementation of FCESs in Taiwan (Hwang, 2012).

Studies published recently show better driving and operating behaviour of contemporary light-duty
FCEVs, indicating an established status of this technology. Kheirandish et al. (2014) investigated the
operation of a FCEB comprising of a 250 W FC, a battery pack, a DC/DC converter and other auxiliary
components. The results documented a FC average efficiency of 48.4% and a system’s efficiency of
35.4%, which is much higher than that of a conventional vehicle (Kheirandish et al., 2014). Using a FC
as a range extender of a BEV was assessed by Millo et al. (2016). The authors studied the a 1.3 kW FC
to supply the accessory loads of the vehicle concluding that the BEV range could increase by 19%, if
the hydrogen tank capacity would be 30 L at a pressure of 350 bar (Millo et al., 2016). In 2017, Mellino
et al. published a LCA comparison of battery and FC electric bicycles. The evaluation of the LCA was
based on a travelling range of 100 km for both vehicles, and the outcome showed that the production
phase of the FCEB was more harmful to the environment due to the complexity of the components used.
The battery electric bicycle, however, performed environmentally worse during the operating phase
(Mellino et al., 2017). Another benefit of a light-duty hydrogen vehicle such as a FCES was presented
by Robledo et al. (2019). The authors examined the utilisation of this vehicle type as a V2G or V2L
application. The results showed that using a FCES for a V2L application degrades significantly the FC,
while V2G application is more efficient. Moreover, the main conclusion was that although using a FCES
as a grid or load support application in conjunction to the typical driving mode is feasible, a new energy

management system would be required to be included in the topology (Robledo et al., 2019).

The hydrogen refuelling infrastructure in terms of FCEBs refuelling processes was studied by Kovac
and Paranos (2019) and Apostolou et al. (2019). Kovac¢ and Paranos (2019) presented the results of the
operating factors for a 300 W FCEB with metal hydride hydrogen storage and the respective HRS design
to produce hydrogen from solar energy. The authors concluded that the bicycle driving range was
approximately 66 km with 4.5 g of hydrogen stored, while the proposed HRS with a H outlet flow rate
of 2000 cc/min could provide fuel for at least five bicycles totalling 100 km of driving range (Kovac
and Paranos, 2019). Apostolou et al. (2019) developed an algorithm for the sizing and optimisation of a
wind energy-powered on-site Hz production refuelling station to cover the demand of FCEBs’ fleet in
urban environments. The authors also presented a financial analysis of the optimised autonomous-
powered station showing a hydrogen price of approximately 50 €/kgH> in order to have an economically

feasible investment (Apostolou et al., 2019). Similarly, Le Duigou et al. (2013) documented a hydrogen
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cost for an autonomous on-site HRS higher than the current retail price of hydrogen fuel for off-site
HRSs in USA (14 $/kgH: or 13 €/kgH, on average) (California Fuel Cell Partnership, 2020), reaching
17 €/kgH; (Le Duigou et al., 2013). Penev et al. (2019) on the other hand, argued that the hydrogen price
in HRSs could reduce to 4.9 €/kgH> (5.2 $/kgH>) for large stations and fossil-fuel derived hydrogen.
The respective cost for electrolytically produced and pipe delivered hydrogen would increase for the
same HRS type to 11.4 €/kgH> (12.3 $/kgH.) (Penev et al., 2019).

Based on the aforementioned studies, it can be derived that although the technical assessment of FC
light vehicles has been investigated to a certain degree, there is still a gap in knowledge regarding
experimental analyses of different hydrogen refuelling processes and comparisons to other private
transportation options. It is apparent that the fuel cost plays a significant role in the total operating costs
of a vehicle aiming to penetrate an already existing market. Moreover, according to the operating
behaviour of a light hydrogen vehicle, the major impact from the consumers’ economical point of view

still needs to be assessed.

Hence, in order to keep a less complex system and consequently have a low-level H; fuel cost, it has
been decided to study the case of a FCEB, operating under low hydrogen gas pressure storage, which
does not mandate the utilisation of a large compressor. Therefore, the objectives of this research can be

stated by the following RQs:

RQ5.2.1: What is the average range-to-energy consumption ratio of a FCEB under low-pressure
hydrogen gas storage?

RQ5.2.2: Is the refuelling cost and time of FCEBs/FCESs comparable to other means of private urban
transportation?

RQ5.2.3: What is the riders’ opinion on using the FCEB, and what is the fuel price they are willing to
pay?

The structure of this paper consists of three main sections, including a description of the experimental
configuration used to gather the required data, along with the methodology applied to analyse the data
and elicit the results. Furthermore, the presentation and the assessment of the results are linked to the
respective RQs: How/if the objectives of this study are met, what weaknesses might arise and what

future research should focus on?
5.2.2 Materials and methods

Examining the above-stated RQs was based upon the experimental results of a range-to-energy ratio and

other operating parameters such as riding time and average speed of the FCEB. The derived outcomes
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were analysed for three refuelling scenarios, and the corresponding levelised H; fuel cost-to-range ratios

were compared to the respective values of other city-oriented vehicles found in peer-reviewed literature.

5.2.2.1 Equipment and refuelling configuration

The main equipment used during the stage of gathering the operational data of the FCEB included a
commercialised 250 W motor FCEB (based on EU legislation), an alkaline electrolyte membrane water
electrolysis and a hydrogen dryer system with a web interface able to connect to a personal computer.
Through the web interface, the user can observe and log electrolysis parameters (i.e. H flow rate, total
H. production, H; pressure and temperature, stack voltage). Additionally, an energy logger was used to

measure the energy consumption during the refuelling process of the hydrogen bike.

The power pack system of the FCEB comprised an air-cooled PEM FC supplied with H, gas from an
on-board hydrogen tank through a pressure-regulating valve, a DC/DC converter/charger, a Li-ion
battery and an electric motor. The components were connected in series meaning that the battery pack
supplied the motor, and once its SOC dropped below a certain threshold, it was charged through the FC
(see Fig. 5.2.2) (Pragma Industries, 2017). Hence, the PEM FC acts as a range extender of a normal
BEB but with smaller battery capacity compared to common BEBs. Although this configuration
compared to a direct connection between the PEM FC and the motor would act negatively in terms of
energy efficiency and consequently driving range, the author decided to use the specific topology in

order to assess the operation of the under investigation FCEB at its lowest possible performance.

»| PEMFC ,| Charger Li-ion
Battery
DC/DC
Converter |
H: gas
storage
H: Flow — DC Current Flow

Fig. 5.2.2. FCEB energy flow topology.

The refuelling process was based on the electrolysis system, which was connected to the hydrogen dryer
for increasing the H. purity to 99.999% as well as the inlet hose of the FCEB on-board hydrogen tank.
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A hydrogen leak detector was used as a safety precaution. During the entire process, the energy
consumption of the configuration was measured and logged. The refuelling process stopped
automatically once the pressure inside the H, tank reached 30 bar.

In case the battery pack of the FCEB was discharged and no hydrogen was stored inside the on-board
tank, the refuelling process would continue until the battery was charged from the operation of the bike’s

FC, using the hydrogen produced by the hydrogen generator.

The experimental arrangement and the technical specifications of the FCEB as well as the electrolysis
system are depicted and summarised in Fig. 5.2.3 and Table 5.2.1, respectively.

Temperature,
stack voltage, Hz
pressure logger

Ha
Water electrolysis/ | —» ,—ﬁ—|

Dryer I

L1

<D

Vac

Energy analyser

FCEB

Fig. 5.2.3. The laboratory FCEB refuelling process.

Table 5.2.1. Specifications of the FCEB and the hydrogen production system (ACTA, 2014;
Pragma Industries, 2017).

Parameter Value Unit
Fuel Cell Electric Bicycle
Motor power 250 W
Motor voltage 36 \Y
PEM FC max. power 150 W
Max. tank pressure 200 bar
Internal tank volume 19 NL
Li-ion Battery capacity 150 Wh
Hydrogen Production System

Electrolyser max. power 700 W
Dryer’s rated power 200 W

H, flow rate at 20 °C and 1 bar 100 NL/h
Max. outlet H pressure 30 bar
Max. operating temperature 55 °C

Outlet H, purity 99.999% -

193



AARHUS| SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

5.2.2.2 Methodology

The general methodology employed in the research process can be divided into four sections and is
depicted in Fig. 5.2.4. The first part of the methodology identified the routes (see Fig. 5.2.5) to be
followed by the participants, who volunteered to ride the FCEB. The chosen routes were cycle paths of
approximately 25 km with different inclinations. The experiments took place near the Municipality of

Herning in Central Jutland, Denmark. Each volunteer chose to follow one of the two available routes.

The average frequency of positive and negative slope angles observed during a trip of the two routes
was calculated to be 50.4% and 49.5% for Route 1 and 51.5% and 48.5% for Route 2, respectively. This
suggests that there was a small deviation between the two routes, meaning that Route 2 needed more
effort by the rider. To support this, an investigation of the observed frequency of slope angles above 20°
(see Fig. C1 in Appendix C) indicated that Route 2 presented higher frequency compared to Route 1
(i.e. 106 times compared to 67 times). Additionally, Fig. C1 shows that in Route 2 there are more times
with a positive slope compared to Route 1 (i.e. 2057 times compared to 1969 times respectively),
suggesting that Route 2 can be considered more difficult during the biking process compared to Route
1.

Route 1 » Refuelling Questionnaires
process
FCEB Results
Route 2 .| Refuelling Questionnaires
process
v A4 v
Scenario 5.1 Scenario 5.2 Scenario 5.3

Fig. 5.2.4. General methodology employed.

The initial SOC of the FCEB was decided to be either full, meaning that the battery pack was fully
charged, and the H; tank was filled with H, at 30 bar (case a) or partially discharged with a completely
discharged battery pack and a full H tank at 30 bar of pressure (case b). The reason for choosing these
two cases was to examine how the FCEB behaves under the extreme condition of a discharged battery

and under a more normal condition where SOC is 100% and H, gas is stored at 30 bar.
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Route 1
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] ¥
by Ie

" Start/Finish

Fig. 5.2.5. FCEB routes used during the experiment.

Each riding process continued until there was no energy available in the FCEB’s power system to
support the pedalling effort of the participants. During the riding part, the range, speed of the vehicle,
elevation and slope were measured in order to compare the data from the different riding styles of the
volunteers. The FCEB has the ability to operate under three riding modes (i.e. cruise, tour and sport).
The chosen mode for all participants was set to ‘sport’ to determine the maximum energy consumption.
The weather conditions during the rides were not considered, because 1) the results should be as close
to real-life cases as possible, and 2) results obtained under the same environmental conditions would be

non-comparable due to the different riding styles of the participants.

The next stage of the methodology involved the refuelling process of the FCEB and was described in
the previous section of this paper. The third section of the methodology comprised the analysis of the
data derived from the two routes that the volunteers had followed as well as the recharging phase of the
bicycle. A questionnaire (see Appendix D) based on the data from each route was given to the volunteers,
who answered the questions, stating their personal opinions. A descriptive statistics of the
questionnaire’s qualitative data and the quantitative data received from the route and hydrogen
production measurements were analysed in order to find possible interactions between the results. The
first three parts of the methodology focused on providing enough information to answer RQs 5.2.1 and
5.2.3.

The last stage of the methodology was to answer RQ5.2.2. Three SCs of refuelling the FCEB via on-

site hydrogen production schemes were analysed, and the outcomes were compared to respective values
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found in literature for different vehicles used in urban environments. The vehicles used to compare the
results of the FCEB included a FCES, a BEB (based on EU legislation), a BES, a BEV, a petrol scooter,

a small petrol car and a small diesel car.

SC5.2.1: The relevant quantitative data gathered from the previous parts of the experiment based on the
refuelling process via the small-scale laboratory electrolyser supplied by the main electrical grid were

used to compare respective values of other vehicle technologies.

SC5.2.2: Data presented by Apostolou et al. (2019) concerning the H; fuel retail price of an autonomous
on-site hydrogen production HRS for light FC vehicles were used to compare other vehicles (Apostolou
et al., 2019). Based on the results of Apostolou et al. (2019), it should be also noted that this price
corresponds to similar conditions as case (b) where the buffer battery of the FCEB is assumed to be fully
charged. In the context of case (a), where the fuel demand would be higher, the fuel price would be
expected to be increased due to higher investments costs arising from the oversize of the WT and
electrolysis systems in order to cover the increased demand. In this study, the same price of hydrogen
fuel was used for both cases in order to find the minimum hydrogen cost that could be achieved in an

autonomous HRS by covering the least hydrogen fuel demand.

SC5.2.3: The results of Apostolou et al. (2019) were modified to exclude the wind turbine powering the
on-site hydrogen production and assume supply from the main grid (see subsection 2.2.1). The H, fuel

price was then compared to the counterpart vehicles (Apostolou et al., 2019).
5.2.2.2.1. Financial evaluation of an HRS for FCEBs with a hydrogen storage pressure of 30 bar

An autonomous HRS for the support of a FCEBs fleet in the Danish city of Herning has been proposed
by Apostolou et al. (2019). To have a profitable business scenario, the authors calculated that the retail
price of hydrogen should be at least 50.2 €/kgH> (applied in SC5.2.2). However, this value takes into
account the cost of the wind turbine powering the hydrogen generator (Apostolou et al., 2019). SC5.2.2
concerns a similar HRS but with input power to the electrolysis system coming from the main electric
network as well as real experimental data on the bike’s autonomy and hydrogen consumption that are
used to size the water electrolysis and H, storage systems. The main components of the proposed HRS
are comprised of an electrolysis system, a low-pressure hydrogen storage system, a 30 bar hydrogen

compressor, two hydrogen dispensers and other auxiliary systems (Apostolou et al., 2019).

The sizing of the alkaline electrolysis was based on the average daily hydrogen demand (Mu2,dem) that
can be calculated from the maximum number of the FCEBS (Nbikes) Served by the station on a daily basis

and the H; quantity stored inside the bike’s tank (Mustored) (S€€ EQS. 5.2.1 and 5.2.2). To estimate the
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maximum number of FCEBSs served by one station, it is assumed that the station operates continuously
between 8:00 AM and 9:00 PM. The time of the refuelling process at 30 bar depends on the hydrogen
outlet flow rate of the compressor, which, in this case, is taken to be approximately 80 Nm3/h or 1.3
Nm?3/min (RIX Industries, 2019). This means that theoretically, the bike’s H, tank (i.e. 1.9 NL water
volume) would take less than a minute to be filled. However, according to the manufacturer, the
refuelling process time should not be less than one minute, and, thus, it is assumed that the process
would last for one minute (Pragma Industries, 2017). ‘Nrene’ represents the number of refuelling

processes per hour.

Mz,dem = Nbikes * MH stored, (5.2.1)

Nbikes = hoperat * Nrefuel, (522)

Knowing the average daily hydrogen flow rate demand (calculated by daily mass demand, operating
hours and the specific density of hydrogen) and combining it with the nominal flow rate of
commercialised water electrolysers, the maximum operational power rate of the electrolyser can be
estimated. The low-pressure H; tank was sized accordingly to the average daily hydrogen demand, and
the water volume of the tank can be calculated by using the specific density of hydrogen and Boyle’s
law (see Eq. 5.2.3) (Webster, 1963).

P1= V1 = P2 =V, (5.2.3)

Proceeding to the financial evaluation of the HRS for SC5.2.2 and the estimation of the H; fuel cost for
refuelling the FCEB, the NPV and the IRR of the project in 20 years (n) of operation were calculated.
The hydrogen cost was set to a value where NPV and IRR presented positive numbers. To calculate the
NPV, Egs. 4.2.37, 4.2.38, and 5.2.4, 5.2.5 presented below were based on (Apostolou et al., 2019;
Kuckshinrichs et al., 2016; Xydis, 2013b) and data from Table E1, Appendix E.

|Co = ICel Pmax + |CCS + |Ccomp Pcomp + |ber MHZ,bfr + |Cd + |Cconstr (524)
|Cc0nstr = (lCeI Pmax + |CCS + |Ccomp Pcomp + |ber MHZ,bfr + |Cd) * (fcost,constr + fcost, cont) (525)
5.2.3 Results

The objective of this research expressed through the aforementioned RQs is supported from the result
section, which is divided into two main sub-sections (i.e. 5.2.3.1 and 5.2.3.2). The first sub-section

concerns the analyses of the quantitative and qualitative data acquired during the experimental process
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and the subsequent answered questionnaires, while the second sub-section, presents the comparison

results between the above-mentioned investigated SCs.
5.2.3.1 FCEB refuelling and riding process results

The first part of the research investigated RQs 5.2.1 and 5.2.3. For the two examined cases of refuelling
the FCEB’s on-board hydrogen tank under 30 bar of pressure (i.e. fully charged and discharged battery
respectively) 16 participants volunteered (see Table F1, Appendix F) to follow the specified routes and
subsequently answer a questionnaire. Ten of them participated in the first examined case, while the rest
participated in the second case. Table F2 of Appendix F includes the quantitative data regarding the
refuelling and riding processes for both cases. The ‘Energy consumption’ column represents the energy
consumed during the electrolysis process, and the ‘H, consumed’ includes the values of the consumed
hydrogen during the battery’s full charging and riding processes in case (a) and for the riding process

alone in case (b).

Fig. 5.2.6 presents the range-to-energy consumption ratios results for both routes for cases (a) and (b).

=

50.0 7
45.0 1

40.0 1

35.0 1

30.0 1
25.0 1
20.0 1
15.0 1
10.0 1

FCEB range-to-energy ratio (km/kWh)

5.0 1

0.0

Route 1 (a) Route 2 (a) Route 1 (b) Route 2 (b)

Fig. 5.2.6. Range-to-energy consumption ratio during the FCEB experiment.

The derived results show that the FCEB for the first case had a range of approximately 22 and 37 km
depending on the route and the riding pattern that each rider followed. For the second case, the range of
the FCEB is measured to be lower, i.e. between 13 and 18 km, which seemingly depends on the gender

of the participant, where for male riders, the bike’s autonomy was lower than for female ones.

The ratio of the range-to-energy consumption (see Fig. 5.2.6) of the refuelling process of the bike
indicates that in both cases, the autonomy of the FCEB ranged between approximately 20 and 46 km

per KWh of electricity consumption. The mean values for Route 1 have been calculated to 33.8 and 40.9
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km/kWh for cases (a) and (b), respectively, while for Route 2, the mean ratios are found to be lower at
23.5 and 36.1 km/kWh, respectively.

Fig. 5.2.6 also provides information on the median, quartile ranges and values outside the interquartile
range. According to the figure, the mean for Routes 1 and 2 for case (a) are 33.8 and 23.5 km/kWh,
respectively. For Route 1, 25% of the experimental data present values between 23.1 and 27.1 km/kWh,
50% of the data demonstrate values between 27.1 and 39.0 km/kWh, while the last 25% shows values
between 39.0 and 41.1 km/kWh. The median value is calculated to 36.6 km/kWh. For Route 2, the
derived data show a median value of 20.5 km/kWh, while 25% of the data show almost the same values
at 20 km/kwWh, 50% between 20 and 28.6 km/kWh and the final 25% between 28.6 and 32.8 km/kWh.

In contrast, the data for Route 1 in case (b) are between 33.7 and 45.9 km/kWh with a median value of
43.3 km/kWh, while, similarly, the data for Route 2 are between 31.7 and 42.4 km/kWh with a median
value at 34.2 km/kWh.

Based on the results, it is apparent that in case (b), the FCEB operates more efficient. This is happening
due to the recharging phase of the battery through the FC (case a), which results to a lower efficiency of
the FCEB operation. According to Table F2, the average hydrogen quantity used to fully recharge the
on-board battery pack of the FCEB is calculated to 9.8 gH. accounting to approximately 326.3 Wh
(based on the hydrogen’s low heating value). So, by taking into account the FCEB battery pack capacity
(see Table 5.2.1), the efficiency of the battery charging phase is estimated to 45.9%. In this context,
Table F3 indicates that the mean energy consumption to range ratios for cases (a) and (b) are 0.038 and
0.026 kWh/km respectively. Case (a) has 46.1% higher energy requirements per km compared to case
(b), which is similar to the energy lost during the recharging battery phase of case (a).

After the experiment, the volunteers were asked to participate in a survey including questions (see
Appendix D) based on the data presented in Table F2, Appendix F. A descriptive statistics analysis of
the questionnaires is presented in Table F4, Appendix F and Fig. 5.2.7.

For the descriptive statistics results, the presented numbers correspond to the available answers
participants could give (see Appendix D). For the FCEB behaviour, 1 corresponds to ‘Positive’, 2 to
‘Negative’ and 3 to ‘Neutral’. A 10-point rating scale was used for the driving experience, where 1
indicates ‘Acceptable’ and 10 ‘Excellent’. For the refuelling cost, 1 corresponds to ‘1 DKK (0.134 €)’,
2 to ‘5 DKK (0.668 €)’, 3 to ‘10 DKK (1.339 €)’, 4 to ‘50 DKK (6.696 €)’ and 5 to ‘Other’. Finally, for
the distance the volunteer is willing to travel in order to refuel the FCEB, 1 corresponds to ‘< 1 km’, 2

to ‘1 km’, 3 to ‘2 km’, and 4 to ‘Other’.
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Fig. 5.2.7 indicates the frequencies of the acquired answers from the questionnaires.

The median values found in Table F4 are in alignment with the depicted data in Fig. 5.2.7, while the
standard deviation of the questions represented by the table’s columns indicates that most of the acquired

data are close to the mean values.

The skewness values show how the distribution of the results is skewed. The positive values found in
columns 1, 3, 4 and 5 of Table F4 depict a right-skewed distribution (i.e. most of the distribution is on
the left part of the values), which can also be observed in conjunction with Fig. 5.2.7. In contrast,
question 2 (column 2 in Table F4) has a distribution skewed to the left, showing that most data are closer
to the left part of the distribution (i.e. 8 on the scale). The standard error of skewness shows that it is
most likely that in a large population sample, the skewness tends to remain positive for questions 1 and
4 (columns 1 and 3), while for the other questions, the skewness can be oriented in either direction.
Similar to the above, the standard error of kurtosis combined with the kurtosis values cannot give any

conclusion about what would be the kurtosis in a larger sample.

FCEB behaviour Driving experience

0% 6%

19% 259%

25%

81%

44%

@ Positive @ Neutral © Negative 6 @7 @8 O9

Use for daily needs Refuelling price willing to pay
0%

25% 25% 25%

13%
75%

37%
EYes ENo

B1DKK @5DKK @10 DKK @50 DKK B N.A

Distance willing to travel to refuel

17%

8%

8%
50%

8%

9%
B<lkm Blkm B2km O3km E4km @E5km

Fig. 5.2.7. Frequencies of the acquired answers from the experiment participants.
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Conversely, according to Fig. 5.2.7, it is apparent that most of the participants (>80%) had no negative
opinion of the FCEB; in fact, approximately 70% assessed their experience close to ‘Excellent’. This is
also supported by the fact that 75% of the volunteers stated that they could use this type of vehicle for
their everyday obligations in an urban environment. The 25% of the participants who answered ‘No’
stated as reasons problems such as no coverage during bad weather phenomena or preferring a sport
riding style more than the one the FCEB is able to provide. The latter can be considered as a normal
feature of two-wheel electric bicycles, which according to EU legislation, provide torque assistance
from the motor when bike’s speed is up to 25 km/h (European Committee for Standardization, 2017).
Higher speeds observed in an exercise riding pattern are compromised after 25 km/h by the lack of
assistance and the larger weight of electric bicycles. Hence, one may suggest that this kind of electric
bicycle is more suitable for commuting purposes such as going to work, the grocery store, or using it for
normal touring activities. The majority of the participants who answered ‘Yes’ in question 4 (column 3
of Table F4) declared that the amount of money they are willing to pay for refuelling the FCEB would
be between 5 and 10 DKK (0.668 and 1.339 €, respectively), with the most prevailing being the 10 DKK
(‘N.A’ corresponds to participants answered ‘No”’ in question 4 (column 3)). What is also noticeable is
that 59% of the volunteers participating in both experimental cases (a and b) indicated the necessity to
have hydrogen fuel available no more than 1 km away from their base, while another significant 24%

mentioned distances above 3 km.
5.2.3.2 Results of the investigated scenarios

The financial evaluation of the cost of hydrogen gas fuel involves the investigation of three scenarios
mentioned in the previous section of this paper. These scenarios aim to provide results in relation to
RQ5.2.2 by assessing refuelling costs and time of different commercialised vehicle technologies that
can be used in urban environments (e.g. bicycles, scooters and small cars). In these scenarios, the data
gathered from the experimental phase of the laboratory refuelling process along with the ones calculated
for SCs 5.2.2 and 5.2.3 were compared with the data found in Table F6, Appendix F, showing the cost
of fuel/energy per kilometre and the respective refuelling/recharging time of the vehicles. The cost of
fuel/energy per kilometre is indicative for Denmark in order to be able to compare the technologies with
the results derived from the experimental data. In the case of FCES, the vehicle’s specifications (see
Table F5) were based on the research compiled by (Hwang, 2012; Tso et al., 2012). The hydrogen
storage comprised of two metal hydride replaceable tanks of total capacity 1000 NL and the refuelling
pressure was set to 10 bar. The FCES topology does not include a battery pack, indicating that the PEM
FC powers directly the DC motor through power electronics. Hence, the refuelling cost of the FCES
was based on the same hydrogen refuelling methods and analyses of the FCEB case (b) where no initial

recharging battery process is involved.
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5.2.3.2.1. Scenario 5.2.1

The first investigated scenario compares the acquired experimental data on the refuelling cost per km
and refuelling time of the FCEB with the respective data of the alternative vehicles found in Table F6,
Appendix F. To be able to compare the aforementioned data, a descriptive statistics analysis of cases (a)
and (b) concerning the refuelling time as well as the ratio of the energy consumed during the production
and storage of hydrogen fuel at 30 bar of pressure and the FCEB range was conducted. The results for
both cases can be seen in Table F3, Appendix F.

The standard deviation of the two categories for both cases can be considered low, showing that the
measured data do not deviate significantly from the mean values. Skewness for case (a) indicates that
for the energy consumption to range ratio as well as the refuelling time, the distribution is highly skewed
to the left of the values, i.e. closer to the mean. Additionally, the standard error of skewness shows that
a larger sample would give a positive number of skewness. In case (b), the median and mean values are
almost similar, while the skewness of the energy consumption to range ratio is positive, and the
refuelling time equals to zero, showing a normal distribution. The standard error of skewness indicates

that with a larger sample, skewness would probably remain positive.

In this context, it is valid to assume that for case (a), the data of energy consumption to range ratio and
refuelling time are estimated to 0.038 kWh/km and 1.76 h, respectively. Similarly, for case (b), the
respective estimated values are 0.026 kWh/km and 0.55 h. According to Table F2, the mean energy
consumption to hydrogen consumed ratio for case (b) is estimated to 0.084 kWh/gH,. So, by taking into
account the average hydrogen consumption per km of the FCES (Table F5), the energy consumption to
range ratio is estimated to 0.16 kWh/km. The time to refill the 2000 NL metal hydride canister of the
FCES from the electrolyser used in this SC (see Table 5.2.1), can be estimated to approximately 10 h.

By taking into account the electricity cost in Denmark for household consumers equalling 0.31 €/kWh,
the refuelling cost per km for the FCEB for cases (a) and (b) is calculated to 0.012 €/km and 0.008 €/km,
respectively, while for the FCES this cost is estimated to 0.049 €/km. Hence, according to the respective
values found in Table F6, it seems that for the first scenario, the refuelling cost of the FCEB is
approximately 1.5 to 2 times higher than that of a BEB, while compared to other city-oriented vehicles,
FCEB refuelling cost is 3 to 10 times lower. Regarding the FCES, the refuelling cost is similar to a
normal petrol scooter and 1.5 times higher than the BES. The refuelling time in both examined cases for
the FCEB is significantly higher than the refuelling time for conventional vehicles due to the low
nominal flow rate (i.e. 100 NL/h or 8 gH./h; see Table 5.2.1) of the laboratory’s electrolysis unit.

However, compared to the recharging process of a battery-powered vehicle, it is approximately 5 times
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less. Likewise, the FCES recharging process time is significantly higher compared to all the other
vehicles due to the low hydrogen outlet flow rate of the electrolyser and the larger than the FCEB tank
capacity. However, based on the fact that the metal hydride tanks of the FCES are replaceable, the

refuelling time could be done in minutes depending on the availability of filled canisters.
5.2.3.2.2. Scenario 5.2.2

The investigation of SC5.2.2 is based on the data presented by (Apostolou et al., 2019) compared with
the data found in Table F6, Appendix F. According to Apostolou et al., the cost of hydrogen fuel, stored
at 30 bar of pressure, of an autonomous on-site HRS powered from a wind turbine is calculated to 50.2

€/kgH> in order to have a feasible business scenario.

By taking into consideration the statistical analysis results for the hydrogen quantity consumed to the
range of the FCEB ratio in cases (a) and (b), presented in Table F3, Appendix F, the cost per km can be
calculated by Eq. 5.2.8.

Priceration = 50.2 » M2 stored / Rrces

(5.2.8)
The obtained data from the statistical analysis show a very low standard deviation for the hydrogen mass
to FCEB range ratio in both cases. The positive low values of skewness show a slightly higher
distribution of the values at the left part of the values’ range. Hence, it can be assumed that the
experimental data used in Eq. 5.2.8 regarding the FCEB’s H, mass to range ratio are for cases (a) and
(b) 0.0005 kgH2/km and 0.0003 kgH./km, respectively. Furthermore, based on Table F5, the FCES’s H»
mass to range ratio is 0.0019 kgHz/km.

Thus, according to Eq. 5.2.8, the cost per km for the FCEB refuelling process in SC5.2.2 equals to 0.025
€/km and 0.015 €/km for cases (a) and (b), respectively. Similarly, the cost per km for the FCES is
calculated to 0.095 €/km. By comparing the derived results of SC5.2.2 with the respective values of the
urban vehicle counterparts, one can comprehend that the refuelling cost of the FCEB is lower than all
the alternative vehicles except the BEB, where its recharging cost per km is 2.5 to 6 times lower. In

contrast, the refuelling cost of the FCES is 1.2 to 16 times higher than the other urban vehicles.

The refuelling time for the FCEB in SC5.2.2 is based on the flow rate of the H, compressor, which is
1.3 Nm®/min (RIX Industries, 2019), and the water volume of the on-board H, tank (i.e. 1.9 NL) with a
refuelling time for case (b) of less than one minute. In contrast, hydrogen gas is also used to recharge
the battery to SOC 100% in case (a). Based on the data found in the ‘H, consumed’ column in Table F2,

Appendix F, the median value for both cases (a) and (b) concerning the consumed hydrogen mass has
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been found to be 15.1 and 4.8 gH,, respectively. In other words, when comparing the two mass
guantities, one may assume that to fully charge the battery pack in case (a), the on-board hydrogen tank
should be filled two more times than in case (b). This number again is very low compared to the nominal
flow rate of the compressor, and thus, the total refuelling time is maximum one minute. However, the
charging process of the 150 Wh battery is based on the operation of the 150 W FC (see Table 5.2.1).
Therefore, the time to recharge the battery would last for approximately one hour. To this end, the
refuelling time for case (b) is highly comparable to the conventional vehicles, while for case (a), it is

significantly longer but substantially lower than that of a battery-powered vehicle.

In the case of the FCES, the refuelling time of the 1000 NL storage capacity can be occurred in less than
one minute. However, due to the metal hydride storage technology used in the FCES, high hydrogen
inlet flow would result to an increased released heat of the metal hydride which would affect negatively
the storage capacity. Lototskyy et al. (2017) documented an amount of 8 MJ of heat released during the
process of storing 0.9 kgH: in a ‘low temperature’ metal hydride (Lototskyy et al., 2017). The authors
reported that for refuelling this hydrogen quantity in 10 min, it is required to use a 13 kW cooling system.
The fact that the proposed by Apostolou et al. (2019) HRS did not include a cooling system for metal
hydride storage, it can be assumed that by reducing the hydrogen inlet flow to avoid the necessity of a
cooling system, the refuelling time of the FCES could be 3 — 5 hours for getting the full metal hydride
storage capacity. Therefore, in SC5.2.2, the FCES refuelling time would be similar to the time required

to charge the battery-based vehicle counterparts.
5.2.3.2.3. Scenario 5.2.3

The investigation of SC5.2.1 is based on a similar on-site HRS for light-duty FC vehicles to the one
examined in SC5.2.2, but using the electrical grid instead of a wind turbine to power the hydrogen
production unit. Following the methodology described in subsection 5.2.2.2.1, the electrolysis system’s
maximum operating power can be estimated according to the daily demand of hydrogen fuel for the
FCEB. The hydrogen mass used to refuel the FCEB (see Eq. 5.2.1) can be derived from the median
values of the ‘Hp-consumed’ data mentioned in section 5.2.3.2.2. Consequently, based on Egs. 5.2.1,
5.2.2 and 5.2.3, the daily hydrogen demand along with the respective electrolysis flow rate demand and

the storage tank water volume are calculated and presented in the following table (Table 5.2.2).
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Table 5.2.2. Results of sizing the electrolysis and hydrogen storage systems for refuelling

FCEB:s.
Case (a) Case (b)

hoperat (h) 13 13
MH2 stored (g) 15.1 4.8
Muiz2,dem (KQ) 23.6 7.5
Electrolyser flow rate (Nm?3/h) 20.1 6.4
Electrolyser energy consumption 6.0 6.8

(kWh/Nm?3) (NEL ASA, 2019) ' '
Electrolyser max. power (kW) 120 44
Volume of buffer H, tank (Nm?®) 8.6 2.7

Acknowledging the above, the capital cost of the proposed HRS for both cases (a) and (b) has been
calculated by using Egs. 5.2.4 and 5.2.5 to €263,193 and €136,170, respectively. In order to calculate
the cost of hydrogen fuel for both cases, Eqgs. 4.2.37 and 4.2.38 have been used to determine at what fuel
price the NPV and IRR would present positive values. The results were based on an equity/bank loan
ratio for the investment of 50/50. The assumptions used during the financial analysis included a project
lifetime of 20 years and a bank loan with a 10-year repayment period. The workforce for operating the
HRS was assumed to be two and one individuals as well as a required footprint of 500 and 300 m? for
cases (a) and (b), respectively. No subsidies related to the business plan were taken into consideration.

The results for both cases are presented in Table 5.2.3.

Table 5.2.3. HRS financial evaluation at different costs of H, fuel.

Case () Case (b)

H(Zef/ieg'Hcf)St NPV (€)  IRR  Hafuelcost (EkgHz) NPV (€) IRR
21.9 14,869 -1.85% 325 6565  -1.05%
22,0 4190  -0.52% 326 3171 -0.50%
221 6490  0.81% 327 222 0.03%
222 17,169  2.16% 32.8 3,616 0.56%
223 27848  3.52% 32.9 7,010 1.07%

Based on the results presented in Table 5.2.3, the cost of the H» fuel in order to have a viable business
scenario is calculated to 22.1 and 32.7 €/kgH> for cases (a) and (b), respectively. Hence, by taking into
account the statistical analysis of Table F3 in Appendix F, the cost per km for the FCEB refuelling
process in SC5.2.1 equals to 0.0110 and 0.0098 €/km for cases (a) and (b), respectively. These results
indicate that compared to the alternative city-oriented vehicles, the refuelling process cost of a FCEB in
SC5.2.1 is 1.6 to 1.8 times higher than the BEB, while compared to the rest of the vehicles, it is found
to be 2.8 to 7.8 times lower. The time required to refuel the FCEB in the HRS in both cases is the same
as in SC5.2.2, and thus, it is significantly lower than the recharging time of the battery-powered

counterparts but higher than that of the conventional counterparts.

205



AARHUS| SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

The HRS sized for case (a), where hydrogen demand is higher, can be assumed to accommodate also
the FCESs. By taking into account the calculated hydrogen price to have a feasible business case and
the specification data for the FCES (Table F5), it can be derived that the cost per km of the FCES in this
SC is 0.042 €/km, while the refuelling time is similar to the one in SC5.2.2. The refuelling cost is again
higher than the light-duty battery based vehicles (i.e. BEB, BES) but lower than the BEV and the
conventional vehicles. The refuelling time is similar to the recharging time of the battery-based vehicle
counterparts.

5.2.4 Discussion

This study has addressed three RQs, aiming at finding the range of a FCEB under low-pressure hydrogen
storage as well as the refuelling cost per km, and subsequently compare the respective
refuelling/recharging costs of alternative urban suitable vehicles. The results of RQ1 showed differences
in the range-to-energy consumption ratio in relation to the route followed and the case investigated (see
Fig. 5.2.6). To examine the factors concerning the physical characteristics of the participants (e.g. age,
weight, gender), a ‘Spearman’s tho’ correlation was compiled to show if there are significant differences
between the results of the FCEB range and the volunteer’s characteristics (see Appendix F, Table F1).
For case (a), the statistical analysis indicated no significant differences between the range of the FCEB
and the physical characteristics of the participants (see Table G1 in Appendix G), while for case (b), the
analysis showed a positive correlation of 0.878 between the gender and the range of the FCEB with a
significance at the 0.05 level (see Table G2). What is also apparent is that the majority of the participants
in case (a) were males, and thus, the results regarding the range-gender correlation cannot be considered
adequately proven. In addition, it is obvious that the riding range results of the first four subjects in case
(a) present significantly lower values than the riding range values of the remaining six participants (see
Table F2). This is due to the lower current density of the on-board FC used to recharge the on-board
battery pack (see Fig. 5.2.2) during the first hours of its lifetime resulting to lower efficiencies (Ubeda
etal., 2012).

According to Fig. 5.2.6, the range-to-energy consumption ratios in case (a) are lower than in case (b).
The reason is that during case (a), the battery pack of the FCEB system is fully charged through the
operation of the on-board FC by supplying the necessary H- gas production during the refuelling process.
Production and storage of hydrogen through electrolysis present efficiencies that range between 50%
and 65% (Apostolou and Enevoldsen, 2019), and thus, although the available stored energy of the FCEB
is higher (allowing a higher range) than case (b), the electrolysis efficiency is found to hinder the

proportionally increase of the distance that the FCEB can cover. Therefore, based on the experimental
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data, it is more efficient (at least in terms of energy consumption) to operate the FCEB without initially

recharging the battery through the operation of the FC.

As to RQ5.2.2, three scenarios were developed and assessed in order to appraise the refuelling cost of a
FCEB compared to other vehicles suitable for urban transportation. The results derived in terms of the
maximum refuelling cost per km and the refuelling time of the FCEB (case a) compared to the respective

data of the vehicles’ counterparts during the scenario analyses are presented in Fig. 5.2.8.
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Fig. 5.2.8. Refuelling and recharging cost and time of urban private vehicles.

The depicted results in Fig. 5.2.8 show that the maximum values of refuelling cost of the FCEB are
significantly lower than that of the conventional vehicles, lower than BES and BEV, and highly
comparable to BEB primarily in terms of SC5.2.1. The refuelling time of FCEB in case (a) is much
lower compared to battery-based vehicles, while compared to conventional vehicles only case (b) at
SC5.2.2 and 3 is at the same order of magnitude (= 1-3 min). Nevertheless, it should be noted that the
recharging process of a small battery electric vehicle such as the BEB and BES is currently much more
accessible to the public compared to hydrogen-fuelled vehicles refuelling, which consists of a main
barrier in the penetration of the later in the market. Additionally, the average energy consumption of the
BEB could be lower than the one used for the calculations (i.e. 20 Wh/km) due to technology advances
including higher charging efficiencies and larger battery capacities. In this regard, it is documented that
contemporary BEBs might present energy consumption values down to 10 Wh/km (Frischknecht et al.,
2016), which decrease the recharging cost of the BEB by half to 0.003 €/km enhancing the operating
cost advantages of the BEB that stem from the hydrogen production-FC utilisation process efficiencies

associated to the FCEB operation.
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All the SCs for the FCES present a refuelling cost per km higher than the battery-based light duty
vehicles and similar to the conventional scooter. However, it is important to mention that this result
depends significantly on the scooter’s efficiency and in the case of lower hydrogen consumption than
the one used in this study (i.e. 1.9 gH2/km) the results would present lower refuelling costs fully
comparable with its battery-based counterparts. The refuelling time of the FCES is highly dependent on
the specifications of the HRS in conjunction with the technology used for storing hydrogen on-board
the vehicle. Metal hydride storage does not require the use of a compressor for storing the same hydrogen
mass in gas canisters resulting to lower fuel cost. However, in order to achieve similar refuelling times
of metal hydride canisters to a high-flow compressed H; gas storage process, a cooling system is required
to be implemented in the respective HRS increasing the capital and operational expenses of the HRS

and thus the final hydrogen cost.

The summarised results of the three investigated scenarios for the FCEB are presented in Fig. 5.2.9
below. The results clearly show an advantage of SC5.2.1 for case (a), while for case (b), although the
cost-to-range ratio in SC5.2.1 is slightly lower compared to SC5.2.1, the refuelling time of the latter is
substantially more advantageous. Comparing the two cases for SC5.2.1 to answer RQ1, case (b) seems
to be less costly and timesaving than case (a) due to the lower efficiency of the recharging phase of the

on-board battery in case (a) and the higher hydrogen refuelling flow rate respectively.
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Fig. 5.2.9. Results of the cost-to-range ratio and refuelling time for all investigated scenarios

in both refuelling process cases of the FCEB.

The participants’ opinion (RQ5.2.3) about the FCEB operation was positive in both investigated cases,
and more than 70% replied that they would consider using a FCEB as their daily means of urban
transportation with a refuelling price of 1.339 €. By taking into consideration the data regarding the
FCEB lowest range for both cases found in Table F2 in Appendix F, the refuelling cost per km that the
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participants are willing to pay ranges between 0.036 (case b) and 0.103 €/km (case a). Based on the
values found during the investigated scenarios for both cases (a) and (b) (see Fig. 5.2.9), the price the
participants are willing to pay has been found to be much higher. The participants’ answers regarding
willingness to pay are comparable to the cost ratios of conventional vehicles, and thus, the perspective
of using a more economical transportation such as the use of a FCEB would positively affect the

transition to ‘greener’ urban mobility vehicles.

However, it is worth noting that this study did not take into consideration the capital and maintenance
costs of the FCEB and what would be the impact to the participants’ opinion. Currently, the capital cost
of the FCEB can be quoted at least twice more expensive compared to an average cost of a BEB due to
the FC related components price, while maintenance costs of a FCEB/FCES might present higher values
compared to a BEB/BES because of the system’s complexity or FC degradation over time. Hence,
further comparison between the two technologies would provide interesting data in regards to the

FCEB/FCES prospects in the respective market.

Based on the previous analyses and the derived results, the contribution of this paper in the existing

knowledge can be described by the following four statements:

The hydrogen fuel cost as calculated based on the HRS specifications, the driving SCs and the efficiency
of light-duty FCEVs plays a significant role on the penetration of this technology in the alternative

vehicle market for urban mobility.

e The battery recharging process via the FC affects significantly the refuelling cost of light
vehicles that use the FC as a driving range extender.

e The best refuelling cost SC for a FCEB is achieved in SC5.2.1 were a small hydrogen generator
is used. SC5.2.1 on the other hand, consisting of an on-site grid connected HRS provided
slightly higher refuelling cost but significantly lower refuelling time.

o Refuelling times of light-duty FCEVs are highly dependent on the storage technology used.
Metal hydrides seem more appropriate for smaller hydrogen storage capacities.

5.2.5 Conclusions

This research has focused on the investigation of a light-duty fuel cell vehicle suitable for urban
transportation such as a hydrogen-powered bicycle (i.e. a FCEB). The operational characteristics of the
FCEB in terms of driving range, range-to-energy consumption and refuelling cost per kilometre were
assessed by means of an experimental methodology consisting of FCEB refuelling and riding processes

under low-hydrogen storage pressure. The applied methodology examined two cases in relation to the
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initial SOC of the vehicle’s on-board battery pack as well as three different refuelling scenarios

concerning the hydrogen fuel cost.

Sixteen volunteers participated in the experiment, who were subsequently asked to answer a
guestionnaire, stating their opinion of the FCEB. The derived results indicated that the range-to-energy
consumption ratio of the FCEB depends mostly on the route followed and the process followed to charge
the on-board battery pack of the vehicle. The physical characteristics and specifically the gender of the
participants proved to play a significant role in the case where the battery of the vehicle initially was
discharged and only the hydrogen canister was filled with H, fuel. However, as discussed, the low
number of participants during the experiment did not provide accurate results in terms of the correlation
between the energy consumption and the driving range of the FCEB, and thus, further investigation of

these parameters with more participants might derive different and/or more robust results.

The driving range-to-energy consumption ratio of the FCEB under low-pressure hydrogen storage was
found to be between 20 and 46 km/kWh depending on the routes, the participants’ riding pattern and the
cases investigated (a or b). The median values for case (a) were estimated to 36.6 and 20.5 km/kWh for
the lower (Route 1) and higher slope (Route 2) routes, respectively, while for case (b), the respective
values were calculated to 43.3 and 34.2 km/kWh. This indicates that the slope of the route plays a
significant role in the autonomy of a FCEB, while the recharging of the on-board battery pack through

the FC (case a) presents lower efficiencies that negatively affects the driving range of the vehicle.

Based on the results of this study, it is clear that the prospects of FCEBs and FCESs as urban
transportation means present several advantages but also drawbacks over their counterparts. Refuelling
cost per km of the FCEBs seems to be significantly lower than conventional and larger battery-based
vehicles but higher than a BEB. On the other hand, the refuelling cost per km of the FCESs is higher
than the smaller battery-based vehicles but lower than the conventional vehicles. To this end, additional
research is required on less costly refuelling options such as off-site HRSs, HRSs able to support metal
hydride storage or HRSs powered by excess RES energy that otherwise would be lost. Research on the
operation of a FCEB under a medium/higher H, storage pressure or other storage technologies (e.g.
metal hydrides) is also necessary in order to provide a detailed assessment of the refuelling costs and

the range-to-energy consumption ratio.
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5.3 Integration of a light mobility urban scale hydrogen refuelling station
for cycling purposes in the transportation market

Road transportation consists of a significant contributor to total greenhouse gas emissions in developed
countries. New alternative technologies in the transportation sector such as electric vehicles aim to
reduce substantially vehicle emissions, particularly in urban areas. Incentives of using two-wheel
electric vehicles such as bicycles in big cities centres are promoted by local governments, and in fact,
some countries are already trying to adopt this transition. An interesting case consists of the use of
hydrogen fuel cells in such vehicles to increase their driving range under short refuelling times. To this
end, this paper investigated the social and financial prospects of hydrogen infrastructure for city-oriented
fuel cell electric vehicles such as bicycles. The results of the research indicated that a light mobility
urban hydrogen refuelling station able to provide refuelling processes at pressures of 30 bar with a

hydrogen fuel cost of 34.7 €/kgH, is more favourable compared to larger stations.
5.3.1 Introduction

During the last two decades CO, emissions, which comprise the highest share to global GHG emissions
exceeding 65% of total GHGs increased from 23.2 Gt in 2000 to 32.8 Gt in 2017 respectively, from
which 5.9 Gt were emitted from road transportation (passenger and freight vehicles) (IEA, 2020a,
2020b). In the last two decades, CO; emissions from passenger vehicles increased by approximately

43% presenting a continuously growing trend reaching in 2018 3.6 Gt (IEA, 2020a).

In this context, transportation in urban environments is one of the major contributors of CO, emissions
due to overpopulation, which is expected to consist 80% of the entire population by 2030 resulting to
more vehicles, traffic, and higher travelling mileage (Grote et al., 2016; Yuan et al., 2019). In countries
such as China where high development rates are observed, this phenomenon is intense. In Beijing only,
17 Mt of CO; emissions in 2014 came from passenger vehicles, while the respective emissions in other
6 major cities reached in total approximately 35 Mt (Yuan et al., 2019). In the EU, 40% of road
transportation induced CO, emissions is estimated to come from urban transport accounting in 2017 354
Mt, and consisting of 10.4% of total CO- emissions (EU, 2018; European Commission, 2020b). To this
end, many city authorities in EU incorporated or planned measures to reduce as much as possible road
transportation emissions. Among those, promotion of cycling and use of public transport, use of EVs
(including cars, buses and bikes) and vehicle sharing programmes are plans adopted by metropolitan
areas including Berlin, Paris, Vienna and Prague (Dogan Oztiirk et al., 2019). Additionally, other
countries nowadays provide incentives to support ‘green” mobility in urban areas focussing on the
promotion of AFVs. The state of California aims to reduce CO, emissions by overseeing several

incentive programmes designed to increase the sales of light-duty AFVs such as BEVs and FCEVs and
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develop the required recharging/refuelling infrastructure (Brown et al., 2018). The promotion of EVs by
the Chinese government through the new energy vehicles programme focussing on the R&D of EVs,
resulted to a significant increase of the number of electric passenger vehicles reaching 370,000 and 250

million electric buses and two-wheel vehicles respectively (Coalition for Urban Transitions, 2019).

Acknowledging the above, the evolution of EVs seems to be one of the major assets towards the
mitigation of transportation induced GHG emissions (IEA, 2020a). Light-duty EVs for city
transportation such as bicycles or scooters are described as an alternative to larger conventional vehicles
towards the reduction of carbon emissions in city centres (Apostolou, 2020b). During the last 20 years,
several studies investigated the prospects of small hydrogen-based vehicles (e.g. FCEBs, FCESS) in
urban transportation. Some of these focussed more on the technical aspects of this vehicle technology
including the efficiency and the overall performance of pilot projects under real conditions or through
modelling and simulation of the vehicles’ operation and refuelling options (Apostolou et al., 2019;
Cardinali et al., 2002; Chao et al., 2009; Hu et al., 2020; Hwang et al., 2004; Kheirandish et al., 2014;
Tso etal., 2012). Most of these research articles presented positive results for the light hydrogen vehicles
compared to alternative vehicle counterparts and conventional mobility, while the most identified
drawback consisted the lack of refuelling infrastructure and the high operating costs due to the increased
respective hydrogen fuel price. On the other hand, the benefits of such vehicles in terms of social and
environmental aspects were also examined in the international literature showing a clear advantage over
the urban conventional vehicles. A predominance over other alternative vehicles which is however
highly affected from the energy mix used to provide the respective energy input to the under comparison
vehicles is also documented by a series of studies (Bicer and Dincer, 2017; Hwang, 2012; Li et al., 2016;
Mellino et al., 2017; Tso and Chang, 2003; Uyar et al., 2019).

As it was previously mentioned, the acceptance by the public and therefore the further expansion of this
vehicle market is highly dependent on the respective refuelling infrastructure and the associated costs.
This research consists of the continuation of a study published by Apostolou (2020b) concerning the
refuelling cost scenarios of a FCEB under low-pressure hydrogen storage of 30 bar (Apostolou, 2020b).
The aim of this paper is, on the one hand, to investigate the refuelling costs of a FCEB under real-world
conditions and higher hydrogen pressures, and on the other, to assess the opinion of potential future
adopters concerning the different refuelling options of a FCEB and their respective costs. In this regard,
this study provides the best economic scenario in terms of hydrogen infrastructure implementation for

light-duty fuel cell vehicles with hydrogen gas storage.
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5.3.2 Methodology

The methodology followed during this research is divided in three main parts consisting of an
experimental phase, a financial analysis, and a survey. The experimental phase of this research included
the refuelling processes of the same FCEB as the one used in (Apostolou, 2020b) under hydrogen
pressures of 30, 100, 150, and 200 bar. The refuelling processes were performed in an autonomous on-
site HRS powered by a PV park of 62 kW peak power located in the ‘Aragon Hydrogen Foundation’
research centre in Spain. The hydrogen generator consisted of a 50 kW PEM electrolyser including the
BOP components and the compression system, which comprised a 350 bar outlet pressure (suction
pressure up to 20 bar) two-stage diaphragm hydrogen compressor of 4.8 kW rated power and a

maximum hydrogen outlet flow of 11.2 Nm3/h.

Following the refuelling processes, the autonomy of the FCEB was estimated by selecting a route in the
city of Huesca, Spain (Fig. H1, Appendix H), similar to the routes followed during the experimental
phase of (Apostolou, 2020b). For validating the driving range results compared to those of (Apostolou,
2020b), a refuelling process followed by the estimation of the autonomy under hydrogen storage at 30
bar was performed for the specific route. The number of positive slopes was also recorded (Fig. H2,
Appendix H) indicating similar characteristics to route two used in (Apostolou, 2020b). During the
experimental phase, the weather conditions were selected to be similar for all the riding procedures
under the different refuelling pressures. The riding average speed in all cases remained similar, while

all processes were held by the same individual and performed twice to get a confirmation of the results.

The initial SOC of the FCEB’s buffer battery prior to each experimental part was 100%. The reason for
choosing a fully charged battery was to find the highest possible driving range that can be achieved by
the same rider under the different investigated refuelling pressures. Based on the above the total
hydrogen consumption included also the recharging of the FCEB’s battery pack through the on-board
FC.

The financial analysis was based on real data acquired during the refuelling processes of the FCEB
concerning the operating costs for producing one kg of hydrogen. However, due to the different
investigated pressures, the compressor’s specifications and thus the respective capital and O&M costs
were used only for the higher pressure (i.e. 200 bar); while for the lower pressures, smaller compressors
were taken into consideration. In order to calculate the hydrogen fuel cost for each investigated
refuelling pressure and compare it with the results of (Apostolou, 2020b), the NPV of an on-site HRS
investment in Denmark was calculated from Eqgs. 4.2.37 and 4.2.38. According to (Apostolou, 2020b),
three investigated scenarios concerning the refuelling processes of a FCEB indicated that the lowest
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refuelling price offered by an on-site HRS could be achieved from a grid-connected topology. Hence,
this research focussed entirely on this type of HRS in order to find the optimum fuel cost case for a
consumer. The minimum hydrogen fuel cost for all refuelling cases was calculated with respect to

getting a positive NPV and a PP of approximately 10 years.

The proposed HRS is presented in Fig. 5.3.1, while the specifications of the station’s main components
are included in Table 5.3.1. The hydrogen production and storage data were based on the topology used
during the experimental phase. For the process of hydrogen compression, three commercial compressors
(100, 200 and 350 bar) were assessed to be the most appropriate for the refuelling processes at pressures
of 30 (by the 100 bar compressor), 100 (by the 200 bar compressor), 150 (by the 200 bar compressor)
and 200 bar (by the 350 bar compressor).

17 Water
AC/IDC PEM H; buffer
rectifier electrolyser tank
stack
BOP
components
Hz
compressor
AC main
grid
Pressure
H regulator Hz high-
2
dispensers pressure
P tank
Electricity Hydrogen

Fig. 5.3.1. Proposed on-site HRS for light-duty vehicles.

According to Ulleberg and Hancke (2020), the max capital cost of a compressor with low outlet H; flow
(< 20 Nm?/h), low suction pressure and a pressure discharge between 200 and 300 bar is approximately
€77,700 (Ulleberg and Hancke, 2020). To this end, it can be assumed that the specific cost of a
compression unit of similar specifications that has an approximate rated power of 4 kW is on average
19,400 €/kW (see Table E1, Appendix E). The dispenser capital cost was based on the fact that a
hydrogen dispenser of 350 bar with low hydrogen flow rate (< 20 Nm®3/min) does not require a cooling
circuit (Ulleberg and Hancke, 2020) and thus it can be assumed to have a cost similar to a contemporary
compressed natural gas dispenser (Parks, 2014). Based on the maximum outlet hydrogen flow of the
electrolyser and the operating hours of the station, the daily hydrogen production (M) can be estimated
to 16.6 kgHo>.
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Table 5.3.1. Specifications of the HRS components.

Power Max. outlet Hz flow  Mass capacity

Parameter (kW) rate (Nm/h) (kgH2)
PEM electrolyser 50 14.2 -
100 bar Hz compressor (Hydro-Pac inc.,
2020) 2.3 17.4
200 bar H, compressor (Hydro-Pac inc.,
2020) 3.8 16.9
350 bar H, compressor 4.8 11.2 -
H. buffer tank capacity at 20 bar - - 7
H> high pressure tank capacity at 350 bar - - 23

The investment cost of the HRS is calculated by Eqgs. 5.3.1 and 5.3.2.

During the operation of the small-scale one-dispenser HRS two employees are assumed to work on
shifts, while the footprint of the station able to accommodate all components is assumed to be 300 m2,
Eg. 5.3.3 is used to calculate the daily FCEBs refuelling processes that the proposed HRS can
accommodate in a daily basis (operating hours assumed between 8:00 AM to 9:00 PM similarly to
Apostolou (2020b)). The lifetime of the project (n) was set to 20 years, resulting in approximately 95,000
operating hours. According to (Perez and Casero, 2019), the PEM electrolyser used for this research has
a lifetime of 80,000 h, suggesting that the electrolyser’s stack is required to be replaced during the
project’s lifetime. The loan to total capital investment ratio was assumed to be 0.5, while the loan re-

payment time was set to 10 years.

ICo = ICql Prmaxt |Cc0mp Pcomp"‘ I1Chir Mu2ofrt 1CH2stor MHth"‘ ICq + 1Cconstr, (531)
ICeonstr = (lCeI Prmax+ |Cc0mp Pcomp"’ ICoir MH2ntr+ 1Chastor MHth + |Cd) * (fcost,constr + fcost, cont). (532)
Nbikes = M2 / M2, cons, (5.3.3)

The calculation of the annual O&M costs (see Table E1, Appendix E) was taken as a percentage of the
investment cost plus the stack replacement cost after 10th operating year (FCe) for the maintenance part,
while the operating part was estimated by Eq. 5.3.4 describing the annual energy consumption of the

system.
Econs = 365 = My = (ECelectr + ECcomp), (5.3.4)

The data used for the calculation of the parameters of Eqs. 5.3.1 to 5.3.4 are presented in Table E1
(Appendix E).
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Following the financial analysis, the results were disseminated through the simulation of an HRS
operation during a workshop-based lecture to 17 students of Aarhus University, Denmark who declared
using regularly a bicycle/scooter for their daily commutes. The students thereafter participated in an
anonymous survey via the ‘SurveyXact’ software and asked to state which of the different hydrogen fuel
costs calculated for the different refuelling pressures and the respective autonomy of a FCEB believed
that was more appealing to them. The survey results were then categorised to identify which of the
refuelling processes under different pressures and therefore which HRS specifications would be more

favourable in a future urban hydrogen market.
5.3.3 Results and discussion

The experimental phase of this research included the refuelling process of the FCEB under different
hydrogen pressures and subsequently the estimation of the vehicle’s autonomy (full depletion and
discharge of the hydrogen tank and battery pack respectively). The financial evaluation calculated the
H; fuel price were the NPV becomes positive for the respective HRSs. For the case of an HRS suitable
for the 30 bar refuelling process, the results indicated a minimum hydrogen price of 34.7 €/kgH; to get
a positive NPV. Similarly, for the 100, 150 and 200 bar, the H- price accounted for 36.0, 36.1, and 36.9
€/kgH> respectively. The results of the riding phase calculated by the means of the two riding procedures

for all refuelling pressures and the hydrogen price per km are presented in Table 5.3.2.

Table 5.3.2. Hydrogen consumption, autonomy and average speed during the experimental

phase.
Refuelling hydrogen pressure (bar)

Parameter 30 100 150 200

Mi2.cons (GH2) 15.1 24.8 32.8 38.8

Nbikes 1,099 669 506 427

Autonomy (km) 27.8 43.9 59.2 72.8

Average speed (km/h) 20.1 20.6 21.3 22.3

Total refuelling cost (€) 0.52 0.89 1.18 1.43

HRS IC, (€) 291,770 327,560 327,560 351,420

Minimum H; price for positive NPV (€/km) 0.019 0.020 0.020 0.019

* Hydrogen consumption includes the hydrogen mass stored inside the on-board FCEB’s tank and the hydrogen consumed to
fully-charge the battery pack of the FCEB.

Table 5.3.1 results demonstrate an almost similar cost per km for all the investigated refuelling pressures.
This suggests that the hydrogen fuel cost increase due to the different HRS specifications to
accommodate the different refuelling pressures is counterbalanced with the FCEB’s autonomy increase
as refuelling pressure gets higher. It is also apparent that the fuel cost for the 100 and 150 bar refuelling
pressure is approximately the same (small deviation due to different O&M costs), which clearly gives

an advantage towards the latter refuelling pressure option. By comparing the cost per km results for the
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FCEB with the respective results from (Apostolou, 2020b) (i.e. SC5.2.1, first investigated case) one may
argue that there is a deviation between the final values (0.011 and 0.019 €/km). Although the 1C, in both
studies is approximately the same, the cost data used in this research corresponds to an operating HRS
able to provide a specific daily amount of H; fuel while the results from (Apostolou, 2020b) were based
on theoretical scenarios. These scenarios considered higher hydrogen fuel demands, which could offer
substantially more revenues to an investor, allowing thus lower hydrogen fuel prices to get the lowest

positive NPV in the business case study.

By taking into account the results documented in Table 5.3.1, the survey respondents indicated that the
refuelling process under 30 bar of pressure was more financially appealing in accordance with their daily
commuting needs. Specifically, most of the participants (41.2%) declared a daily travelling routine
between three and five kilometres in an urban environment. Approximately half of the survey

respondents (47.1%) favoured the low-pressure refuelling because of the lower total cost (see Fig. 5.3.2).

30 bar 100 bar 150 bar 200 bar

Respondents
[\

One to three km Three to five km More than five 1do notuse a
km private vehicle

Average daily distance traveled by participants with own vehicle
Fig. 5.3.2. Responses received by the workshop’s survey participants.

The 30 bar refuelling option dominated among the workshop’s participants who declared an average
daily commuting trip less than three and more than five km. On the other hand, the respondents answered
three to five km of average commuting trips favoured clearly the 100 bar refuelling option leaving as a

second option the lower pressure of 30 bar.

Based on the survey’s result, it seems that urban commuters travelling short distances in their daily
routine take the total refuelling cost more into account compared to the fuel cost per kilometre, which
in the case of the FCEB is almost similar for all cases. To this end, the low refuelling pressure option of
30 bar and the medium pressure of 100 bar are the prevalent ones suggesting a lower cost investment
for an HRS able to accommodate small urban hydrogen vehicles. By taking all the above into account,

the novelty of this study can be quoted in three aspects:
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o Identification of the best refuelling scenario for light urban hydrogen vehicles.

e Proved independency of the hydrogen price per km for refuelling at different hydrogen
pressures. Valid for the same rider for the same route.

o Small-scale hydrogen refuelling stations for small urban hydrogen vehicles are favoured

compared to larger stations (for both investors and consumers).
5.3.4 Conclusions

This research presented an investigation of hydrogen gas refuelling processes of a small urban vehicle
such as a FCEB. Different refuelling pressures were studied in order to assess the operation of the vehicle
and the financial factors in regards to the respective hydrogen refuelling infrastructure. The data were
based on the operation of an on-site HRS and used to estimate the best refuelling scenario for a FCEB
in terms of the hydrogen fuel price. Although the results showed an increasing hydrogen fuel cost
between 34.7 and 36.9 €/kgH>, the fuel cost per km remained fixed at approximately 0.019 €/km.
However, it should be noted, that although the HRS investment costs can be considered to be similar
between different countries, the operating costs, which are highly dependent on the electricity costs and
financial parameters (e.g. taxation schemes, interests, etc.) would differ between countries and hence
would affect the final hydrogen fuel cost. What is apparently interesting is that based on this study
results, the fuel cost per km for the same rider following the same route was found to remain constant

and independent on the refuelling pressure of the FCEB.

The outcome for all investigated hydrogen refuelling pressures was disseminated to a workshop’s
participants where a FCEB and the proposed HRSs were presented. The participants were asked to
document their preference on the hydrogen fuel cost results for the refuelling pressures and the
respective delivered FCEB autonomy based on their average daily urban commuting needs. The
responses showed that the participants favour more the lower pressure refuelling process compared to

high-pressure options for their daily commutes.
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5.4 Refuelling scenarios of a light urban fuel cell vehicle with metal
hydride hydrogen storage. Comparison with compressed hydrogen
storage counterpart

The high price of hydrogen fuel in the fuel cell vehicle refuelling market is highly dependent on the one
hand from the production costs of hydrogen and on the other from the capital cost of a hydrogen
refuelling station’s components to support a safe and adequate refuelling process of contemporary fuel
cell vehicles. The hydrogen storage technology dominated in the vehicle sector is currently based on
high-pressure compressed hydrogen tanks to improve as much as possible the driving range of the
vehicles. This technology however mandates the use of large hydrogen compression and cooling systems
as part of the refuelling infrastructure that consequently increase the final cost of the fuel. This study
investigated the prospects of lowering the refuelling cost of small urban hydrogen vehicles through the
utilisation of metal hydride hydrogen storage. The results showed that for low compression hydrogen
storage, metal hydride storage is in favour in terms of the dispensed hydrogen fuel price, while its weight
is highly comparable to the one of a compressed hydrogen tank. The final refuelling cost from the
consumer’s perspective however was found to be higher than the compressed gas due to the increased

hydrogen quantity required to be stored in MH tanks to meet the same demand.
5.4.1 Introduction

During the last decade there was a significant increase of EVs due to the continuously support of
governments and stakeholders towards a carbon free transportation sector, which is responsible for the
26% of global CO, emissions in 2018 (IEA, 2020c). The transportation sector induced GHG emissions
in EU-28 increased from 0.79 Gt CO»-eq in 1990 to 0.95 Gt CO»-eq in 2017 from which 95% is caused
from road transportation (Eurostat, 2020a). The targets set by the EU-28 to mitigate the road
transportation induced CO; emissions (= 20% of total emissions) aim at a 23% reduction of GHG
emissions from road transportation by 2030, while specific emission targets were applied to
manufacturers to reduce the vehicles’ emissions by 37.5% from 2030 onward. Specifically, for low/zero
emission vehicles, the manufactures’ targets would be relaxed in case of introducing 35% annual share

of this type of vehicles in their fleet (Cabuzel, 2020).

In EU-28, more than 1.35 million EVs are currently on the roads compared to 5,613 units in 2010
(EAFO, 2020) suggesting a rapid integration of the new vehicle technology in the transportation market.
However, the share of EVSs in the total number of vehicles in EU-28 is still very low accounting of 0.56%
indicating that EV market is still at an early stage of development. EVs include three main vehicle
technologies: The BEVs, PHEVs and FCEVs (McKinsey & Co, 2010). Among those three vehicles

types, PHEVs are low emission, while BEVs and FCEVs are considered zero direct emission vehicles.
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BEVs compared to FCEVs present advantages and drawbacks that are based on the inherent

characteristics of each technology.

Although both technologies are environmentally friendlier than conventional vehicles, they exhibit a
carbon footprint in an LCA (Cox et al., 2020). According to (Bicer and Dincer, 2017), FCEVs present
a lower warming potential compared to BEVs, while Shin et al. (2019) concluded that FCEVSs less
carbon intensive in an LCA compared to BEV in the case of getting the hydrogen fuel as an industrial
by-product. In this context, Thomas (2009) suggested that FCEVs are environmentally friendlier than
BEVs in an LCA only if the electricity mix of a country is fossil fuel based. In support to the above,
Cox et al. (2020) suggests that FCEVs present better environmental performance than BEVs only in the
case of having higher carbon intensity of the electricity mix than the one of a combined cycle natural
gas powerplant (Cox et al., 2020). Similarly, Li et al. (2016) stated that between BEVs and FCEVs, the
vehicles presenting the best environmental footprint depend on the energy mix and the methods of

producing the hydrogen fuel (Li et al., 2016).

BEVs compared to FCEVs are considered more urban oriented vehicles due to their lower mileage
autonomy and better efficiency. To this end, the energy consumption per 100 km of a contemporary
BEV is almost 50% less than a FCEV (Velazquez Abad, 2017). Additionally, the recharging cost of a
BEV may be considerably lower (depending on the electricity costs) than the unsubsidised refuelling
cost of a FCEV which is currently in the same level for most countries. In this context the total ownership
cost of the BEVs is currently lower than that of the FCEV with however a declining trend of the price
of the latter that is expected to converge in the future towards the price of the rest EVs (McKinsey &
Co, 2010; Morrison et al., 2018; Thomas, 2009; Velazquez Abad, 2017). One may also argue that
recharging a BEV might be more convenient as it can occur apart by using a fast charger in the premises
of each owner, while the refuelling process of a FCEV occurs only through an HRS. HRSs are still not
available everywhere with their total number not exceeding 470 station at the end of 2019 contributing
to the low number of FCEVs on the roads and vice versa (i.e. 25,210 vehicles at the end 2019) (IEA,
2019c). On the other hand, FCEVs present advantages over the BEVs including higher autonomy and
fast refuelling times that are comparable to that of conventional vehicles. A contemporary passenger
FCEV may reach a driving autonomy of approximately 650 km, while its refuelling time does not
overpass 3 min (Brey etal., 2018; Kurtz et al., 2019). Based on the above, it can be derived that the most
significant drawbacks of the FCEVs are the refuelling costs and the accessibility of the appropriate

refuelling infrastructure.

The high refuelling cost of FCEVs can be identified as the results of the hydrogen fuel production
process cost and the high capital cost of the key components of a HRS (Apostolou, 2020a). According
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to Apostolou and Xydis (2019) there are two main categories of HRSs, the on-site and the off-site
hydrogen production stations (Apostolou and Xydis, 2019). Both types of stations include the same
systems except the hydrogen source availability and its respective equipment. Hydrogen is produced via
a water electrolysis system or a steam methane reformer in an on-site HRS, while in an off-site, hydrogen
fuel is delivered via trucks from a centralised production facility. Due to the inherent properties of
hydrogen, the refuelling of the gas hydrogen is occurring under high pressures (i.e. 350 or 700 bar) in
both types of HRSs to be able to store an adequate mass of hydrogen in a confined space of a vehicle’s
tank. To this end, HRSs main components include a large hydrogen compressor to raise the hydrogen
pressure and in case of high refuelling flow rates a cooling system for lowering the fuel temperature
before the refuelling process at —40 °C and avoid the tank’s temperature exceeding 85 °C as set by the
tank manufacturers (Apostolou and Xydis, 2019). The cost of these systems depends on the size of the
HRS and may range between €324,000 and €480,000 for the compressor unit and €162,000 and
€200,000 for the cooling system (Apostolou and Xydis, 2019).

This established method of storing hydrogen as a pressurised gas in passenger FCEVs mandates the use
of the above-mentioned components and a further fuel cost reduction based on the specific equipment
cost decrease would proceed through economies of scale. However, in light urban vehicles market
including FCESs or FCEBs, these HRS key components could be bypassed through the utilisation of a
different on-board hydrogen storage method. Among several methods of storing hydrogen the most
popular apart from the compressed gas storage are the liquid storage inside special cryogenic tanks and
storage in MH canisters (Kavadias et al., 2018). Liquid storage is inherently energy intensive and
unsuitable for the transportation sector due to the required equipment for storage under cryogenic
temperatures. In contrast, MH storage is based on the ability of intermetallic components to reversibly
absorb hydrogen at low operating pressures depending on the material used (Kavadias et al., 2018). MH
storage presents also very high storage capacity of hydrogen per unit volume, high safety, and provides
high purity hydrogen stored quantity (Davids et al., 2019). The main drawback of MH storage is
documented to be the low storage density by weight, resulting to high weight of the canister in order to
secure adequate hydrogen guantities to provide fuel to transport applications (Lototskyy et al., 2020).
However, in the case of FC light vehicles such as carts, scooters, and bicycles, where hydrogen fuel
demand is significantly lower compared to larger vehicles, the utilisation of MH storage technology
could provide several benefits (Davids et al., 2019).

Amica et al. (2020) compared the costs of hydrogen gas storage under 700 bar pressure with the costs
of storing in MHs for road FC vehicle applications normalised by kgH». The outcome showed that even
with a high deployment of MHSs, the cost ratio is currently at least 2:1 in favour of compressed gas

storage. The authors however stated that the maturity of the MH technology could counterbalance the
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cost difference in the future (Amica et al., 2020). In the same context, Frank et al. (2019) investigated
how the refuelling costs of FCEVs could minimise in case of using MH hydrogen storage instead of
high compressed storage on-board the vehicles. The maximum savings were found to be 0.63 €/kgH>

mostly due to the reduction of the compression costs (Frank et al., 2019).

Sizing of a MH storage system was modelled by Brooks et al. (2020) providing estimation about the
mass, volume, and overall dimensions of the system to be able to supply 5.6 kgH- to a vehicle. The
results of the model showed that the physical properties of the MH tank material play significant role
during the sizing of such systems able to follow the technical targets set by US Department of Energy
(Brooks et al., 2020). Mazzuco et al. (2014) argued that in order be consistent with the Department of
Energy requirements in terms of charging time “and volumetric density of light-duty FCEVs MHs,
design and heat management of the tank is crucial. The authors documented that cooling and heating of
the MH system during the absorption and desorption processes respectively improve the storage capacity
and refuelling times (Mazzucco et al., 2014). The thermal properties of MH storage and how could be
utilised in BEVs with FC range extenders have been investigated by Nasri and Dickinson (2014). The
authors developed a thermal management system with a thermally coupled high temperature PEM FC
and a MH tank where heat absorption during the hydrogen release of the MH storage cooled down the
FC during the operation of the latter. Additionally, they noted that the volume of the MH tank plays an
important role on the operating time of the extender due to the thermal connection of the FC and the
thermal behaviour of the tank during the operation of the system (Nasri and Dickinson, 2014). Kélbig
et al. (2019) presented results about the characteristics of MH hydrogen storage for sub-zero
temperatures, which are highly important for FCEVs operation in winter conditions by providing heat
to the FC during cold starts. The authors studied two materials consisting of LaNisgsAlo1s as heat
generating material and Tio.95Zr0.0sMnN1.46V0.45F€0.09 s hydrogen supply material. The results showed that
for an adequate pre-heating, it is required to use increased mass of the materials that consequently could

lead to hydrogen gas and heat transport limitations (Kolbig et al., 2019).

Lototskyy et al. (2015), studied the desorption behaviour of various MH types applicable for stationary
and mobile low temperature PEM FCs. The results indicated that hydrogen supply to the FC was
decreased due to the endothermic hydrogen desorption that depends on the size of the MH canister, the
heat management conditions of the MH, and the layout of the MH tank in relation to the heat transfer
intensification in the intermetallic material (Lototskyy et al., 2015). Similarly, Han et al. (2020)
investigated two types of MH (AB5 and AB2) and their physical properties to assess which was the
most appropriate for mobile applications. The authors concluded that the ABs type performed better in
charging times but compared to AB; lacked storage capacity by 18.3%. Furthermore, the AB; type

presented also higher desorption pressure making it more appealing for use at colder climates (Han et
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al., 2020). The alternative of refilling MH hydrogen tanks of FCEVs off-board the vehicles was
examined by Lieutenant and Borissova (2020). Although their research showed many benefits compared
to on-board storage, the selection of the proper storage material was proved to be significant. Off-board
refilling of MH tanks would allow higher pressure and temperature processes reducing thus the required
storage material and minimising the refilling times. The exothermic MH storage reaction release heat

which could be also used for heating the spaces of the HRS (Lieutenant and Borissova, 2020).

The use of MH hydrogen storage in light-duty FCEVs was studied by Hwang and Jiang (2012) who
developed and tested a small hybrid FC-battery vehicle. The maximum efficiency of the system was
estimated to 46% on one hand due to the FC stack operation and on the other due to the utilisation of
the produced heat by the FC to the MH tank for the desorption of hydrogen fuel (Hwang and Chang,
2012). Lototskyy et al. (2020) documented the benefits in terms of compactness with low increase of
weight and higher safety through the implementation of MH storage in FC forklifts. Although the
prototype power module combined with the MH storage presented higher refuelling times and
insignificant weight increase, low pressure during operation and refuelling processes suggested
increased safety and lower refuelling costs respectively (Lototskyy et al., 2020). The refuelling process
of an electric forklift powered by a FC was investigated by Lototskyy et al. (2016). The hydrogen storage
system comprised a compressed gas and MH hydrogen tanks, while the HRS used also a MH compressor
for delivering hydrogen to dispensers under 200 bar of pressure. The documented by the authors benefits
of using lower refuelling pressure compared to the ones required for compressed gas on-board storage
included use of standard auxiliary components (e.g. valves, fittings, etc.), no overheating of the hydrogen
fuel eliminating the requirement of cooling the fuel prior the filling process, and the use of a MH

compressor reducing the electricity consumption of a mechanical compressor (Lototskyy et al., 2016a).

Tso et al. (2012) presented the results of a FCES project in Taiwan including real data statistics and
analysis of 27 FCESs with MH hydrogen storage of 90-100 gH- under real operating conditions. The
outcome of their study revealed that ambient temperatures <15 °C affected the operation of the MH
storage, especially during start-up times (Tso et al., 2012). The hydrogen discharge rate was found to be
less than 40 gH, when flow rate was more than 12 SL/min resulting to additional heat requirement for
the hydrogen release reaction to occur (Hwang, 2012). Additionally, the hydrogen to metal ratio of the
MH canisters was calculated between 1.03% and 1.10% suggesting that storage effectiveness needs to
be better in order to improve the overall weight of the vehicles (Tso et al., 2012). The operation of a
FCES with AB, type MH storage was assessed by Davids et al. (2019). The thermal management of the
MH storage occurred through air convection using ambient air with temperature between 15 and 25 °C.
The hydrogen capacity was of the storage vessel was estimated to approximately 80 gH2, which were

not fully utilised due to the insufficient heating of the MH storage system. The authors quoted that
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intermittent compared to continuous operation of the system provided better results in terms of hydrogen
utilisation and thus overall vehicle performance (Davids et al., 2019). Kheirandish et al. (2014) studied
the operation of a FCEB powered by a PEM FC with a MH storage. The experiments showed that during
hydrogen desorption the temperature of the MH tank decreased from 25 to 0 °C in less than 15 min
resulting to hydrogen flow rate below the minimum required for FC operation. The authors suggested
that the use of an external heater would decrease the overall efficiency of the system and concluded that
a bigger MH tank or a compressed gas alternative would be the best solution (Kheirandish et al., 2014).
The operation under real conditions of a FCEB suitable for urban mobility was assessed also by (Kovaé
and Paranos, 2019). The power system of the FCEB operated for 66 km consuming 4.5 gH, stored in
the 350 NL MH tank. The refuelling flow rate was quoted at 2,000 cc min, suggesting fast refuelling

times for the users.

Acknowledging the above, it is apparent that MH storage in FCEVs might be an alternative solution,
which can offer benefits but also raise concerns about proper implementation. Current developments of
MH hydrogen storage allow its use in mobile applications with however better performance in smaller
vehicles where hydrogen demand is not high, and the weight/cost of the MH tanks would not be an
insurmountable obstacle. The refuelling cost in case of MH storage has been proved by previous studies
that is different than the one of a compressed gas storage FC vehicle. To this end, the aim of this study
was to investigate two refuelling SCs of MH-based storage of a FCEB to find the most viable and
financially feasible one compared to a compressed gas refuelling alternative. Moreover, the research
included the financial evaluation of the aforementioned SCs in two EU countries in order to appraise
the prospects of hydrogen infrastructure from an economic point of view to support a future hydrogen

market. The objectives above can be described by the following two RQs:

e Whichis the refuelling cost the owner of a hydrogen light urban vehicle with MH storage should

pay and how it is compared to the compressed gas storage counterpart?

¢ Would the hydrogen fuel price provided by refuelling-to-compressed hydrogen gas and to-MH
HRSs differ in EU countries?

The structure of this paper consists of three main sections that include the methodology followed during
the refuelling SCs development, the analysis of the data to elicit the results, and the discussion of the
outcome to conclude if the RQs were answered and what is the study’s addition to the existing

knowledge.
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5.4.2 Methodology

The methodology followed to gather and analyse the data to meet the objectives set in the previous
section of this paper can be divided in two main parts. The first part included the gathering of the data
used to describe the under investigation HRS types and subsequently the calculation of the respective

hydrogen fuel cost in the case of a light FCEV using compressed hydrogen or MH hydrogen storage.

The hydrogen demand profile used during the this study was based on the results published by Apostolou
et al. (2021) of a 200 W DC electric motor of a FCEB during a route of 27.8 km in the city of Huesca,
Spain (Apostolou et al., 2021). The route was characterised mostly by small slopes and flat terrain and
the average speed was 20.1 km/h with an upper limit of 25 km/h where the bike’s DC motor operated.
The FCEB used has an on-board compressed hydrogen tank under 30 bar of pressure. The hydrogen
consumption (=15 gH,) results obtained from this route are presented and analysed in detail in
(Apostolou et al., 2021).

The calculation of the hydrogen refuelling cost of the simulated light-duty FCEV (e.g. FCEB) to operate
for 27.8 km depends on two main factors. Firstly, the quantity of stored hydrogen under compressed gas
storage (i.e. 15.1 gH at 30 bar of pressure) and MH storage, and the specifications of the HRS used for

the refuelling process.

Although the hydrogen cost per kg provided by a HRS is not affected by the stored hydrogen quantity
of a vehicle, the hydrogen demand affects the final price a consumer needs to pay following the law of
demand/supply. According to Lototskyy et al. (2015), the residual hydrogen quantity of an AB; alloy
used in MH storage for light-duty transportation is approximately 0.2 wt. % H (1 bar and 0°C), while
the reversible hydrogen capacity of the MH material is on average 1.4 wt. % H at normal conditions
(Lototskyy et al., 2015). This means that in order to meet the hydrogen demand of a FCEB operated
under the same conditions of a compressed gas counterpart; the MH canister must be sized accordingly
to accommodate and being able to deliver during normal operating conditions 15.1 gH,. Based on the
above, a MH alloy of 1.1 kg could be used to store approximately 17.5 gH and deliver the required
quantity of 15.1 gHa.

To assess the financial aspect of the refuelling process between a compressed hydrogen and MH storage
two SCs concerning HRS for light urban FCEVs such as FCEBs or FCESs were taken into consideration.
The developed SCs were applied in two EU-28 countries, Denmark (DK) and Greece (GR) in order to

financially evaluate the proposed project under different economic profiles.
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e SCb5.4.1: An on-site grid-connected HRS able to provide either compressed dispensed hydrogen
of up to 100 bar of pressure or off-board MH hydrogen storage.

e SC5.4.2: An offsite HRS providing the same services as SC5.4.1.

The selection of the above SCs was based on the results from Apostolou (2020b) and Apostolou et al.
(2021) whose results indicated firstly that grid-connected HRSs for small FCEVs are currently more
financially profitable from an investor point of view and thus present lower refuelling prices. Secondly,
the authors showed that the required components of those HRSs are minimised compared to stations
with higher hydrogen flow rates and pressures, which serve larger vehicles, resulting as previously

mentioned in lower investment and O&M costs (Apostolou, 2020b; Apostolou et al., 2021).

For the calculation of the refuelling cost for each SC, the NPV (Egs. 4.2.37 and 4.2.38) of a 20-year (n)
HRS investment for both SCs was calculated. The refuelling cost for getting the least positive NPV with
a payback period not exceeding 10 years indicated the value for each case (i.e. compressed and MH
hydrogen storage). During the NPV calculation, it is assumed that the annual hydrogen delivered in
SC5.4.2 was equal to the annual hydrogen production by the electrolyser of SC5.4.1 and that the entire
hydrogen fuel in both SCs was sold to consumers. The data used for the calculation of the NPV are

presented in Table E1 (Appendix E).

The small-scale HRS was assumed to have one dispenser for the compressed delivered hydrogen, while
for the MH storage case, a simpler dispensing unit is required due to low pressures. The components of
the HRS included also a 50 kW PEM electrolyser, a buffer storage tank at 20 bar, a 2.3 kW hydrogen
compressor with a suction and outlet pressure of up to 20 and 100 bar respectively and a high pressure
storage tank at max. 350 bar (Table 5.4.1), while the refuelling pressure was set to 30 bar (Apostolou et
al., 2021). A price for normal quick coupling connectors that are extensively used for charging MH
canisters is approximately 100 €/connector (Staubli systems GmbH, 2018). It is assumed that a system
of three connectors and its auxiliary components (e.g. valves, pipes) would cost €1,000. The main
components employed for the HRS in both SCs are depicted in Figs. 5.4.1 and 5.4.2. The dashed lines
correspond to the compressed hydrogen gas refuelling case. For the calculation of the HRS investment
cost, Egs. 5.4.1 and 5.4.2 are used.
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Fig. 5.4.1. Schematic representation of the Fig. 5.4.2. Schematic representation of the
HRS for SC5.4.1. HRS for SC5.4.2.

The footprint of the HRS for both SCs concerning the compressed hydrogen storage refuelling case is
assumed to be 300 m?, while for the MH refilling topology the footprint has been assumed to be 100 m2.
The daily operating hours (hoperar) Of the HRSs for both SCs have been assumed to be 13 h (08:00 to
21:00), with two employers working on shifts. Hence, the total operating hours of the HRSs components
throughout the project’s duration are calculated to approximately 95,000 h. Based on Perez and Casero
(2019) the operating hours of a PEM electrolyser may reach 80,000 h suggesting that during the lifetime
of the project, a stack replacement would be necessary (Perez and Casero, 2019). For the investment, a
loan to total capital investment ratio has been taken into account to be 0.5, and the loan re-payment time

has been accounted to be 10 years.

The cooling system of the HRS for MH canisters storage topology was assumed able to accommodate
a 10 min refuelling time during each process. Based on a formation enthalpy of a low temperature AB
MH tank (AH° = -21.57 kJ/mol Hy), the produced heat during the absorption of 1 kg of hydrogen is
estimated to approximately equal to 10 MJ (Lototskyy et al., 2016b). By considering the 10 min of
refuelling time, 16.6 kW of cooling capacity of the MH is required. Contemporary air source heat pumps
present an average COP of 3 for low ambient temperatures (Nie et al., 2017), indicating that the electric
power required for this system would be approximately 5.5 KW. In contrast, in the case of compressed
hydrogen gas refuelling process, a cooling system is not required due to the low refuelling flow rate (<
20 Nm?min) (Ulleberg and Hancke, 2020). Additionally, the refuelling dispenser due to the low flow
rate and a refuelling pressure up to 300 bar is assumed to cost as much as a compressed natural gas
dispenser (Apostolou et al., 2021). The mass capacity of both the buffer and high-pressure storage

vessels was set to be equal to the maximum daily hydrogen production of the PEM electrolyser. Based

227



AARHUS| SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

on the maximum outlet hydrogen flow of the electrolyser (see Table 5.4.1) and the operating hours of
the station, the daily hydrogen production (Mw2) can be estimated to 16.6 kgHo.

Table 5.4.1. Specifications of the main components of the HRS.

Parameter Power Max. outlet Hz Max. outlet ~ Mass capacity
(kW) flow rate (Nm3h) pressure (bar) (kgH?2)
PEM electrolyser (incl. BOP) (Perez

and Casero, 2019) 50 14.2 20
H> compressor 2.3 11.2 100 -
H> buffer tank - - 16.6

H> high pressure tank - - 16.6

MH cooling system 55 -

|Co = |Cel Pmax+ |Ccomp Pcomp"‘ |ber MHber+ |CH25tor MHth + |Cd + |CMHsys + |Cconstr (541)

|Cc0nstr = (lCeI Pmax+ |Cc0mp Pcomp"‘ |ber MHber+ |CH25tor MHth + |Cd + |CMHsys) * (fcost,constr + fcost,cont)(5.4.2)

In both SCs, 1Ccomp, ICHastor and 1Cq are valid for the compressed hydrogen refuelling case. Additionally,
ICe is applied only in SC5.4.1, and in both SCS Muabir = Muznp = Mu2

The calculation of the annual O&M costs (Eq. 5.4.3) was taken as a percentage of the investment cost
(maintenance cost) plus the annual energy consumption of the system estimated through Eq. 5.4.4, and
the delivered hydrogen cost, valid for SC5.4.2. Ecun.cool COrresponds to the MH refuelling process, while
the electricity consumption of the dispenser in the compressed hydrogen refuelling process is considered

negligible due to no cooling system.

FCOM = FCpar * ICO + Econs* Rel + MHZ* FCH2 (543)

Econs = 365+ Mu2 = (ECeIectr + ECcomp + ECMH,cool) (544)

In SC5.4.2, the hydrogen fuel is delivered to the HRS with a cost including the production and
distribution of hydrogen. According to (Apostolou, 2020a), the average cost of hydrogen fuel produced
from a centralised electrolysis plant in Denmark under continuous operation has been calculated to
approximately 4.1 €/kgH,. The price of ‘green’ hydrogen in Europe is estimated by IEA between at 2.5
and 6.0 €/kgHo, indicating a similar to DK price (IEA, 2019c). The distribution cost from a centralised
production unit located 500 km away from the delivering spot equals approximately to 1.7 €/kgH» (IEA,
2019c). Hence, the total hydrogen fuel cost delivered to the offsite HRS (SC4.2) for both DK and GR is
assumed to be equal to 5.8 €/kgH>.
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5.4.3 Results and discussion

The estimation of the quantity of hydrogen required to be stored in the MH tank as presented in the
previous section of this article equals to 17.5 gH in order to secure a range of the FCEB similar to the
one of the compressed hydrogen storage counterpart. To this end, it is apparent that from the consumer’s

perspective the actual cost that is necessary to cover for getting the same autonomy would be higher.

In the context of the second RQ of this study, two HRSs types able to provide hydrogen fuel to light-
duty FCEVs such as FCEBs with different on-board hydrogen storage technologies (i.e. compressed gas
and MH storage) were assessed to find the lowest hydrogen fuel cost for getting a financially viable
business case (i.e. positive NPV). The results of the calculated hydrogen fuel cost corresponding to a
positive NPV for both DK and GR are presented in Fig. 5.4.3. The calculated financial parameters for
the respective HRS types for both countries are presented in Tables 5.4.2 and 5.4.3.

Table 5.4.2. Financial results of the under investigation HRSs in DK.

SC5.4.1 compressed SC5.4.1 MH SC5.4.2 compressed SC5.4.2 MH

gas storage storage gas storage storage
ICo (€) 2.92 105 2.07 10° 9.99 10* 1.43 10%
Ha price (€/kgH>) 34.8 31.2 30.0 27.4
NPV (€) 1.43 10° 6.94 10* 1.18 10* 5.09 103
PP (y) 9 9 8 1

Table 5.4.3. Financial results of the under investigation HRSs in GR.

SC5.4.1 compressed SC5.4.1 MH SC5.4.2 compressed SC5.4.2 MH

gas storage storage gas storage storage
ICo (€) 2.92 10° 2.07 10° 9.99 10* 1.43 10*
Ha price (€/kgH>) 24.8 205 17.2 14.2
NPV (€) 7.59 10 4.86 10 2.65 10* 4.31 10°
PP (y) 9 9 9 1
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Fig. 5.4.3. Refuelling cost of hydrogen fuel for SC5.4.1 and 5.4.2 in DK and GR.

The breakdown costs depicted in Fig. 5.4.3 represent the first year of the 20-year operation of the
proposed HRS types, where the expenses of the stations operation influence the final hydrogen fuel price

for each station type.

Based on the results presented in Fig. 5.4.3 it is apparent that for having a financially viable business,
the hydrogen fuel cost in DK is higher than in GR. Although the HRS components costs are considered
the same for both countries (Table E1, Appendix E), other parameters such as labour costs, electricity

prices, and corporate taxation affected the final fuel cost results.

The CAPEX represents the before-tax revenues of each business SC that are used to pay back the
investment cost (IC,) during the PP, which is documented in Tables 5.4.2 and 5.4.3. According to Fig.
5.4.3, the business revenues in the case of GR are higher than the ones of the respective SCs and types
of HRS. This is happening because although the CAPEX is similar for the same HRS type, corporate
taxation in GR is higher compared to DK. In this context, the before-tax revenues of the respective HRS
types in GR need to be higher than those in DK in order to pay back the investment cost before the set

10-year period.

The O&M costs in SC5.4.1 include a significant electricity consumption due to the hydrogen production
and compression processes. Due to the higher cost of electricity in GR, the O&M costs in GR present a
higher share in the final fuel cost. However, what actually plays the most significant role in the cost
difference of the hydrogen fuel is the labour cost, which in GR compared to DK is almost three times
lower. To this end, although O&M costs and taxation in GR is higher than DK, the final cost of the fuel

is substantially lower.
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On the other hand, the O&M costs in SC5.4.2 present a similar value for the respective HRS types in
both countries as the electricity consumption is minimised only to the one of the compressor operation
in the compressed gas storage case. The major expenditure of the O&M costs consists of the hydrogen
delivered to the HRS from the centralised production facility. Similarly to SC5.4.1, the main difference
of the hydrogen fuel cost between the two countries in SC5.4.2 lies on the significant difference in the

labour cost, while the other factors for the respective station types are almost similar.

As it was expected, the hydrogen fuel cost in SC5.4.1 compared to SC5.4.2 in both counties is higher
due to the higher IC, (see Tables 5.4.2 and 5.4.3) resulting to increased loan payment and before tax
revenues. Furthermore, due to the lower 1C, and the specifications of the offsite HRSs, the loan payment
and ‘Other’ (land lease, insurance) costs are lower in SC5.4.2 that reduces further the final hydrogen

fuel cost.

Acknowledging the results presented in Tables 5.4.2 and 5.4.3 and the hydrogen stored in the respective
storage technologies, Fig. 5.4.4 shows the total refuelling costs of the under investigation FCEB’s with

MH storage and compressed gas (at 30 bar) a consumer needs to pay in order to get the same autonomy.
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Fig. 5.4.4. Final refuelling cost of a FCEB for both storage technologies in the respective

countries.

Based on the results presented in Fig. 5.4.4, three main conclusions could derive. First, as it was
mentioned above, the refuelling cost of a FCEB would be higher in DK compared to GR due to the
reasons analysed in the elaboration of Fig. 5.4.3 data. Second, the refuelling cost by an offsite HRS is
similarly calculated to be lower than the on-site counterparts for both SCs 5.4.1 and 5.4.2. However, the
third observation shows clearly a higher final cost of the MH storage technology in DK, while for GR

the refuelling cost remains almost the same for both storage technologies. This shows that although the
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hydrogen cost per kgH> for the hydrogen-to-MH HRS is lower in both SCs compared to the compressed
gas storage alternative, the final cost a consumer is called to pay to get the same autonomy is higher in
the MH topology. Hence, the inherent characteristic of MH suggesting that utilising the full capacity of
the stored hydrogen may happen under certain conditions that are difficult to be achieved in small FC
applications such as FCEBs, introduces an extra cost due to the higher quantity of hydrogen that needs
to be stored in order to meet the power demand. In the context of the MH stored hydrogen technology,
the lower hydrogen fuel price advantage at the HRS dispensers is diminished by the higher hydrogen

fuel required to achieve a similar autonomy with the compressed gas technology.

5.4.4 Conclusions

This study investigated the financial aspects of the refuelling processes of a light-duty urban FCEV such
as a FCEB by comparing two hydrogen storage technologies including compressed gas and MH storage.
The methodology followed was based on the estimation of the hydrogen fuel cost to get a positive NPV
of two business SCs including on-site and offsite HRS topologies. To get a more detailed overview in
regards to how the refuelling costs are influenced, apart from the on-board hydrogen storage
technologies, by external factors such as labour and O&M costs, the SCs were investigated for two EU
countries presenting different economic indicators. The main results showed that MH configuration
could provide cheaper fuel to consumers but with higher refuelling times, while offering an appealing
investment to future investors. However, the final cost the consumer is called to spend at the end is
higher compared to gas storage due to the increased hydrogen quantity that needs to be stored in the MH
tank to get the same autonomy as the one achieved with a compressed gas storage. Additionally, it was
revealed that the hydrogen cost dynamically alters between countries due to external factors such as
corporate taxation, labour costs, and electricity prices. MH storage seems promising for small vehicles
where the hydrogen demand is low and thus the weight of an on-board tank will not be an obstacle in
the performance of the vehicle. Nevertheless, conditioning of the MH hydrogen release to the FC of a
light vehicle should be further investigated to secure the least hydrogen residual and uninterrupted FC

operation during the desorption process.
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6. Developing a techno-economically feasible infrastructure to
support hydrogen light-duty mobility in urban environments

In this chapter, the main findings of the documented articles that were presented in the previous sections
are integrated and aligned to the stated RQs of this PhD dissertation. The aim to identify among all
business SCs of RES-produced hydrogen to be used in light-duty transportation, an economic viable
solution to support a fleet of urban-oriented vehicles such as FCEBs or FCESs is described by the general
guestion: ‘How hydrogen refuelling infrastructure coupled with RES could support light-duty mobility

in urban environments?’

Each RQ analysed in the respective articles used to investigate the main objectives of this research could
be said to be a part of a ‘pyramid’ where the base is represented by the energy and environmental aspects
presented in Fig. 1.1. The main core is represented by the RQs that were introduced to cope with the
major problem as defined from the ‘pyramid’ base, while the top could be described by the general

question as stated in the previous paragraph.

6.1 The socio-economic prospects of the light-duty FCEVs’ market and its
respective infrastructure

In the context of the first RQ of this thesis, two journal articles for assessing the advantages, drawbacks
and prospects of the hydrogen transportation market were introduced. The first article’s objective was
to identify and document the status and future prospects of hydrogen technologies in the transportation
sector based on the international peer reviewed literature. According to the documented literature, the
specific study provided an assessment on the forecasts concerning the evolution on the one hand of the
vehicle and refuelling station numbers and on the other, the financial factors and refuelling prices. The

main findings can be quoted as follows:

e There are several types of HRSs that could be implemented in the hydrogen transportation
market and can be distinguished by production technology, place of production, fuel capacity

and delivering pressure.

e There is a bi-directional negative relationship of FCEVs and HRSs. Lack of adequate

infrastructure hinders the increase of the FCEVs numbers and vice versa.

e The capital cost of HRSs depends mostly on the type of the station and for commercialised
vehicles and low capacity stations it currently ranges between approximately €1.0 million and
€3.5 million.
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e The future capital costs (in 2030) of large capacity HRSs are expected to decrease by up to 40%.

o Current levelised costs of fossil fuel derived hydrogen fuel at the pump ranges between 10 and
15 €/kgHo.

e Future cost (after 2040) of RES-based hydrogen fuel is expected to stabilise and range between
4 and 7 €/kgH> depending on the HRS type.

The results of the first journal article indicated that the potential of hydrogen technologies in the
transportation sector present a decreasing trend in terms of infrastructure and ownership costs. Three
SCs for the future evolution of the global HRSs numbers by 2050 have been presented; an optimistic
with approximately 250,000 HRSs, a moderate with 50,000 HRSs, and a pessimistic with less than
20,000 HRSs. Regarding the CAPEX of HRSs, the SCs indicated an increase of the cost in the mid-
2020s due to moving from fossil fuel-based central production to RES on-site based production of the
hydrogen fuel. The hydrogen fuel cost on the other hand was assessed to present a decrease in two
identified SCs that will stabilise by 2050 below 7 €/kgH>.

Hence, based on the international literature, the potential of hydrogen mobility share in the passenger
fleet mix was found to play a significant role towards the decarbonisation of transport. However, apart
its recognition among the ranks of the market shareholders, its establishment in the future market passes

through the acceptance of this technology by the end users i.e. the public.

The second journal article in the context of the first RQ investigated the perspective of the public towards
hydrogen mobility. The research focussed on Denmark with however providing a methodology that

could be applied to a greater extend. The outcome of this study can be addressed as follows:

Limited knowledge about hydrogen technologies in transportation affects the public’s

propensity to invest in FCEVs.

o The refuelling infrastructure needs to be significantly enhanced in order to support a

developing hydrogen mobility market.
e The Danish public believes that FCEVs are as safe as conventional vehicles.

e The environmental attitude of the public influences the willingness of people to purchase a
FCEV.
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e The capital cost of the FCEVs consists of a barrier in the expansion of the market even in an
economy as Denmark with a GDP among the first three of the EU-27 countries (Eurostat,
2020b).

e The cost of fossil fuel-derived hydrogen fuel is not considered a significant barrier in the

expansion of the hydrogen transportation market.

e The almost absent media support on hydrogen transportation limits the prospects of the market

as the public awareness on this technology remains confined to the basics.

The compiled empirical study as presented in the second quoted paper showed that the public in
Denmark identifies hydrogen mobility as a feasible alternative to conventional transportation with
however noting the drawbacks that this technology is believed by the public to has. Most of the
aforementioned results could be said to be valid for most countries including the technology awareness,
media support, infrastructure and vehicles’ cost. On the other hand, other factors identified not to pose
an impact on the prospects of FCEV market such as the individual’s income and the hydrogen fuel cost,

are directly affected by the financial factors of each country and need to be further investigated.

In conclusion, the investigation of the first RQ through addressing the respective FCEV and refuelling
infrastructure potential in the current and future market revealed a two-axis perspective of the problem.
First, the economic aspect of the hydrogen transport market where the technology development and
maturity will allow economies of scale and consequently a price reduction to introduce competition with
other already established technologies. Second, the social aspect of accepting this technology as one of
the most feasible alternatives in the transportation sector. This will occur through technology readiness
and awareness that can be achieved only if the economic factors would secure viable businesses and

impel the respective shareholders to support such an initiative.
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6.2 An economically viable ‘green’ hydrogen production system in the
wind power and electricity markets to support sustainable light-duty
hydrogen transportation

The second RQ of this dissertation was investigated through two journal articles including a literature
review and a feasibility study of coupled wind power and hydrogen production-utilisation systems either
for electricity grid re-powering services or for delivering hydrogen transportation fuel. The main core
of the first paper was the evaluation of the state-of-art of coupled WH systems by examining three
different topologies. First, grid connected WH systems allowing higher penetration of wind power in
the electricity grid, second stand-alone systems that can be applied in autonomous networks, and third
WH topologies to produce ‘green’ hydrogen fuel for transport applications. The outcome of the literature

review can be quoted as:

e The round-trip efficiency of WH topologies depends on the application. For grid support
utilities, round-trip efficiency is the lowest and may be as low as 30%. The efficiency for
producing and storing the hydrogen fuel ranges between 50% and 65% and depends on the

electrolysis technology and the compression/storage processes.

e The hydrogen fuel cost was found to present a wide range of values between 4 and 26 €/kgH>,
due to a number of factors including the size of the system/demand of the fuel, the technology
of production, and the primary energy used to produce hydrogen (i.e. fossil fuel,

conventional/RES produced electricity).

e The implementation of WH systems contributes to the avoidance of a significant amount of

CO; emissions in the energy and transportation sectors.

The main conclusion of this paper was that hydrogen technologies are more economically viable when
used not entirely for RES energy storage but as a multifunctional service provider that would include
the transportation market as the one of the many end-users. This stems from the fact that on the one
hand, the grid ancillary service presents low efficiency, and the capital cost of the required systems is
high, which indicate possible financial complications in a future business attempt. On the other hand,
the demand of hydrogen fuel in transportation, industry and other utilities presents an increasing trend,
which is expected to be further enhanced in the next decades. The implementation of WH configurations
has been reported to play a critical role in the decarbonisation of the energy and transport sectors.
Depending the size of the WH system, LC GHG emissions avoidance could reach 1.78 kgCO2-eq/kgHa,

suggesting the environmental benefits of such investments. To this end, a future business of a hydrogen
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system being able to provide multiple services seems to be a financially feasible venture and enhance

environmental sustainability.

The second journal article aiming to address RQZ2 investigated the prospects of a WH system
participating in the electricity and transportation markets. Three SCs were identified; in the first one, the
repowering service back to the electricity grid through a FC electricity provider participating in the
electricity market was assessed in terms of financial viability. In the second, the hydrogen production
process was added to the topology and the configuration participated apart from the electricity market
in the transportation market too as a centralised fuel provider. The third SC examined the participation
of the hydrogen production system alone in the electricity market as a demand-response load and in the
transportation market alone as a fuel provider. To develop the above-mentioned SCs, simulation models
of the electrolysis and the FC processes able to interact with the electricity market parameters including
available energy/excess wind energy, and electricity prices were developed and applied in the Danish

electricity market. The outcome of this research can be summarised in the following points:

e The developed algorithms can be applied in any electricity market by altering the respective
inputs concerning energy and financial parameters. The output of the combined algorithm

provides the cost of hydrogen fuel based on the inputs.

e Participation of the hydrogen system only in the Danish electricity market for ancillary
services is not economically viable. To secure a viable business SC, the capital and O&M

costs need to be reduced or electricity prices need to substantially increase.

e A hydrogen system participating in both markets is economically viable with an average
selling price of the hydrogen fuel in the transportation market of approximately 4.5 €/kgH»
for continuous operation of the hydrogen generator and 84 €/kgH> for operation during excess

wind power.

e The average hydrogen price to have a feasible business SC in the case of a hydrogen system
participating only in the transportation market was calculated to approximately 4.0 €/kgH, for
continuous operation, while for operation only during excess wind power was calculated to
13.7 €/kgHa.

The results of this paper indicated that the best economic factors securing a viable business was
succeeded with a continuous operation of the hydrogen production system and participation in the

transportation market alone. Financial viability of a hydrogen system in Denmark corresponds to high
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hydrogen costs in the case of operation during excess wind power but this is dynamically affected by

the amount of the excess wind power, which is expected to increase in the next decade.

In conclusion, it can be said that a hydrogen system in Denmark under either continuous operation or

operation only during excess wind is currently economically feasible in the following cases:

o For participation in the demand/response electricity market as a consumer (load) and as a fuel
provider in transportation market with a low-end hydrogen fuel cost comparable to the high-end

price of fossil fuel based hydrogen production.

e In participation in the electricity market both as a consumer (during hydrogen production) and
a commitment unit (re-powering unit) and in transportation market as fuel provider but under
continuous operation during the hydrogen production phase. Although continuous operation is
not in general entirely connected to the wind power market, the Danish electricity system is
highly based on wind power suggesting that even under continuous operation of the system; a

large share of the electricity input to the water electrolysis system would come from WTs.
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6.3 Economically feasible hydrogen refuelling infrastructure for cycling-
based transportation from an investor and customer perspective

The final RQ that has been examined in this dissertation aimed to identify the best business case SC of
refuelling infrastructure to support light-duty urban hydrogen mobility. Based on the results analysed in
the previous section, a hydrogen production system in Denmark to provide hydrogen fuel to
transportation could be a financially viable SC. However, these results revealed the one side of the coin,
regarding hydrogen production without all the necessary processes occurring in hydrogen refuelling
processes. To this end, the techno-economic and social analysis of the last part of the hydrogen fuel
supply chain to support urban hydrogen transportation was presented via the results of four journal
articles. The first article included the investigation of an autonomous on-site hydrogen refuelling station
in the city of Herning, Denmark, where based on the wind resource of the region and a hypothetical
hydrogen demand, the sizing of the HRS’s components to meet the fuel demand of the city was

computed. The outcome of the paper can be documented as:

e A sizing algorithm for all the HRS components combined with the developed hydrogen
production and price estimation algorithms presented in the second paper addressing RQ2

consists of a tool to appraise future business SCs.

e Anestimated hypothetical annual hydrogen demand to support urban hydrogen mobility in the

city of Herning equals to 2,291 kgHo.

e The model calculations showed that a 50 kW WT and a 70 kW water electrolysis could cover

the hydrogen daily demand in 322 out of 365 days.
e The annual hydrogen production available calculated to 2,896 kgHo.

e The hydrogen fuel cost to secure a viable business case SC for an autonomous HRS in Herning
found to equal at least 50.2 €/kgHo.

Based on the findings of this research, it seems that the wind resource of a region where an autonomous
HRS is designed to be implemented is very important, as this would play significant role on the day-by-
day operation of the station and to secure a constant fuel supply. It seems that although the final annual
production of hydrogen exceeds the annual demand, the daily demand is not always covered as it
depends on the wind conditions of the region. The higher annual production compared to the hydrogen
demand is due to the oversize of the system to meet most of the average fuel demand requested on a

daily basis.
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The second and third paper addressing the final RQ consisted of simulated and experimental
investigation of the operation of a FCEB under different refuelling pressure SCs. The examined
refuelling pressure values were 30, 100, 150, and 200 bar, and the main scope of both studies was to
find the least hydrogen fuel cost for the consumers without however compromising the investment’s

viability. The investigated refuelling SCs consisted of:

e An experimental low-pressure refuelling process from a small-scale hydrogen generator

powered from the electricity grid.

e Asimulated and experimental low pressure refuelling process from an autonomous HRS.

e Simulated low pressure and experimental low-to-high pressure refuelling processes from a grid-

connected on-site HRS.

The second quoted article in the context of the third RQ included all the simulated HRS refuelling
processes and the experimental low-pressure refuelling pressure from a small-scale hydrogen generator
as examined for a hypothetical case study for the city of Herning, Denmark. The derived results were
then compared to other vehicle types used for urban transportation. Additionally, one of the objectives
of this article was to assess the operation of a FCEB as expressed by different users. The results of this

study can be summarised as:

The FCEB users claimed that this type of urban mobility presents an alternative able to cover

their daily commuting needs.

e The refuelling cost the FCEB users are willing to pay ranged between 0.036 and 0.103 €/km.

e The energy consumption per km for the first refuelling SC ranged between 0.026 and 0.038
kWh/km. The respective cost is calculated between 0.008 and 0.012 €/km. Due to the low

hydrogen outlet flow rate, the refuelling time exceeded one hour.

e Based on the results of the first paper analysed to address RQ3, the cost of hydrogen fuel per
km for the second refuelling SC was found to range between 0.015 and 0.025 €/km.

e The hydrogen cost delivered by a grid-connected on-site HRS was calculated to range between
22.1 and 32.7 €/kgH> depending on the size of the hydrogen system, while the average cost per
km was quoted to approximately 0.010 €/km.
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The low end of the hydrogen cost per km corresponds to the case where the FCEB operates
entirely on hydrogen without the addition of a buffer battery fully charged from the on-board
stored hydrogen.

The refuelling time of the on-site HRSs for the refuelling process, excluding the buffer battery-

charging phase, is approximately one minute.

The refuelling cost per km of a FCEB was found in the first and third SC to be comparable to
the one of BEBs and lower than the other vehicle types of urban transportation. However, the
refuelling time of a FCEB was assessed to be significantly lower than the recharging process of
a BEB.

The documented results from this paper clearly show that the most appealing SC from the consumer

(i.e. FCEB user) perspective comprised the grid-connected on-site topology because although the

hydrogen fuel cost per km presented a value similar to the upper-end of the one derived from a small-

scale generator, the refuelling time was found to be significantly lower.

The determination of the hydrogen fuel cost under high-pressure refuelling as well as the experimental

verification of the low-pressure refuelling simulated results for a grid-connected large-scale HRS was

conducted and presented in the third article addressing RQ3. The experimental results were then

presented in a workshop to bicycle commuters who were asked to provide feedback on their opinion of

the refuelling costs of a FCEB according to their everyday commuting needs. The outcome of the paper

is summarised in the next bullet points:

Hydrogen cost for 30, 100, 150 and 200 bar of refuelling pressure HRS is calculated to 34.7,
36, 36.1, and 36.9 €/kgH; respectively.

The minimum hydrogen cost per km to have a viable business case (positive NPV and PP under

10 years) was calculated to be the same for all refuelling pressures at approximately 0.019 €/km.

The workshop’s participants answered that although the cost per km is the same, they prefer the
low-pressure refuelling process due to lower total refuelling costs as their daily commuting

needs allow a refuelling process once per week.

Low-pressure infrastructure also presents the lowest investment and O&M costs from the

investors’ perspective.
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The hydrogen cost of the simulated grid-connected HRS compared to the one calculated during the
experiments was lower due to the size and demand of the system. The experimental calculations were
based on a 50 kW water electrolysis system able to produce annually 6,059 kgH: (based on Table 5.3.1),
while the simulated electrolysis system was based on theoretical data based on a case study where the

annual hydrogen fuel demand would reach 8,614 kgH..
Comparative analysis between grid-connected and autonomous on-site HRSs

The results of the above-mentioned article identified that a grid-connected on-site HRS is the most
appealing solution from the investor and the consumer perspective to meet the hydrogen demand of a
similar to Herning city for urban commuting trips by light-duty vehicles as FCEBs. In the Danish
investigated case study, a grid-connected water electrolysis system constitutes a ‘green’ hydrogen

production process as most of grid electricity is coming from RES.

However, in the case where the electricity mix is not based on RES, an autonomous on-site HRS to
support light urban mobility would comprise the only source of ‘green’ hydrogen. To this end, it was
deemed important to provide a comparison of the hydrogen fuel costs between the grid-connected on-

site HRS with an autonomous powered counterpart.

The sizing algorithm used to size the main system components including the WT, the water electrolysis
system, and the storage configuration was based on Section 5.1. The algorithm used took into
consideration a similar hydrogen fuel demand to the one identified in Section 5.3 (i.e. 6,059 kgH>). The
sizing result indicated a WT and an electrolyser of rated power of 100 kW and 113 kW respectively able
to annually produce approximately 6,000 kgH.. The reason for the difference between the hydrogen
demand and the real hydrogen production was explained in the analysis of the first paper addressing
RQ3 in section 6.3.

To calculate the respective hydrogen fuel costs, the algorithm for the financial evaluation of an
autonomous HRS presented in Section 5.2 was applied to the same case study examined in Section 5.3
(i.e. third article addressing RQ3).

Table 6.1 and Fig. 6.1 present the results of the applied algorithm for the autonomous on-site HRS
compared to the ones of the grid-connected counterpart.
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Table 6.1. Hydrogen refuelling costs for having a viable business SC of an autonomous and a
grid-connected HRS in Denmark

Hydrogen fuel cost (€/kgH>)

Hydrogen refueling process SCs 30 bar 100 bar 150 bar 200 bar
Grid-connected HRS 34.7 36.0 36.1 36.9
Autonomous HRS 37.0 38.2 38.3 39.1
0.030

Grid-connected on-site HRS m Autonomous on-site HRS
0.025 4

0.020 A
0.015 4
0.010 A
0.005 4
0.000 T T T
30 100 150 200

Storage pressure (bar)

Hydrogen price (€/km)

Fig. 6.1. Comparison of the hydrogen cost per km between grid-connected and autonomous
on-site HRS.

Based on the results presented in Table 6.1, the hydrogen cost to have a viable business SC for an
autonomous on-site HRS is higher than a grid-connected HRS counterpart is. This means that in the case
of an autonomous HRS, the avoidance of the electricity expenses for producing hydrogen found in a
grid-connected system in Denmark does not counterbalance the distributed in a 20-year project
investment cost of a WT inclusion. However, it should be noted that in the case of installing an
autonomous HRS at a region with better wind resource than the one investigated in this case study,
would result to a different sizing of the WT to meet the energy demand (requirement of a smaller WT).
Thus, the investment costs for providing the same hydrogen production would be lower resulting to a

hydrogen price that could be even lower than the grid-connected HRS option.

On top of that, what can be said is that according to Fig. 6.1, although the price of hydrogen in the
autonomous HRS is higher than the grid-connected system, the hydrogen cost per km difference is
considered insignificant. Hence, from the consumers’ point of view, both solutions to secure a
hypothetical hydrogen demand could be considered similar. On the other hand, the investment cost of
these two different types of HRS is significantly different with the autonomous HRS ranging between
€679,300 and €738,900 and the grid-connected between €136,510 and €188,740, indicating that from

an investor’s point of view, a grid-connected SC looks more appealing.
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Comparative analysis between grid-connected HRS with compressed gas refuelling

process and a metal hydride refuelling process

The fourth article to examine what type of HRS would be the most economically feasible from both the
consumer’s and investor’s perspective included the investigation of the refuelling processes of a FCEB
with on-board MH storage instead of compressed gas storage. The required components for MH
refuelling were assessed in the article and a comparison with the already studied compressed gas
hydrogen refuelling processes of a FCEB in the context of RQ3 was documented. Moreover, in order to
assess the best HRS type for light-duty urban vehicles, the comparison also included an offsite HRS.
The economic algorithm was applied in two EU countries presenting different economic profiles to
provide an overview of how hydrogen economy could be developed in different countries. The main

results of this paper can be summarised as:

e The hydrogen fuel cost for the under investigation HRSs is higher in countries where external

factors such labour cost and O&M costs are higher.

e The investment cost and PP of compressed gas HRSs is significantly higher than the delivered-
to-MH HRSs.

e The offsite HRS presents lower investment and hydrogen fuel costs.
e The investment cost of the same type of HRSs is approximately the same for EU countries.

e The hydrogen fuel price per kg is lower for the delivered-to-MH stations compared to

compressed gas stations.

e The final refuelling cost a consumer needs to pay to refuel an on-board MH tank to have the

same autonomy with the compressed-gas tank counterpart is the same or higher.

e The refuelling time of MH is significantly higher than the one of compressed gas refuelling

process.

The outcome of this paper showed that MH storage technology is very promising for small vehicles in
terms of refuelling cost and HRS business perspective. However, the inherent problem of contemporary
MH storage technology of not being able to release the entire stored hydrogen quantity at normal
conditions necessitates the storage of higher quantities of hydrogen to meet the same power demand as
the one from a compressed gas counterpart. To this end, the final cost that burdens a consumer would

be the same or even higher than a vehicle with compressed gas tank.
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Drawbacks of MH in transportation include additionally to high cost, long recharging time and large
weight. Hence, only vehicles with low hydrogen demand could benefit from such technology as weight
could be optimised to meet the demand, and refuelling time could be minimised down to some minutes
depending on the material used, and the refuelling standards (cooling of the tank, suitable hydrogen

outlet flow rates of the dispenser).

The hydrogen light-duty urban refuelling economics in terms of fuel cost are proved to differ among
countries with different financial indicators. Although the investment cost of HRSs is in general the

same for EU countries, the O&M costs play significant role in the final fuel price the consumer is called

to pay.

Offsite low-pressure HRS topologies for light-duty urban transportation seem to offer the best solution
from an investor and consumer point of view and this can be considered true in the Danish case study
where most of electricity comes from RES. As long as the centralised hydrogen production facility is
based on a water electrolysis system participating in the electricity market as a consumer (i.e. load
demand/response role), the offsite HRS type delivering compressed gas hydrogen fuel to small hydrogen
vehicles in Denmark seems to be the ideal solution.

However, it has been also documented that autonomous low-pressure on-site HRSs present a fuel cost
which is not significantly higher than an offsite counterpart (e.g. 37 €/kgH> instead of 30 €/kgH; for
Denmark). When considering this cost aligned to the hydrogen demand of small hydrogen vehicles with
low-pressure storage (e.g. 15.1 gH,), the difference (i.e. 0.56 € instead of 0.45 €) could become fully
acceptable by the consumer.

Hence, in the case of an electricity system that is not based on renewable technologies and RES share
in the electricity mix is low, the best HRS option to produce ‘green’ hydrogen for urban small hydrogen
mobility is the autonomous on-site HRS able to deliver compressed hydrogen fuel of up to 100 bar of

pressure.
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7. Conclusions and future study

During the last 40 years, the scientific community focusses on the mitigation of the profligate
consumption of fossil fuels leading to severe impacts on the environment by suggesting novel
technologies towards a sustainable future. Among all carbon intensive activities where new technologies
have been implemented, transportation still presents a continuously increasing carbon footprint. New
vehicle technologies incorporating electric mobility penetrate the vehicle mix and the auto

manufacturing industry aims to find the balance between practicability, sustainability and cost.

One of the technologies that could play a significant role in the decarbonisation of transportation
comprises the use of hydrogen in FCEVs. The contribution of this PhD in supporting the transition to
‘green’ mobility consisted of the assessment of how a hydrogen production system could be integrated
in urban transportation to support a fleet of light-duty hydrogen vehicles such as FCEBs and FCESs.
The research introduced strategies to perform an in-depth investigation of the subject including literature
review, experimental, statistical, and social science analyses. The problem of interest was identified to
be multi-dimensional consisting on the one hand a techno-economic aspect and on the other an
environmental and social perspective concerning the participation of hydrogen technologies in urban

mobility.

In this context, this research was divided in three main parts as described by the stated RQs. The first
one focussed on the socio-economic prospects of hydrogen light-duty urban mobility indicating the
future hydrogen cost and infrastructure roadmap, and the social perspective regarding hydrogen
technologies in transportation. The results indicated that an emerging hydrogen market in road
transportation has a large potential to significantly penetrate in the future vehicle mix, as the associated
to the market costs are expected to decrease in the next decades with at the same time the social
perspective moving towards the right direction. Apparently, from the final customer perspective, the
final price of hydrogen fuel could be beneficially lowered by the market dynamic. However, the results
presented in section 3.2 showed that the market dynamic in regards to the current ‘grey’ hydrogen fuel
cost is not going to be significantly affected in Denmark. This however, does not reflect to the case of
RES derived hydrogen that could push prices to increase in the short term. Thus, one may argue that a
future increase of the cost of ‘green” hydrogen fuel might impose a different customer’s perspective in
Denmark, which could be negative towards an increasing trend of the fuel price. Therefore, the
investigation of the most financial acceptable solution for the consumers is deemed crucial for the

expansion of a ‘green’ hydrogen market in the transportation sector.
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Definitely, there is a long road until hydrogen-based transportation would be fully comparable to the
conventional counterpart and the results presented in this dissertation aim to provide a guide to business
stakeholders about why and how ‘green’ hydrogen technologies could be adopted as a feasible urban

transport alternative.

In this context, the second part of this research examined the potential of an integrated RES-based
hydrogen system to the electricity and transportation markets. The research outcome indicated that such
a system could be financially viable when participating in both electricity and transportation markets
but with low energy round-trip efficiency and high fuel cost delivered to HRSs. Additionally, the
investigation showed that the more a hydrogen production unit operates (i.e. high capacity factor) the
lower is the cost of the delivered to transportation fuel. Operation of the system only during excess wind
energy might introduce high fuel prices when excess wind energy is not always available. However, in
that case, hydrogen production would provide major environmental benefits as the CO; emissions

abatement would be significant.

A hydrogen production-storage system participating in the electricity and transportation markets could
be a major asset in supporting RES penetration as its inherent operation of storing energy in the form of
hydrogen could allow further investments in the RES sector. At the same time, the produced hydrogen
could be used in multiple markets maximising the profits and the viability in general of the investment.
In contrast, one may argue that likewise, BEV infrastructure could facilitate RES penetration. This could
be achieved via the V2G topology, where BEVs are used as a distributed energy storage system to absorb
excess RES energy whenever this occurs. However, this is not always the case as unlike to ‘green’
hydrogen production, BEV charging happens mostly during nighttime and thus a thorough demand-
supply management along with additional buffer storage systems are required to allow a reliable support

to increased RES penetration.

An examined case study in Denmark showed that WH topology is not currently economically acceptable
for re-powering applications alone as excess wind energy is limited due to the high penetration of wind
power in the electricity system. However, it is expected that with the continuously increasing capacity
of wind power, the proposed configuration may allow economically feasible business opportunities for
a hydrogen market penetration in the future. On top of that, it has been demonstrated that the
participation of a ‘green’ hydrogen production and storage system in the Danish electricity market as a
consumer (i.e. load demand/response role) and as hydrogen fuel provider in the transportation market
could be an economically viable investment. The fuel cost could be comparable to the high-end of the

price range of fossil-fuel derived hydrogen fuel.
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The last research section of this project comprised the assessment of which HRS type to support light-
duty urban hydrogen mobility would be the most appealing from an investor and consumer perspective.
The outcome from four papers documented how the investment and hydrogen fuel cost alters for the
different HRS types. The results showed that among the different HRS RES-based SCs, the offsite HRS
delivering RES-produced hydrogen from a centralised water electrolysis facility at a low-pressure
refuelling process is the best option from the investor and consumer perspective in Denmark. The
identification of the best business SC concerning the refuelling infrastructure of light urban hydrogen
vehicles with the least carbon footprint is highly depending on the electricity mix of the country, and
the HRS’s O&M and labour costs. Consequently, it is reasonable that for transportation and electricity
markets outside Denmark, the most appealing HRS option documented for Denmark might not be valid.
As hydrogen technologies gain more ground in the transportation sector, the continuation of this research
could include the application of the developed methodology to other vehicle types such as heavy-duty
trucks and trains. Additionally, an overview of what would be the results in more EU countries or other
regions would provide an important asset to industry stakeholders aiming at the decarbonisation of the

transport sector.

Acknowledging the above, this PhD research provides a detailed methodology for identifying the ideal
hydrogen infrastructure for hydrogen urban mobility by securing financial benefits for the investors and
the consumers without compromising the environmentally friendliness of hydrogen as an alternative

fuel. The main question between most experts in transportation remains:
‘BEVs or FCEVs will play the most significant role towards reaching sustainable transportation?’

The answer lies on the judge of each individual and it definitely cannot be perceived as an one-
dimensional verdict. What could be answered though is that this dissertation’s results show that from a
financial and social perspective, hydrogen refuelling infrastructure will be comparable to the

conventional fuels counterpart in the near future.
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APPENDICES

Appendix A

Al Survey’s questionnaire

1. Gender
e Male
e Female
2. Age group
e Under 18
e 18-24
o 25-34
e 35-44
e 45-54
e 55-64
e 65-74

e 75o0rolder
3. Education

e Primary education
e Secondary education
e University BSc level
e MSc or PhD level
4. Net annual income in DKK (comma separator depicts thousands)

e 0-200,000
e 200,001 - 300,000
e 300,001 - 400,000
e 400,001 - 500,000
e 500,001 - 600,000
e 600,001 or more
5. Which of the following describes you better in terms of being environmental friendly?

e It's part of my everyday life
e lactas far as possible I can
e | think about it, but don't act on it

e I'm not thinking about that
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10.

11.

Did you ever have an AFV or know someone in your innermost circle owing an AFV? (AFV
corresponds to "Alternative Fuel Vehicle" including battery electric, plug-in hybrid electric, and
fuel cell electric vehicles)

e Yes
e No
e Maybe

Do you have any previous experience with hydrogen cars (fuel cell vehicles)?

e | own/lease a hydrogen car

e | have used a hydrogen car in the past

¢ | know someone who has used a hydrogen car or know someone who has a hydrogen car
e | have not used a hydrogen car and know no one who has

How many times in the last year have you noticed a newspaper/online article or other media
support concerning hydrogen vehicles?

e None
e 1-2
e 2-5

e Morethan5
How much do you know about cars that use hydrogen as fuel (fuel cell vehicles)?

(I know nothing) 1 2 3 4 5 (I know a lot)

Compared to normal petrol vehicles, how safe you think a fuel cell vehicle is?

e Not safe
e Less safe
e The same
e Safer

Would you, considering your current eco-friendly attitude and hydrogen vehicle technology
awareness, purchase a fuel cell car as your next car?

e Yes
e No
o Maybe
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12.  Please choose how much you agree or disagree with the following statements if you were to buy
a hydrogen car:
Mostly Mostly

Disagree . Neutral Agree
disagree agree

The price of a hydrogen car is currently
515,000-583,000 DKK. I think that it is too

expensive.

| believe that the fuel cost of hydrogen cars
needs to be reduced more.

There are currently 7 public hydrogen refuelling
stations in Denmark. | believe that are too few
and infrastructure needs to be enhanced.

The public media must focus more on
hydrogen cars.

If the hydrogen fuel price would decrease by
30% in the future (without a decrease of the
vehicle's price), hydrogen cars would be more
competitive.

If the price of a hydrogen car would drop by
50% in the future, the hydrogen car market

would be highly competitive.

13. By taking into account all the above, | would...

o Consider a fuel cell car as my next vehicle

e Consider buying a fuel cell car in the near future (5 years from now)
e Probably not consider buying a fuel cell vehicle in the near future

o Never purchase a fuel cell vehicle

A2 Danish population census data

Table A2. Post-stratification weighting method input data and weight correction factors results.

18-24 25-34 35-44 45-54 55-64 65-74
yearsold  yearsold yearsold yearsold yearsold yearsold

Parameter

Population having driving
. 171,089 323,354 307,023 357,452 331,919 248,542
licence (males)

Population having driving
. 151,036 277,222 282,754 331,060 296,658 181,563
licence (females)
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18-24 25-34 35-44 45-54 55-64 65-74
Parameter
yearsold  yearsold yearsold yearsold yearsold yearsold
Survey population (males) 7 26 17 21 18 8
Survey population
ypop 10 20 13 14 4 -
(females)
Weights (males) 1.36 0.69 1.01 0.95 1.03 1.73
Weights (females) 0.61 0.56 0.87 0.95 2.97 -
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B1 Knowledge of hydrogen vehicles technology

B1.1 Gender

Table B1.1.1. Crosstab statistic test between participants’ gender and knowledge of the technology.

Gender
Male Female Total
How much do you know about I know nothing Count 18, 22y 40
cars that use hydrogen as fuel (fuel Expected Count 25.6 144 40.0
cell vehicles)? % within How much do you know 45.0% 55.0% 100.0%
about cars that use hydrogen as fuel
(fuel cell vehicles)?
I know few Count 33 17, 50
Expected Count 32.0 18.0 50.0
% within How much do you know 66.0% 34.0% 100.0%
about cars that use hydrogen as fuel
(fuel cell vehicles)?
Intermediate level  Count 27a 8a 35
of knowledge Expected Count 224 126 35.0
% within How much do you know 77.1% 22.9% 100.0%
about cars that use hydrogen as fuel
(fuel cell vehicles)?
I know enough Count 13a 3a 16
things Expected Count 10.2 5.8 16.0
% within How much do you know 81.3% 18.8% 100.0%
about cars that use hydrogen as fuel
(fuel cell vehicles)?
I know a lot Count 5a 4y 9
Expected Count 5.8 3.2 9.0
% within How much do you know 55.6% 44.4% 100.0%
about cars that use hydrogen as fuel
(fuel cell vehicles)?
Total Count 96 54 150
Expected Count 96.0 540 150.0
% within How much do you know 64.0% 36.0% 100.0%

about cars that use hydrogen as fuel

(fuel cell vehicles)?
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Each subscript letter denotes a subset of Gender categories whose column proportions do not differ significantly from each

other at the .05 level.

Table B1.1.2. Chi-square results between participants’ gender and knowledge of the technology.

Value df  Asymptotic Significance (2-sided)

Pearson Chi-Square 11.3232 4 .023
Likelihood Ratio 11435 4 .022
Linear-by-Linear Association 5125 1 .024
N of Valid Cases 150

a. 1 cells (10.0%) have expected count less than 5. The minimum expected count is 3.24.

Table B1.1.3. Measure of association between participants’ gender and knowledge of the technology.

Asymptotic Standard Approximate Approximate
Value Error? T Significance
Nominal by Phi 275 .023
Nominal Cramer's V 275 .023
Interval by Interval Pearson's R -.185 .083 -2.296 .023¢
Ordinal by Ordinal ~ Spearman -.221 .081 -2.755 .007¢
Correlation
N of Valid Cases 150

a. Not assuming the null hypothesis.

b. Using the asymptotic standard error assuming the null hypothesis.

c. Based on normal approximation.
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Gender

EMale
WFemale

| know nothing  |knowfew  Intermediate | know | know a lot
level of enough things
knowledge

How much do you know about cars that use hydrogen as fuel (fuel
cell vehicles)?

Fig. B1.1. Interaction between participants’ gender and knowledge of FCEVs technology.

B1.2 Age

Table B1.2.1. Crosstab statistic test between participants’ age and knowledge of the technology.

Age
18-24 25-34 35-44 45-54 55-64 65-74 Total

How much do you I know nothing Count 5a Ta 8a Ta 10a 3a 40
know about cars that Expected Count 4.2 7.8 7.6 8.9 7.8 3.7 40.0
use hydrogen as fuel % within How much ~ 12.5% 17.5% 20.0% 17.5% 25.0% 7.5% 100.0%
(fuel cell vehicles)? do you know about

cars that use hydrogen

as fuel (fuel cell

vehicles)?

| know few Count 4ab  1lanp Tb 9a b 15a 5a b 51

Expected Count 53 100 9.7 113 10.0 4.7 51.0

% within How much 78% 21.6% 13.7% 17.6% 29.4% 9.8% 100.0%

do you know about

cars that use hydrogen

as fuel (fuel cell

vehicles)?

Count 5a,b 5ab  Tab 12y 4, 2a,b 35

Expected Count 3.7 6.9 6.6 7.8 6.9 3.2 35.0

287



AARHUS| SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

Age
18-24 25-34 35-44 45-54 55-64 65-74
Intermediate % within How much 14.3% 14.3% 20.0% 34.3% 114% 57%
level of do you know about
knowledge cars that use hydrogen
as fuel (fuel cell
vehicles)?
I know enough Count 1a 5a 5a 4y 1a 2a
things Expected Count 1.9 35 34 40 35 1.6
% within How much 56% 27.8% 27.8% 222% 5.6% 11.1%
do you know about
cars that use hydrogen
as fuel (fuel cell
vehicles)?
I know a lot Count lab 2a,b 2a,b 2a,b Op 2a
Expected Count 9 1.8 1.7 2.0 1.8 8
% within How much 11.1% 22.2% 22.2% 22.2% 0.0% 22.2%
do you know about
cars that use hydrogen
as fuel (fuel cell
vehicles)?
Total Count 16 30 29 34 30 14
Expected Count 16.0 30.0 29.0 340 30.0 140
% within How much ~ 10.5% 19.6% 19.0% 22.2% 19.6% 9.2%

do you know about
cars that use hydrogen
as fuel (fuel cell

vehicles)?

Total
100.0%

18
18.0
100.0%

9
9.0
100.0%

153
153.0
100.0%

Each subscript letter denotes a subset of age categories whose column proportions do not differ significantly from each

other at the .05 level.
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Table B1.2.2. Chi-square results between participants’ age and knowledge of the technology.
Monte Carlo Sig. (2-sided) Monte Carlo Sig. (1-sided)
99% Confidence 99% Confidence
Asymptotic Interval Interval
Significance (2- Lower  Upper Lower  Upper
Value df sided) Significance Bound  Bound Significance Bound  Bound
Pearson Chi- 17.699% 20 .607 619P .606 631
Square
Likelihood Ratio  19.365 20 498 627° 614 639
Fisher-Freeman-  17.817 562° .549 575
Halton Exact Test
Linear-by-Linear 431° 1 512 519° .506 531 267" .255 278
Association
N of Valid Cases 153

a. 17 cells (56.7%) have expected count less than 5. The minimum expected count is .82.

b. Based on 10000 sampled tables with starting seed 2000000.

c. The standardized statistic is -.656.

B1.3 Education level

Table B1.3.1. Crosstab statistic test between participants’ education level and knowledge of the

technology.
Education
MSc or
Primary  Secondary  University PhD
education  education = BSc level level Total

How much do you I know nothing Count 8a 1740 1240 4p 41
know about cars that Expected Count 5.1 14.2 145 7.2 41.0
use hydrogen as fuel % within How much 19.5% 41.5% 293%  9.8% 100.0%
(fuel cell vehicles)? do you know about

cars that use hydrogen

as fuel (fuel cell

vehicles)?

I know few Count 4q 154 21, 11a 51
Expected Count 6.3 17.7 18.0 9.0 51.0
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Intermediate
level of

knowledge

I know enough

things

I know a lot

Total

% within How much
do you know about
cars that use hydrogen
as fuel (fuel cell
vehicles)?

Count

Expected Count

% within How much
do you know about
cars that use hydrogen
as fuel (fuel cell
vehicles)?

Count

Expected Count

% within How much
do you know about
cars that use hydrogen
as fuel (fuel cell
vehicles)?

Count

Expected Count

% within How much
do you know about
cars that use hydrogen
as fuel (fuel cell
vehicles)?

Count

Expected Count

% within How much
do you know about
cars that use hydrogen
as fuel (fuel cell

vehicles)?

Education

MSc or

Primary  Secondary  University PhD

education  education BSc level level
7.8% 29.4% 41.2% 21.6%
44 12, 13a 6a
43 12.1 12.4 6.2
11.4% 34.3% 37.1% 17.1%
3a 6a 5a 3a
2.1 5.9 6.0 3.0
17.6% 35.3% 29.4% 17.6%
Oa 3a 33 3a
1.1 3.1 3.2 1.6
0.0% 33.3% 33.3% 33.3%
19 53 54 27
19.0 53.0 54.0 27.0
12.4% 34.6% 35.3% 17.6%

Total
100.0%

35
35.0
100.0%

17
17.0
100.0%

9
9.0
100.0%

153
153.0
100.0%

Each subscript letter denotes a subset of Education categories whose column proportions do not differ significantly from

each other at the .05 level.
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Table B1.3.2. Chi-square results between participants’ education level and knowledge of the

technology.
Monte Carlo Sig. (2-sided) Monte Carlo Sig. (1-sided)
99% Confidence 99% Confidence
Asymptotic Interval Interval
Significance (2- Lower  Upper Lower  Upper
Value df sided) Significance Bound  Bound Significance Bound = Bound
Pearson Chi- 9.285% 12 678 .685° 673 697
Square
Likelihood Ratio  10.232 12 596 .661° .649 673
Fisher-Freeman- 9.058 .687° 675 .699
Halton Exact Test
Linear-by-Linear  2.294¢ 1 130 .130° 121 139 .068P .061 .074

Association

N of Valid Cases 153

a. 7 cells (35.0%) have expected count less than 5. The minimum expected count is 1.12.
b. Based on 10000 sampled tables with starting seed 743671174.
c. The standardized statistic is 1.515.

B1.4 Alternative fuel vehicle experience

Table B1.4.1. Crosstab statistic test between participants’ AFV experience and knowledge of the
technology.
Did you ever have an AFV or know someone in your
innermost circle owing an AFV? (AFV corresponds to
"Alternative Fuel Vehicle" including battery electric, plug-

in hybrid electric, and fuel cell electric vehicles)

Yes No Maybe Total

How much do you I know nothing  Count 7 30 3 40
know about cars that Expected Count 10.6 28.3 11 40.0
use hydrogen as fuel % within How much do 17.5% 75.0% 7.5% 100.0%
(fuel cell vehicles)? you know about cars

that use hydrogen as fuel

(fuel cell vehicles)?

I know few Count 9 41 0 50
Expected Count 13.2 354 1.3 50.0
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Intermediate
level of

knowledge

| know enough

things

I know a lot

% within How much do
you know about cars
that use hydrogen as fuel
(fuel cell vehicles)?
Count

Expected Count

% within How much do
you know about cars
that use hydrogen as fuel
(fuel cell vehicles)?
Count

Expected Count

% within How much do
you know about cars
that use hydrogen as fuel
(fuel cell vehicles)?
Count

Expected Count

% within How much do
you know about cars
that use hydrogen as fuel
(fuel cell vehicles)?
Count

Expected Count

% within How much do
you know about cars
that use hydrogen as fuel

(fuel cell vehicles)?

Did you ever have an AFV or know someone in your

innermost circle owing an AFV? (AFV corresponds to

"Alternative Fuel Vehicle" including battery electric, plug-

in hybrid electric, and fuel cell electric vehicles)

Yes No Maybe
18.0% 82.0% 0.0%
12 23 0
9.3 24.8 9
34.3% 65.7% 0.0%
6 11 0
45 12.0 5
35.3% 64.7% 0.0%
6 2 1
24 6.4 2
66.7% 22.2% 11.1%
40 107 4
40.0 107.0 4.0
26.5% 70.9% 2.6%

Total

100.0%

35
35.0

100.0%

17
17.0

100.0%

9
9.0

100.0%

151
151.0

100.0%
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Table B1.4.2. Chi-square results between participants’ AFV experience and knowledge of the

technology.
Asymptotic Significance (2- Exact Sig. (2- Exact Sig. (1- Point
Value df sided) sided) sided) Probability
Pearson Chi-Square 22.252* 8 .004 .007
Likelihood Ratio 22334 8 .004 .003
Fisher-Freeman-Halton Exact 19.788 .003
Test
Linear-by-Linear Association 9.767° 1 .002 .002 .001 .000
N of Valid Cases 151

a. 7 cells (46.7%) have expected count less than 5. The minimum expected count is .24.

b. The standardized statistic is -3.125.

Table B1.4.3. Measure of association between participants’ AFV experience and knowledge of the

technology.
Asymptotic Standard  Approximate Approximate Exact
Value Error? TP Significance Significance
Nominal by Phi .384 .004 .007
Nominal Cramer's V 271 .004 .007
Interval by Pearson's R -.255 .092 -3.221 .002°¢ .002
Interval
Ordinal by Spearman -.251 .085 -3.162 .002°¢ .002
Ordinal Correlation
N of Valid Cases 151

a. Not assuming the null hypothesis.

b. Using the asymptotic standard error assuming the null hypothesis.

c. Based on normal approximation.
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50 Did you ever
have an AFV or
know someone

in your
innermost circle
40 owing an AFV?
Eves
HNo
W Maybe

- 30

c

=

o

(&)

20
10 lI .-—
0 . "
| know nothing | know few Intermediate | know | know a lot
level of enough things
knowledge

How much do you know about cars that use hydrogen as fuel (fuel
cell vehicles)?

Fig. B1.4. Interaction between participants’ AFV experience and knowledge of FCEVs technology.

B1.5 Fuel cell electric vehicle experience

Table B1.5.1. Crosstab statistic test between participants’ FCEV experience and knowledge of the
technology.

Do you have any previous experience with hydrogen cars

(fuel cell vehicles)?

I know someone
who has used a | have not
I have used  hydrogen car or used a

I own/lease ahydrogen know someone hydrogen car

ahydrogen carinthe who has a and know no
car past hydrogen car onewhohas  Total

How muchdo | know Count 0 2 4 34 40
you know about nothing Expected Count 5 35 8.3 27.7 40.0
cars that use % within How 0.0% 5.0% 10.0% 85.0% 100.0%
hydrogen as fuel much do you
(fuel cell know about cars
vehicles)? that use hydrogen

as fuel (fuel cell

vehicles)?

I know few Count 0 1 10 39 50
Expected Count T 43 10.3 34.7 50.0
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Intermediate
level of

knowledge

| know

enough things

| know a lot

% within How
much do you
know about cars
that use hydrogen
as fuel (fuel cell
vehicles)?

Count

Expected Count
% within How
much do you
know about cars
that use hydrogen
as fuel (fuel cell
vehicles)?

Count

Expected Count
% within How
much do you
know about cars
that use hydrogen
as fuel (fuel cell
vehicles)?

Count

Expected Count
% within How
much do you
know about cars
that use hydrogen
as fuel (fuel cell
vehicles)?

Count

Do you have any previous experience with hydrogen cars

(fuel cell vehicles)?

I know someone
who has used a I have not
I have used hydrogen car or used a
I own/lease ahydrogen know someone hydrogen car
ahydrogen carinthe who has a and know no
car past hydrogen car one who has
0.0% 2.0% 20.0% 78.0%
0 3 9 22
5 29 7.0 23.6
0.0% 8.8% 26.5% 64.7%
0 5 5 8
2 1.6 3.7 125
0.0% 27.8% 27.8% 44.4%
2 2 3 1
1 7 1.7 55
25.0% 25.0% 37.5% 12.5%
2 13 31 104
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Total
100.0%

34
34.0
100.0%

18
18.0
100.0%

8
8.0
100.0%
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Do you have any previous experience with hydrogen cars

(fuel cell vehicles)?

| know someone
who has used a | have not
I have used hydrogen car or used a

I own/lease ahydrogen know someone hydrogen car

ahydrogen carinthe who has a and know no
car past hydrogen car onewhohas  Total
Expected Count 2.0 13.0 31.0 104.0 150.0
% within How 1.3% 8.7% 20.7% 69.3% 100.0%

much do you
know about cars
that use hydrogen
as fuel (fuel cell

vehicles)?

Table B1.5.2. Chi-square results between participants’ FCEV experience and knowledge of the

technology.
Monte Carlo Sig. (2-sided) Monte Carlo Sig. (1-sided)
99% Confidence 99% Confidence
Asymptotic Interval Interval
Significance (2- Lower  Upper Lower  Upper
Value df sided) Significance Bound  Bound Significance Bound  Bound
Pearson Chi- 60.436% 12 .000 .000P .000 .000
Square
Likelihood Ratio  36.568 12 .000 .000b .000 .000
Fisher-Freeman-  34.821 .000P .000 .000
Halton Exact Test
Linear-by-Linear 28.621¢ 1 .000 .000P .000 .000 .000P .000 .000
Association
N of Valid Cases 150

a. 12 cells (60.0%) have expected count less than 5. The minimum expected count is .11.
b. Based on 10000 sampled tables with starting seed 743671174.
¢. The standardized statistic is -5.350.
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Table B1.5.3. Measure of association between participants’ FCEV experience and knowledge of the

technology.

Monte Carlo Significance

99% Confidence
Interval
Asymptotic Approximate  Approximate Lower  Upper
Value Standard Error? T Significance  Significance Bound = Bound
Nominal by Phi 635 .000 .000° .000 .000
Nominal Cramer's V .366 .000 .000¢ .000 .000
Interval by  Pearson's R -.438 .081 -5.932 .000¢ .000°¢ .000 .000
Interval
Ordinal by ~ Spearman -.373 .078 -4.894 .000¢ .000°¢ .000 .000
Ordinal Correlation
N of Valid Cases 150

a. Not assuming the null hypothesis.
b. Using the asymptotic standard error assuming the null hypothesis.
c. Based on 10000 sampled tables with starting seed 743671174.

d. Based on normal approximation.

40

30

Count

20

| know nothing I know few  Intermediate | know

level of enough things

knowledge

Do you have any
previous experience with
hydrogen cars (fuel cell
vehicles)?

Wi own/lease a hydragen car
| have used a hydrogen car
.in the past
| know someone who has
used a hydrogen car or know
someone who has a
hydragen car
| have not used a hydrogen
ﬁar and know no one whao
as

.

| know a lot

How much do you know about cars that use hydrogen as fuel (fuel

cell vehicles)?

Fig. B1.5. Interaction between participants’ FCEV experience and knowledge of FCEVs technology.
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Table B1.6.1. Crosstab statistic test between media support and knowledge of the technology by the

public.

How many times in the last year have you

noticed a newspaper/online article or other

media support concerning hydrogen vehicles?

None 1-2 2-5 More than5  Total
How much do you I know nothing Count 22 12 2 4 40
know about cars that Expected Count 13.2 14.8 5.1 7.0 40.0
use hydrogen as fuel % within How much 55.0%  30.0% 5.0% 10.0% 100.0%
(fuel cell vehicles)? do you know about
cars that use hydrogen
as fuel (fuel cell
vehicles)?
I know few Count 16 22 6 7 51
Expected Count 16.8 18.8 6.5 8.9 51.0
% within How much 31.4% 43.1% 11.8% 13.7% 100.0%
do you know about
cars that use hydrogen
as fuel (fuel cell
vehicles)?
Intermediate Count 6 13 8 7 34
level of Expected Count 11.2 12.6 4.3 5.9 34.0
knowledge % within How much 17.6%  382%  23.5% 20.6% 100.0%
do you know about
cars that use hydrogen
as fuel (fuel cell
vehicles)?
I know enough  Count 2 7 3 4 16
things Expected Count 53 5.9 2.0 28  16.0
% within How much 12.5% 43.8% 18.8% 25.0% 100.0%
do you know about
cars that use hydrogen
as fuel (fuel cell
vehicles)?
I know a lot Count 3 1 0 4 8
Expected Count 2.6 3.0 1.0 14 8.0
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Total

% within How much
do you know about
cars that use hydrogen
as fuel (fuel cell
vehicles)?

Count

Expected Count

% within How much
do you know about
cars that use hydrogen
as fuel (fuel cell

vehicles)?

SCHOOL OF BUSINESS AND SOCIAL SCIENCES

How many times in the last year have you

noticed a newspaper/online article or other

media support concerning hydrogen vehicles?

None 1-2 2-5 More than 5
37.5% 12.5% 0.0% 50.0%
49 55 19 26
49.0 55.0 19.0 26.0
32.9% 36.9% 12.8% 17.4%

Total
100.0%

149
149.0
100.0%

Table B1.6.2. Chi-square results between media support and knowledge of the technology by the

public.
Monte Carlo Sig. (2-sided) Monte Carlo Sig. (1-sided)
99% Confidence 99% Confidence
Asymptotic Interval Interval
Significance (2- Lower  Upper Lower  Upper
Value df sided) Significance Bound  Bound Significance Bound  Bound
Pearson Chi- 26.7642 12 .008 .007° .005 .009
Square
Likelihood Ratio  26.780 12 .008 .014b .011 .016
Fisher-Freeman- ~ 24.463 .008P .006 011
Halton Exact Test
Linear-by-Linear 13.049¢ 1 .000 .000P .000 .001 .000P .000 .001
Association
N of Valid Cases 149

a. 7 cells (35.0%) have expected count less than 5. The minimum expected count is 1.02.
b. Based on 10000 sampled tables with starting seed 329836257.

c. The standardized statistic is 3.612.

299



'CV'
%

%, &
SITAS A

AARHUS
BSS

SCHOOL OF BUSINESS AND SOCIAL SCIENCES
AARHUS UNIVERSITY

Table B1.6.3. Measure of association between media support and knowledge of the technology by

public.
Monte Carlo Significance
99% Confidence
Interval
Asymptotic Approximate  Approximate Lower  Upper
Value Standard Error? T Significance  Significance Bound = Bound
Nominal by Phi 424 .008 .007¢ .005 .009
Nominal Cramer's V .245 .008 .007¢ .005 .009
Interval by  Pearson's R 297 .085 3.770 .000¢ .000°¢ .000 .001
Interval
Ordinal by ~ Spearman .319 .079 4.080 .000¢ .000°¢ .000 .000
Ordinal Correlation
N of Valid Cases 149

a. Not assuming the null hypothesis.
b. Using the asymptotic standard error assuming the null hypothesis.
c. Based on 10000 sampled tables with starting seed 329836257.

d. Based on normal approximation.

25

20

Count

| know
enough things

Intermediate
level of
knowledge

| know few

| know nothing

How many times in
the last year have you
noticed a
newspaperlonline
article or other media
support concerning
hydrogen vehicles?

W None
W2
W25
EMare than §

| know a lot

How much do you know about cars that use hydrogen as fuel (fuel

cell vehicles)?

Fig. B1.6. Interaction between media support and knowledge of FCEV technology by the public.
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B2 Willingness to purchase a fuel cell electric vehicle

B2.1 Knowledge of hydrogen vehicle technology

Table B2.1.1. Crosstab statistic test between participants’ knowledge of the technology and

willingness to purchase a FCEV.

How much do you know about cars that use

hydrogen as fuel (fuel cell vehicles)?

| Intermediate | know |
I know  know level of enough  know
nothing  few knowledge things alot  Total

Would you, considering Yes Count 3a 1llap 8a,b 3a,b 4y 29
your current eco- Expected Count 7.6 9.7 6.7 3.2 1.7 29.0
friendly attitude and % within Would you, 10.3% 37.9% 276%  10.3% 13.8% 100.0%
hydrogen vehicle considering your current
technology awareness, eco-friendly attitude and
purchase a fuel cell car hydrogen vehicle
as your next car? technology awareness,

purchase a fuel cell car

as your next car?

No Count 16a 11a 10a 4, 4, 45

Expected Count 11.8 151 104 5.0 2.7 45.0

% within Would you, 35.6% 24.4% 22.2% 8.9% 8.9% 100.0%

considering your current

eco-friendly attitude and

hydrogen vehicle

technology awareness,

purchase a fuel cell car

as your next car?

Maybe Count 21, 29, 17, 10a 1p 78

Expected Count 205  26.2 18.0 8.7 4.6 78.0

% within Would you, 26.9% 37.2% 21.8% 128% 1.3% 100.0%

considering your current

eco-friendly attitude and

hydrogen vehicle

technology awareness,

purchase a fuel cell car

as your next car?
Total Count 40 51 35 17 9 152

Expected Count 40.0 51.0 35.0 17.0 9.0 1520
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How much do you know about cars that use
hydrogen as fuel (fuel cell vehicles)?
| Intermediate | know |
I know  know level of enough  know

nothing  few knowledge things alot  Total

% within Would you, 26.3% 33.6% 23.0% 11.2% 5.9% 100.0%
considering your current

eco-friendly attitude and

hydrogen vehicle

technology awareness,

purchase a fuel cell car

as your next car?

Each subscript letter denotes a subset of How much do you know about cars that use hydrogen as fuel (fuel cell vehicles)?

categories whose column proportions do not differ significantly from each other at the .05 level.

Table B2.1.2. Chi-square results between participants” knowledge of the technology and willingness
to purchase a FCEV.

Asymptotic Significance (2-  Exact Sig. (2- Exact Sig. (1- Point

Value df sided) sided) sided) Probability
Pearson Chi-Square 17.763* 8 .023 .022
Likelihood Ratio 18.336 8 .019 .026
Fisher's Exact Test 17.705 .017
Linear-by-Linear 3.3400 1 .068 .071 .038 .007
Association
N of Valid Cases 161

a. 4 cells (26.7%) have expected count less than 5. The minimum expected count is 1.57.
b. The standardized statistic is -1.827.

Table B2.1.3. Measure of association between participants’ knowledge of the technology and
willingness to purchase a FCEV.

Value Approximate Significance Exact Significance

Nominal by Nominal Phi 332 .023 .022
Cramer'sV  .235 .023 .022
N of Valid Cases 161
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30 How much do you know
about cars that use
hydrogen as fuel (fuel
cell vehicles)?

B know nothing

W know few

W intermediate level of knowledge
B know enough things

£ W know a lot

Count

Yes MNo Maybe

Would you, considering your current eco-friendly attitude and
hydrogen vehicle technology awareness, purchase a fuel cell car as
your next car?

Fig. B2.1. Interaction between participants’ knowledge of the technology and willingness to purchase

aFCEV.

B2.2 Individual’s environmental attitude

Table B2.2.1. Crosstab statistic test between participants’ environmental attitude and willingness to
purchase a FCEV.
Which of the following describes you better in
terms of being environmental friendly?
Itspartof  lactas I think
my far as about it, I'm not

everyday possible | butdon't thinking

life can actonit aboutthat Total

Would you, considering Yes Count 2a,b 24y 2a 0a, b 28
your current eco-friendly Expected Count 4.1 16.9 6.1 9 280
attitude and hydrogen % within Would you, 7.1% 85.7% 7.1% 0.0% 100.0%
vehicle technology considering your current
awareness, purchase a fuel eco-friendly attitude and
cell car as your next car? hydrogen vehicle

technology awareness,

purchase a fuel cell car as

your next car?

No Count 8a,b 22y 11p 4, 45
Expected Count 6.5 27.2 9.8 15 45.0
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Total

Maybe

% within Would you,

considering your current

eco-friendly attitude and

hydrogen vehicle

technology awareness,

purchase a fuel cell car as

your next car?
Count

Expected Count

% within Would you,

considering your current

eco-friendly attitude and

hydrogen vehicle

technology awareness,

purchase a fuel cell car as

your next car?
Count

Expected Count

% within Would you,

considering your current

eco-friendly attitude and

hydrogen vehicle

technology awareness,

purchase a fuel cell car as

your next car?

SCHOOL OF BUSINESS AND SOCIAL SCIENCES
AARHUS UNIVERSITY

Which of the following describes you better in

terms of being environmental friendly?

It's part of  lactas I think
my far as about it, I'm not
everyday possiblel butdon't thinking
life can actonit aboutthat Total
17.8% 48.9% 24.4% 8.9% 100.0%
12, 46, 204 1a 79
11.4 47.8 17.2 2.6 79.0
15.2% 58.2% 25.3% 1.3% 100.0%
22 92 33 5 152
22.0 92.0 33.0 50 1520
14.5% 60.5% 21.7% 3.3% 100.0%

Each subscript letter denotes a subset of Which of the following describes you better in terms of being environmental

friendly? categories whose column proportions do not differ significantly from each other at the .05 level.
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Table B2.2.2. Chi-square results between participants’ environmental attitude and willingness to

purchase a FCEV.
Asymptotic Significance Exact Sig. (2-  Exact Sig. (1- Point
Value df (2-sided) sided) sided) Probability
Pearson Chi-Square 14.977% 6 .020 .019
Likelihood Ratio 15.720 6 .015 .020
Fisher-Freeman-Halton 13.194 .027
Exact Test
Linear-by-Linear 203> 1 652 704 .356 .055
Association
N of Valid Cases 152

a. 4 cells (33.3%) have expected count less than 5. The minimum expected count is .92.

b. The standardized statistic is .451.

Table B2.2.3. Measure of association between participants’ environmental attitude and willingness to

purchase a FCEV.
Asymptotic Standard  Approximate Approximate Exact
Value Error? T Significance Significance
Nominal by Phi 314 .020 .019
Nominal Cramer's V 222 .020 .019
Interval by Pearson's R .037 .065 450 .654¢ .704
Interval
Ordinal by Spearman .038 .072 460 .646° .646
Ordinal Correlation
N of Valid Cases 152

a. Not assuming the null hypothesis.

b. Using the asymptotic standard error assuming the null hypothesis.

c. Based on normal approximation.
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50 Which of the following
describes you better in
terms of being
environmental friendly?
40 W it's part of my everyday life
| act as far as possible | can
.I think about it, but don't act on
it
B ' not thinking about that
30
E
3
=]
8]
20
10
0

Yes Mo Maybe
Would you, considering your current eco-friendly attitude and
hydrogen vehicle technology awareness, purchase a fuel cell car as
your next car?
Fig. B2.2. Interaction between participants’ environmental attitude and willingness to purchase a

FCEV.

B2.3 Fuel cell electric vehicle experience

Table B2.3.1. Crosstab statistic test between participants’ FCEV experience and willingness to
purchase a FCEV.
Do you have any previous experience with hydrogen cars
(fuel cell vehicles)?
I know

someone who

has used a
hydrogen car I have not
| | have used or know used a

own/lease ahydrogen someone who hydrogen car

ahydrogen carinthe hasahydrogen and know no

car past car one who has  Total
Would you, Yes Count 2a 5ab 8b, ¢ 13c 28
considering your Expected Count 4 24 59 19.3 280
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Do you have any previous experience with hydrogen cars
(fuel cell vehicles)?
I know

someone who

has used a
hydrogen car I have not
| | have used or know used a

own/lease ahydrogen someone who hydrogen car
a hydrogen carinthe hasahydrogen and know no

car past car onewhohas Total

current eco-friendly % within Would you, 7.1% 17.9% 28.6% 46.4% 100.0%
attitude and hydrogen considering your
vehicle technology current eco-friendly
awareness, purchase attitude and hydrogen
a fuel cell car as your vehicle technology
next car? awareness, purchase a
fuel cell car as your
next car?
No Count 0a 5a 8a 32, 45
Expected Count .6 3.8 9.5 31.1 45.0
% within Would you, 0.0% 11.1% 17.8% 71.1% 100.0%
considering your
current eco-friendly
attitude and hydrogen
vehicle technology
awareness, purchase a
fuel cell car as your
next car?
Maybe Count 0a b 3b 164, b 60a 79
Expected Count 1.0 6.8 16.6 54.6 79.0
% within Would you, 0.0% 3.8% 20.3% 75.9% 100.0%
considering your
current eco-friendly
attitude and hydrogen
vehicle technology
awareness, purchase a
fuel cell car as your
next car?
Total Count 2 13 32 105 152
Expected Count 2.0 13.0 320 105.0 1520
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Do you have any previous experience with hydrogen cars
(fuel cell vehicles)?
I know

someone who

has used a
hydrogen car I have not
| | have used or know used a

own/lease ahydrogen someone who hydrogen car
a hydrogen carinthe hasahydrogen and know no

car past car onewhohas Total

% within Would you, 1.3% 8.6% 21.1% 69.1% 100.0%
considering your

current eco-friendly

attitude and hydrogen

vehicle technology

awareness, purchase a

fuel cell car as your

next car?

Each subscript letter denotes a subset of Do you have any previous experience with hydrogen cars (fuel cell vehicles)?

categories whose column proportions do not differ significantly from each other at the .05 level.

Table B2.3.2. Chi-square results between participants’ FCEV experience and willingness to purchase

a FCEV.
Asymptotic Significance Exact Sig. (2-  Exact Sig. (1- Point
Value df (2-sided) sided) sided) Probability
Pearson Chi-Square 17.776% 6 .007 .005
Likelihood Ratio 15.719 6 .015 .016
Fisher-Freeman-Halton 14.395 .011
Exact Test
Linear-by-Linear 12.333° 1 .000 .000 .000 .000
Association
N of Valid Cases 152

a. 5 cells (41.7%) have expected count less than 5. The minimum expected count is .37.

b. The standardized statistic is 3.512.
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Table B2.3.3. Measure of association between participants’ FCEV experience and willingness to

purchase a FCEV.
Asymptotic Standard ~ Approximate Approximate Exact
Value Error? TP Significance Significance
Nominal by Phi .342 .007 .005
Nominal Cramer's V 242 .007 .005
Interval by Pearson's R .286 .082 3.653 .000°¢ .000
Interval
Ordinal by Spearman 231 .082 2.910 .004¢ .004
Ordinal Correlation
N of Valid Cases 152

a. Not assuming the null hypothesis.
b. Using the asymptotic standard error assuming the null hypothesis.

c. Based on normal approximation.

B0

50

40

30

Count

20

Yes Mo Maybe

Would you, considering your current eco-friendly attitude and
hydrogen vehicle technology awareness, purchase a fuel cell car as

your next car?

Do you have any
previous experience with
hydrogen cars (fuel cell
vehicles)?

B ownllease a hydrogen car
| have used a hydrogen carin
the past
| know someone who has used a
.h{]drogen car or know someone
who has a hydrogen car
.I have not used a hydrogen car
and know no one who has

Fig. B2.3. Interaction between participants’ FCEV experience and willingness to purchase a FCEV.
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Table B2.4.1. Crosstab statistic test between participants’ safety concerns and willingness to purchase

aFCEV.

Compared to normal petrol vehicles,

how safe you think a fuel cell vehicle

is?
Not Less The
safe safe same Safer  Total

Would you, considering your  Yes Count Oa, b 3ab 200 5a 28
current eco-friendly attitude Expected Count 4 33 22.1 2.2 28.0
and hydrogen vehicle % within Would you, 0.0% 10.7% 71.4% 17.9% 100.0%
technology awareness, considering your current eco-
purchase a fuel cell car as your friendly attitude and hydrogen
next car? vehicle technology awareness,

purchase a fuel cell car as your

next car?

No Count Oa, b 10p 34a 2a 46

Expected Count .6 5.4 36.4 3.6 46.0

% within Would you, 0.0% 21.7% 73.9% 4.3% 100.0%

considering your current eco-

friendly attitude and hydrogen

vehicle technology awareness,

purchase a fuel cell car as your

next car?

Maybe Count 2a 5p 67a 5a,b 79

Expected Count 1.0 9.3 62.5 6.2 79.0

% within Would you, 2.5% 6.3% 84.8% 6.3% 100.0%

considering your current eco-

friendly attitude and hydrogen

vehicle technology awareness,

purchase a fuel cell car as your

next car?
Total Count 2 18 121 12 153

Expected Count 2.0 18.0 121.0 12.0 1530
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% within Would you,

Compared to normal petrol vehicles,

how safe you think a fuel cell vehicle

Safer Total

considering your current eco-

friendly attitude and hydrogen

vehicle technology awareness,

purchase a fuel cell car as your

next car?

is?
Not Less The
safe safe same
13% 11.8% 79.1%

7.8% 100.0%

Each subscript letter denotes a subset of Compared to normal petrol vehicles, how safe you think a fuel cell vehicle is?

categories whose column proportions do not differ significantly from each other at the .05 level.

Table B2.4.2. Chi-square results between participants’ safety concerns and willingness to purchase a

FCEV.
Asymptotic Significance Exact Sig. (2-  Exact Sig. (1- Point
Value df (2-sided) sided) sided) Probability
Pearson Chi-Square 12,9922 6 .043 .038
Likelihood Ratio 12580 6 .050 .063
Fisher-Freeman-Halton 11.133 .046
Exact Test
Linear-by-Linear 3220 1 571 .598 .326 .073
Association
N of Valid Cases 153

a. 6 cells (50.0%) have expected count less than 5. The minimum expected count is .37.

b. The standardized statistic is -.567.

Table B2.4.3. Measure of association between participants’ safety concerns and willingness to

purchase a FCEV.
Asymptotic Standard  Approximate Approximate Exact
Value Error? TP Significance Significance
Nominal by Phi 291 .043 .038
Nominal Cramer's V 206 .043 .038
Interval by Pearson's R -.046 .083 -.566 572°¢ .598
Interval
Ordinal by Spearman .001 .086 .009 .993¢ .993
Ordinal Correlation
N of Valid Cases 153
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a. Not assuming the null hypothesis.

b. Using the asymptotic standard error assuming the null hypothesis.

c. Based on normal approximation.

Compared to
normal petrol
vehicles, how
safe you think
60 afuel cell
vehicle is?

Mot safe

B Less safe

B The same
E safer

40

Count

20

Yes Mo Maybe

Would you, considering your current eco-friendly attitude and
hydrogen vehicle technology awareness, purchase afuel cell car as
your next car?

Fig. B2.4. Interaction between participants’ safety concerns and willingness to purchase a FCEV.
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Table B2.5.1. Crosstab statistic test between hydrogen refuelling infrastructure and willingness to
purchase a FCEV.

There are currently 7 public hydrogen

refuelling stations in Denmark. | believe that

are too few and infrastructure needs to be

Mostly

disagree

enhanced.

Neutral

Mostly

agree

Agree  Total

Would you, considering
your current eco-friendly
attitude and hydrogen
vehicle technology
awareness, purchase a fuel

cell car as your next car?

Total

Yes

No

Maybe

Count

Expected Count

% within Would you,

considering your current

eco-friendly attitude and

hydrogen vehicle

technology awareness,

purchase a fuel cell car as

your next car?
Count

Expected Count

% within Would you,

considering your current

eco-friendly attitude and

hydrogen vehicle

technology awareness,

purchase a fuel cell car as

your next car?
Count

Expected Count

% within Would you,

considering your current

eco-friendly attitude and

hydrogen vehicle

technology awareness,

purchase a fuel cell car as

your next car?
Count

Expected Count

313

2a
A4
7.1%

0a
1.0
0.0%

Ob
1.9
0.0%

6b
3.0
13.3%

4a
52
5.1%

10
10.0

3b
6.5
10.7%

12a, b
10.4
26.7%

20a
18.1
25.6%

35
35.0

23p 28
19.3 28.0

82.1% 100.0%

27a 45
31.0 45.0

60.0% 100.0%

544 78
53.7 78.0

69.2% 100.0%

104
104.0

151
151.0
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There are currently 7 public hydrogen
refuelling stations in Denmark. | believe that

are too few and infrastructure needs to be

enhanced.
Mostly Mostly
disagree Neutral agree Agree  Total
% within Would you, 1.3% 6.6% 23.2% 68.9% 100.0%

considering your current
eco-friendly attitude and
hydrogen vehicle
technology awareness,
purchase a fuel cell car as

your next car?

Each subscript letter denotes a subset of There are currently 7 public hydrogen refuelling stations in Denmark. | believe that
are too few and infrastructure needs to be enhanced. categories whose column proportions do not differ significantly from

each other at the .05 level.

Table B2.5.2. Chi-square results between hydrogen refuelling infrastructure and willingness to

purchase a FCEV.
Asymptotic Significance Exact Sig. (2-  Exact Sig. (1- Point
Value df (2-sided) sided) sided) Probability
Pearson Chi-Square 175122 6 .008 .006
Likelihood Ratio 17.078 6 .009 .009
Fisher-Freeman-Halton 13.203 .018
Exact Test
Linear-by-Linear 0350 1 .851 876 451 .060
Association
N of Valid Cases 151

a. 5 cells (41.7%) have expected count less than 5. The minimum expected count is .37.
b. The standardized statistic is .188.
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Table B2.5.3. Measure of association between hydrogen refuelling infrastructure and willingness to

purchase a FCEV.
Asymptotic Standard ~ Approximate Approximate Exact
Value Error? T Significance Significance
Nominal by Phi 341 .008 .006
Nominal Cramer's VV 241 .008 .006
Interval by Pearson's R .015 .087 .187 .852¢ .876
Interval
Ordinal by Spearman -.022 .079 -.267 .790°¢ .790
Ordinal Correlation
N of Valid Cases 151
a. Not assuming the null hypothesis.
b. Using the asymptotic standard error assuming the null hypothesis.
c. Based on normal approximation.
60 There are
currently 7 public
hydrogen
refuelling
50 stations in
Denmark. |
believe that are
too few and
40 infrastructure
needs to be
® enhanced.
4 M Mostly disagree
g M eutral
M Mostly agree
Eagree
20
10

Yes MNo Maybe

Would you, considering your current eco-friendly attitude and
hydrogen vehicle technology awareness, purchase a fuel cell car as

your next car?

Fig. B2.5. Interaction between hydrogen refueling infrastructure and willingness to purchase a FCEV.
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B3 Prospects of the fuel cell electric vehicles market

B3.1 Willingness to purchase a FCEV

Table B3.1.1. Crosstab statistic test between participants’ willingness to purchase a FCEV and

prospects of the FCEVs market.

Would you, considering your current eco-friendly

attitude and hydrogen vehicle technology

awareness, purchase a fuel cell car as your next

car?
Yes No Maybe Total
By taking into  Consider a fuel cell Count 12, 1p 14 27
account all the  car as my next Expected Count 4.8 8.0 14.1 27.0
above, | vehicle % within By taking 44.4% 3.7% 51.9% 100.0%
would... into account all the
above, | would...
Consider buying a Count 144p 16p 48, 78
fuel cell car in the Expected Count 13.9 23.2 40.8 78.0
near future (5 years o4 within By taking 17.9% 20.5% 61.5% 100.0%
from now) into account all the
above, | would...
Probably not consider Count la 22p 14, 37
buying a fuel cell Expected Count 6.6 11.0 19.4 37.0
vehicle in the near % within By taking 2.7% 59.5% 37.8% 100.0%
future into account all the
above, | would...
Never purchase a fuel Count 0a 6b 3a 9
cell vehicle Expected Count 16 2.7 4.7 9.0
% within By taking 0.0% 66.7% 33.3% 100.0%
into account all the
above, | would...
Total Count 27 45 79 151
Expected Count 27.0 45.0 79.0 1510
% within By taking 17.9% 29.8% 52.3% 100.0%

into account all the

above, | would...

Each subscript letter denotes a subset of Would you, considering your current eco-friendly attitude and hydrogen vehicle

technology awareness, purchase a fuel cell car as your next car? categories whose column proportions do not differ

significantly from each other at the .05 level.
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Table B3.1.2. Chi-square results between participants” willingness to purchase a FCEV and prospects
of the FCEVs market.

Asymptotic Significance Exact Sig. (2-  Exact Sig. (1- Point
Value df (2-sided) sided) sided) Probability
Pearson Chi-Square 43.857¢ 6 .000 .000
Likelihood Ratio 45.667 6 .000 .000
Fisher-Freeman-Halton 41.230 .000
Exact Test
Linear-by-Linear 9720 1 324 .350 .180 .033
Association
N of Valid Cases 151

a. 4 cells (33.3%) have expected count less than 5. The minimum expected count is 1.61.

b. The standardized statistic is .986.

Table B3.1.3. Measure of association between participants’ willingness to purchase a FCEV and

prospects of the FCEVs market.

Asymptotic Standard ~ Approximate Approximate Exact

Value Error? T Significance Significance
Nominal by Phi 539 .000 .000
Nominal Cramer's V. 381 .000 .000
Interval by Pearson's R .081 .078 .986 .326° .350
Interval
Ordinal by Spearman 011 .088 134 .893¢ .893
Ordinal Correlation
N of Valid Cases 151

a. Not assuming the null hypothesis.

b. Using the asymptotic standard error assuming the null hypothesis.

c. Based on normal approximation.
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50 Would you,
considering your
current eco-
friendly attitude
and hydrogen
40 vehicle
technology
awareness,
purchase afuel
30 cell car as your
*g' next car?
5} Eves
© Mo
20 B Maybe
10
0

Consider afuel Consider buying a Probably not
cell caras my next fuel cell carinthe consider buying a
vehicle near future (5 fuel cell vehicle in
years from now) the near future

MNever purchase a
fuel cell vehicle
By taking into account all the above, | would...

Fig. B3.1. Interaction between participants’ willingness to purchase a FCEV and prospects of the
FCEVs market.

B3.2 FCEV price

Table B3.2.1. Crosstab statistic test between FCEV price and prospects of the FCEVs market.

The price of a hydrogen car is currently
515,000-583,000 DKK. I think that it is too

expensive.
Mostly Mostly
disagree Neutral agree Agree  Total
By taking into Consider a fuel cell Count 0a 1a 12 14, 27
accountall the  car as my next vehicle Expected Count 9 2.1 7.3 16.6 27.0
above, | would... % within By taking 0.0% 3.7% 44.4% 51.9% 100.0%
into account all the
above, | would...
Consider buying a fuel Count 2a 6a 22, 49, 79
cell car in the near Expected Count 2.6 6.3 215 48.7 79.0
future (5 years from o5 within By taking 2.5% 7.6% 27.8% 62.0% 100.0%
now) into account all the
above, | would...
Count 3a 2ab Tb 2451 36
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The price of a hydrogen car is currently

515,000-583,000 DKK. I think that it is too

expensive.
Mostly Mostly
disagree Neutral agree Agree  Total
Probably not consider Expected Count 12 2.9 9.8 22.2 36.0
buying a fuel cell % within By taking 8.3% 5.6% 19.4% 66.7% 100.0%
vehicle in the near into account all the
future above, | would...
Never purchase a fuel Count 0a, b 3b 0Oa 6a 9
cell vehicle Expected Count 3 7 2.4 5.5 9.0
% within By taking 0.0% 33.3% 0.0% 66.7% 100.0%
into account all the
above, | would...
Total Count 5 12 41 93 151
Expected Count 5.0 12.0 41.0 93.0 1510
% within By taking 3.3% 7.9% 27.2% 61.6% 100.0%

into account all the

above, | would...

Each subscript letter denotes a subset of The price of a hydrogen car is currently 515,000-583,000 DKK. I think that it is

too expensive. categories whose column proportions do not differ significantly from each other at the .05 level.

Table B3.2.2. Chi-square results between FCEV price and prospects of the FCEVs market.

Asymptotic Significance Exact Sig. (2-  Exact Sig. (1- Point
Value df (2-sided) sided) sided) Probability
Pearson Chi-Square 19.0862 9 .024 .028
Likelihood Ratio 18454 9 .030 .038
Fisher-Freeman-Halton 14.947 .051
Exact Test
Linear-by-Linear 237° 1 626 .646 335 .046
Association
N of Valid Cases 151

a. 8 cells (50.0%) have expected count less than 5. The minimum expected count is .30.
b. The standardized statistic is -.487.
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Table B3.2.3. Measure of association between FCEV price and prospects of the FCEV's market.

Asymptotic Standard ~ Approximate Approximate Exact

Value Error? T Significance Significance
Nominal by Phi .356 024 .028
Nominal Cramer's V. .205 024 .028
Interval by Pearson's R -.040 .083 -.486 .628¢ .646
Interval
Ordinal by Spearman .041 .084 497 .620¢ .620
Ordinal Correlation
N of Valid Cases 151

a. Not assuming the null hypothesis.
b. Using the asymptotic standard error assuming the null hypothesis.

c. Based on normal approximation.

50

40

30

Count

20

Consider afuel Consider buying a Probably not Mever purchase a
cell car as my next fuelcellcarinthe considerbuyinga  fuel cell vehicle
vehicle near future (5 fuel cell vehicle in
years from now) the near future

By taking into account all the above, | would...

The price of a
hydrogen caris
currently
515,000-583,000
DKK. | think that
itis too
expensive.

B Mostly disagree

W isutral
W Wostly agree
Eagree

Fig. B3.2. Interaction between FCEV price and prospects of the FCEVs market.
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B3.3 Current hydrogen fuel price

Table B3.3.1. Crosstab statistic test between current hydrogen fuel price and prospects of the FCEVs

market.

I believe that the fuel cost of hydrogen cars

needs to be reduced more.

Mostly Mostly
disagree  Neutral agree Agree  Total
By taking into Consider a fuel cell car  Count 1a 4, 8a 14, 27
account all the as my next vehicle Expected Count 9 5.2 55 155 27.0
above, | would... % within By taking 37% 14.8% 29.6% 51.9% 100.0%
into account all the
above, | would...
Consider buying a fuel ~ Count 3a 12, 13a 51, 79
cell car in the near Expected Count 26 15.1 161 452  79.0
future (5 years from % within By taking 38% 15.2% 16.5% 64.6% 100.0%
now) into account all the
above, | would...
Probably not consider Count 1a 10a 10a 164 37
buying a fuel cell Expected Count 1.2 7.1 75 21.2 37.0
vehicle in the near % within By taking 27%  27.0% 27.0% 43.2% 100.0%
future into account all the
above, | would...
Never purchase a fuel Count 0a 3a 0a 6a 9
cell vehicle Expected Count 3 1.7 1.8 5.2 9.0
% within By taking 0.0% 33.3% 0.0% 66.7% 100.0%
into account all the
above, | would...
Total Count 5 29 31 87 152
Expected Count 5.0 29.0 31.0 87.0 1520
% within By taking 33% 19.1% 20.4% 57.2% 100.0%

into account all the

above, | would...

Each subscript letter denotes a subset of | believe that the fuel cost of hydrogen cars needs to be reduced more. categories

whose column proportions do not differ significantly from each other at the .05 level.
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Table B3.3.2. Chi-square results between current hydrogen fuel price and prospects of the FCEVs

market.
Asymptotic Significance Exact Sig. (2-  Exact Sig. (1- Point
Value df (2-sided) sided) sided) Probability
Pearson Chi-Square 10.1242 9 341 331
Likelihood Ratio 11919 9 218 274
Fisher-Freeman-Halton 10.213 273
Exact Test
Linear-by-Linear 617 1 432 457 233 .033
Association
N of Valid Cases 152

a. 6 cells (37.5%) have expected count less than 5. The minimum expected count is .30.
b. The standardized statistic is -.785.

B3.4 Individuals’ net income

Table B3.4.1. Crosstab statistic test between participants’ net income and prospects of the FCEVs
market.

Net annual income in DKK (comma separator depicts

thousands)
200,001 300,001 400,000 500,001
0- - - - - 600,001
200,000 300,000 400,000 500,000 600,000 ormore Total
By taking Consider a fuel Count 4y Ta 4, 4y 2a 6a 27
into account  cell caras my  Expected 6.1 5.0 5.0 46 27 36 270
all the next vehicle Count
above, | % within By 14.8% 25.9% 14.8% 14.8% 7.4% 22.2% 100.0%
would... taking into
account all the
above, |
would...
Consider Count 14, 154 13a 164 104 10a 78
buying a fuel Expected 17.6 145 145 134 1.7 10.3 78.0
cell carinthe  Count
near future (5 o5 within By 17.9%  192%  16.7%  205%  12.8%  12.8% 100.0%
years from taking into
now) account all the

above, |

would...
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Probably not
consider buying
a fuel cell
vehicle in the

near future

Never purchase
a fuel cell

vehicle

Count
Expected
Count

% within By
taking into
account all the
above, |
would...
Count
Expected
Count

% within By
taking into
account all the
above, |
would...
Count
Expected
Count

% within By
taking into
account all the
above, |

would...

Net annual income in DKK (comma separator depicts

thousands)
200,001 300,001 400,000 500,001
0- - - - - 600,001
200,000 300,000 400,000 500,000 600,000 ormore Total

13a 6a, b 9 2b 3a,b 4ab 37
8.3 6.9 6.9 6.4 3.7 49 37.0
35.1% 16.2% 24.3% 5.4% 8.1% 10.8% 100.0%
3a, b Op 2a, b 4, Oa, b Oa, b 9
2.0 1.7 1.7 15 9 1.2 9.0
33.3% 0.0% 22.2% 44.4% 0.0% 0.0% 100.0%
34 28 28 26 15 20 151
34.0 28.0 28.0 26.0 15.0 20.0 151.0
22.5% 18.5% 18.5% 17.2% 9.9% 13.2% 100.0%

Each subscript letter denotes a subset of Net annual income in DKK (comma separator depicts thousands) categories whose

column proportions do not differ significantly from each other at the .05 level.
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Table B3.4.2. Chi-square results between participants’ net income and prospects of the FCEVs
market.
Monte Carlo Sig. (2-sided) Monte Carlo Sig. (1-sided)
99% Confidence 99% Confidence
Asymptotic Interval Interval
Significance (2- Lower  Upper Lower  Upper
Value df sided) Significance Bound  Bound Significance Bound = Bound
Pearson Chi- 20.504* 15 153 .150P 141 159
Square
Likelihood Ratio  23.434 15 .075 .119b JA11 127
Fisher-Freeman-  18.434 .183b 173 193
Halton Exact Test
Linear-by-Linear  3.491¢ 1 .062 .061° .055 .067 .033° .028 .037
Association
N of Valid Cases 151

a. 11 cells (45.8%) have expected count less than 5. The minimum expected count is .89.
b. Based on 10000 sampled tables with starting seed 2000000.

c. The standardized statistic is -1.868.

B3.5 Current hydrogen refuelling infrastructure

Table B3.5.1. Crosstab statistic test between hydrogen refuelling infrastructure and prospects of the
FCEVs market.

There are currently 7 public hydrogen refuelling
stations in Denmark. | believe that are too few and

infrastructure needs to be enhanced.

Mostly
disagree Neutral ~ Mostly agree  Agree Total
By taking into  Consider a fuel cell Count 0a 0a 6a 21a 27
account all the  car as my next Expected Count 4 18 6.4 185 270
above, | vehicle % within By 0.0% 0.0% 222%  77.8% 100.0%
would... taking into
account all the
above, | would...
Consider buyinga  Count 2a 2 154, b 60a 79
fuel cell car inthe  Expected Count 1.0 5.2 187 541  79.0
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near future (5 years

from now)

Probably not

consider buying a

fuel cell vehicle in

the near future

Never purchase a

fuel cell vehicle

% within By
taking into

account all the

above, | would...

Count
Expected Count
% within By
taking into

account all the

above, | would...

Count
Expected Count
% within By
taking into

account all the

above, | would...

Count
Expected Count
% within By
taking into

account all the

above, | would...

SCHOOL OF BUSINESS AND SOCIAL SCIENCES
AARHUS UNIVERSITY

There are currently 7 public hydrogen refuelling

stations in Denmark. | believe that are too few and

infrastructure needs to be enhanced.

Mostly
disagree Neutral ~ Mostly agree  Agree
2.5% 2.5% 19.0%  75.9%
Oa, b To 14y 162
5 24 8.8 25.3
0.0% 18.9% 378%  43.2%
Oa 1a 1a 7a
1 .6 2.1 6.2
0.0% 11.1% 11.1%  77.8%
2 10 36 104
2.0 10.0 36.0 104.0
1.3% 6.6% 23.7%  68.4%

Total
100.0%

37
37.0
100.0%

9
9.0
100.0%

152
152.0
100.0%

Each subscript letter denotes a subset of There are currently 7 public hydrogen refuelling stations in Denmark. | believe that

are too few and infrastructure needs to be enhanced. categories whose column proportions do not differ significantly from

each other at the .05 level.
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Table B3.5.2. Chi-square results between hydrogen refuelling infrastructure and prospects of the

FCEVs market.

Asymptotic Significance Exact Sig. (2-  Exact Sig. (1- Point
Value df (2-sided) sided) sided) Probability
Pearson Chi-Square 23.470% 9 .005 .009
Likelihood Ratio 23.864 9 .005 .003
Fisher-Freeman-Halton 20.908 .004
Exact Test
Linear-by-Linear 6.369° 1 .012 012 .008 .003
Association
N of Valid Cases 152

a. 8 cells (50.0%) have expected count less than 5. The minimum expected count is .12.
b. The standardized statistic is -2.524.

Table B3.5.3. Measure of association between hydrogen refuelling infrastructure and prospects of the

FCEVs market.

Asymptotic Standard  Approximate Approximate Exact

Value Error? T Significance Significance
Nominal by Phi .393 .005 .009
Nominal Cramer's V 227 .005 .009
Interval by Pearson's R -.205 .074 -2.570 .011¢ .012
Interval
Ordinal by Spearman -.233 .079 -2.928 .004¢ .004
Ordinal Correlation
N of Valid Cases 152

a. Not assuming the null hypothesis.
b. Using the asymptotic standard error assuming the null hypothesis.

c. Based on normal approximation.
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Fig. B3.5. Interaction between hydrogen refuelling infrastructure and prospects of the FCEVs market.

B3.6 Safety concerns

Table B3.6.1. Crosstab statistic test between participants’ safety concerns and prospects of the FCEVs

market.
Compared to normal petrol vehicles, how
safe you think a fuel cell vehicle is?
Not safe Lesssafe Thesame  Safer Total
By taking into Consider a fuel cell car ~ Count 0a 3a 20a 4q 27
account all the as my next vehicle Expected Count 4 3.0 215 2.1 27.0
above, | would... % within By taking 00%  11.1%  741% 14.8% 100.0%
into account all the
above, | would...
Consider buying a fuel ~ Count 2a 4y 66a Tab 79
cell car in the near future Expected Count 1.0 8.8 62.9 62 790
(5 years from now) % within By taking 2.5% 5.1% 835%  8.9% 100.0%
into account all the
above, | would...
Count 0Oa 6a 30a 1a 37
Expected Count 5 4.1 29.5 29 37.0
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Compared to normal petrol vehicles, how
safe you think a fuel cell vehicle is?
Not safe Lesssafe Thesame  Safer Total
Probably not consider % within By taking 0.0% 16.2% 81.1% 2.7% 100.0%

buying a fuel cell into account all the

vehicle in the near future above, | would...

Never purchase a fuel Count 0a, b 4y 5a 0a, b 9
cell vehicle Expected Count 1 1.0 7.2 7 9.0
% within By taking 0.0% 44.4% 55.6% 0.0% 100.0%

into account all the

above, | would...

Total Count 2 17 121 12 152
Expected Count 2.0 17.0 121.0 120 1520
% within By taking 1.3% 11.2% 79.6% 7.9% 100.0%

into account all the

above, | would...

Each subscript letter denotes a subset of Compared to normal petrol vehicles, how safe you think a fuel cell vehicle is?

categories whose column proportions do not differ significantly from each other at the .05 level.

Table B3.6.2. Chi-square results between participants’ safety concerns and prospects of the FCEVs

market.
Asymptotic Significance Exact Sig. (2-  Exact Sig. (1- Point
Value df (2-sided) sided) sided) Probability
Pearson Chi-Square 18.8612 9 .026 .030
Likelihood Ratio 17.242 9 .045 .043
Fisher-Freeman-Halton 15.423 .036
Exact Test
Linear-by-Linear 6.650° 1 .010 012 .007 .003
Association
N of Valid Cases 152

a. 10 cells (62.5%) have expected count less than 5. The minimum expected count is .12.
b. The standardized statistic is -2.579.
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Table B3.6.3. Measure of association between participants’ safety concerns and prospects of the
FCEVs market.

Asymptotic Standard  Approximate Approximate Exact

Value Error? T Significance Significance
Nominal by Phi .352 .026 .030
Nominal Cramer's V .203 026 .030
Interval by Pearson's R -.210 .081 -2.629 .009¢ .012
Interval
Ordinal by Spearman -215 .083 -2.702 .008¢ .008
Ordinal Correlation
N of Valid Cases 152

a. Not assuming the null hypothesis.
b. Using the asymptotic standard error assuming the null hypothesis.

c. Based on normal approximation.

Compared to
normal petrol
vehicles, how
&0 safe you think
a fuel cell
vehicle is?

B hot safe
M Less safe
W The same
0 H safer

Count

20

Consider afuel Consider buying a Probably not Mever purchase a
cell car as my next fuel cell carinthe consider buyinga  fuel cell vehicle
vehicle near future (5 fuel cell vehicle in
years from now) the near future

By taking into account all the above, | would...

Fig. B3.6. Interaction between participants’ safety concerns and prospects of the FCEVs market.
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B3.7 Media orientation

Table B3.7.1. Crosstab statistic test between media orientation and prospects of the FCEVs market.

The public media must focus more on hydrogen

cars.
Mostly Mostly
Disagree disagree Neutral agree Agree Total
By taking into Consider a fuel cell Count 0a, b 0Oa, b 3b 4ap 20a 27
account all the  car as my next vehicle Expected Count 4 1.8 6.1 58 13.0 27.0
above, | would... % within By taking 0.0% 0.0% 11.1% 14.8% 74.1% 100.0%
into account all the
above, | would...
Consider buying a fuel Count 0a, b, c 3b,c 9 19 48a 79
cell car in the near Expected Count 1.0 51 180 169 38.0  79.0
future (5 years from o4 within By taking 0.0% 3.8% 11.4% 24.1% 60.8% 100.0%
now) into account all the
above, | would...
Probably not consider Count lab 5ab 18y 8a 6c 38
buying a fuel cell Expected Count 5 25 8.6 81 183 38.0
vehicle in the near % within By taking 2.6% 132% 47.4% 21.1% 15.8% 100.0%
future into account all the
above, | would...
Never purchase a fuel Count 1a 2a,b 5a, b 2 0c 10
cell vehicle Expected Count A 6 2.3 21 48 10.0
% within By taking 10.0% 20.0% 50.0% 20.0% 0.0% 100.0%
into account all the
above, | would...
Total Count 2 10 35 33 74 154
Expected Count 2.0 10.0 35.0 33.0 740 1540
% within By taking 1.3% 6.5% 22.7% 21.4% 48.1% 100.0%

into account all the

above, | would...

Each subscript letter denotes a subset of The public media must focus more on hydrogen cars. categories whose column

proportions do not differ significantly from each other at the .05 level.
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Table B3.7.2. Chi-square results between media orientation and prospects of the FCEVs market.

Monte Carlo Sig. (2-sided) Monte Carlo Sig. (1-sided)
99% Confidence 99% Confidence
Asymptotic Interval Interval
Significance (2- Lower  Upper Lower  Upper
Value df sided) Significance Bound  Bound Significance Bound  Bound
Pearson Chi- 55.579 12 .000 .000P .000 .000
Square
Likelihood Ratio  58.792 12 .000 .000P .000 .000
Fisher-Freeman-  54.370 .000° .000 .000
Halton Exact Test
Linear-by-Linear 43.966° 1 .000 .000° .000 .000 .000° .000 .000
Association
N of Valid Cases 154

a. 10 cells (50.0%) have expected count less than 5. The minimum expected count is .13.
b. Based on 10000 sampled tables with starting seed 743671174.

c. The standardized statistic is -6.631.

Table B3.7.3. Measure of association between media orientation and prospects of the FCEVs market.

Monte Carlo Significance
99% Confidence

Interval
Asymptotic Approximate  Approximate Lower  Upper

Value Standard Error? TP Significance  Significance Bound = Bound
Nominal by Phi .601 .000 .000° .000 .000
Nominal Cramer's V 347 .000 .000°¢ .000 .000
Interval by  Pearson’'s R -.536 .057 -7.829 .000¢ .000¢ .000 .000
Interval
Ordinal by  Spearman -.533 .061 -7.769 .000¢ .000° .000 .000
Ordinal Correlation
N of Valid Cases 154

a. Not assuming the null hypothesis.

b. Using the asymptotic standard error assuming the null hypothesis.

c. Based on 10000 sampled tables with starting seed 743671174.

d. Based on normal approximation.

331



Z,

%, &
SITAS A

AARHUS
BSS

50

40

30

Count

20

SCHOOL OF BUSINESS AND SOCIAL SCIENCES

AARHUS UNIVERSITY

Consider a fuel

vehicle

Consider buying a

cell caras my next fuel cell carinthe consider buying a

fuel cell vehicle in
the near future

near future (5
years from now)

Probably not

By taking into account all the above, | would...
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Never purchase a
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Fig. B3.7. Interaction between media orientation and prospects of the FCEVs market.

Table B3.8.1. Crosstab statistic test between future FCEVs price and prospects of the FCEV's market.

If the price of a hydrogen car would drop by 50% in

the future, the hydrogen car market would be highly

competitive.
Mostly Mostly
disagree Neutral agree Agree Total
By taking into  Consider a fuel cell ~ Count 2a Op 6a, b 19, 27
account all the  car as my next Expected Count 1.1 2.7 8.0 15.2 27.0
above, | vehicle % within By 7.4% 0.0% 222%  70.4% 100.0%
would... taking into account
all the above, |
would...
Consider buying a Count 2a,b 1p 21, 54, 78
fuel cell carinthe  Expected Count 31 77 232 439 780
near future (5 years o5 within By 2.6% 1.3% 26.9%  69.2% 100.0%
from now) taking into account
all the above, |
would...
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If the price of a hydrogen car would drop by 50% in
the future, the hydrogen car market would be highly
competitive.
Mostly Mostly
disagree Neutral agree Agree  Total
Probably not Count 2ab 12¢ 13p 10a 37
consider buying a Expected Count 15 3.7 11.0 20.8 37.0
fuel cell vehiclein o4 within By 5.4% 32.4% 351%  27.0% 100.0%
the near future taking into account
all the above, |
would...
Never purchase a Count 0a b 2b 5b 2a 9
fuel cell vehicle Expected Count 4 9 27 5.1 9.0
% within By 0.0% 22.2% 55.6%  22.2% 100.0%
taking into account
all the above, |
would...
Total Count 6 15 45 85 151
Expected Count 6.0 15.0 45.0 85.0 1510
% within By 4.0% 9.9% 29.8%  56.3% 100.0%
taking into account
all the above, |
would...

Each subscript letter denotes a subset of If the price of a hydrogen car would drop by 50% in the future, the hydrogen car

market would be highly competitive. categories whose column proportions do not differ significantly from each other at the

.05 level.

Table B3.8.2. Chi-square results between future FCEVs price and prospects of the FCEVs market.

Asymptotic Significance Exact Sig. (2-  Exact Sig. (1- Point
Value df (2-sided) sided) sided) Probability
Pearson Chi-Square 44370 9 .000 .000
Likelihood Ratio 44651 9 .000 .000
Fisher-Freeman-Halton 41.235 .000
Exact Test
Linear-by-Linear 15.684> 1 .000 .000 .000 .000
Association
N of Valid Cases 151

a. 8 cells (50.0%) have expected count less than 5. The minimum expected count is .36.

b. The standardized statistic is -3.960.

333



'CV'
%

%, &
SITAS A

AARHUS| SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

Table B3.8.3. Measure of association between future FCEVs price and prospects of the FCEVs

market.
Asymptotic Standard ~ Approximate Approximate Exact
Value Error? T Significance Significance
Nominal by Phi .542 .000 .000
Nominal Cramer's V 313 .000 .000
Interval by Pearson's R -.323 .083 -4.171 .000¢ .000
Interval
Ordinal by Spearman -379 077 -4.996 .000°¢ .000
Ordinal Correlation
N of Valid Cases 151

a. Not assuming the null hypothesis.
b. Using the asymptotic standard error assuming the null hypothesis.

c. Based on normal approximation.
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Fig. B3.8. Interaction between future FCEVs price and prospects of the FCEVs market.
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B3.9 Future hydrogen fuel price

Table B3.9.1. Crosstab statistic test between future hydrogen fuel price and prospects of the FCEVs

market.

If the hydrogen fuel price would decrease by 30% in the

future (without a decrease of the vehicle's price), hydrogen

cars would be more competitive.

Mostly Mostly
Disagree disagree Neutral agree Agree  Total
By taking Consider a fuel ~ Count 0Oa 2a 7a 11a 7a 27
into account  cell car as my Expected Count 5 3.6 8.6 7.0 7.3 27.0
all the above, next vehicle % within By 0.0% 74%  25.9% 40.7%  25.9% 100.0%
I would... taking into
account all the
above, |
would...
Consider buying  Count 3a 6b 20, ¢ 23a,c 26, 78
afuel cell carin  Expected Count 1.5 10.3 24.8 20.1 212 780
the near future (5 94 within By 3.8% 77%  25.6% 29.5%  33.3% 100.0%
years from now)  taking into
account all the
above, |
would...
Probably not Count 0a, b, 12¢ 15 5a 5a 37
consider buying a Expected Count 7 4.9 11.8 9.6 10.0 37.0
fuel cell vehicle o5 within By 0.0% 324%  40.5% 135% 13.5% 100.0%
in the near future  taking into
account all the
above, |
would...
Never purchase a Count 0a, b 0a, b 6b 0a 3ab 9
fuel cell vehicle  Expected Count 2 12 29 2.3 2.4 9.0
% within By 0.0% 0.0% 66.7% 0.0% 33.3% 100.0%
taking into
account all the
above, |
would...
Total Count 3 20 48 39 41 151
Expected Count 3.0 20.0 48.0 39.0 410 1510
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If the hydrogen fuel price would decrease by 30% in the
future (without a decrease of the vehicle's price), hydrogen

cars would be more competitive.

Mostly Mostly
Disagree disagree Neutral agree Agree  Total
% within By 2.0% 13.2% 31.8% 258% 27.2% 100.0%
taking into
account all the
above, |
would...

Each subscript letter denotes a subset of If the hydrogen fuel price would decrease by 30% in the future (without a decrease
of the vehicle's price), hydrogen cars would be more competitive. categories whose column proportions do not differ

significantly from each other at the .05 level.

Table B3.9.2. Chi-square results between future hydrogen fuel price and prospects of the FCEVs

market.
Monte Carlo Sig. (2-sided) Monte Carlo Sig. (1-sided)
99% Confidence 99% Confidence
Asymptotic Interval Interval
Significance (2- Lower  Upper Lower  Upper
Value df sided) Significance Bound  Bound Significance Bound  Bound
Pearson Chi- 33.350% 12 .001 .002b .001 .003
Square
Likelihood Ratio  35.260 12 .000 .001° .000 .001
Fisher-Freeman-  28.626 .001° .000 .002
Halton Exact Test
Linear-by-Linear  5.925¢ 1 .015 .015°P 012 .018 .008P .006 011
Association
N of Valid Cases 151

a. 10 cells (50.0%) have expected count less than 5. The minimum expected count is .18.
b. Based on 10000 sampled tables with starting seed 329836257.
c. The standardized statistic is -2.434.

336



Z,

%, &
SITAS A

AARHUS| SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

Table B3.9.3. Measure of association between future hydrogen fuel price and prospects of the FCEVs

market.
Monte Carlo Significance
99% Confidence
Interval
Asymptotic Approximate  Approximate Lower  Upper
Value Standard Error? T Significance  Significance Bound = Bound
Nominal by Phi 470 .001 .002¢ .001 .003
Nominal Cramer's V 271 .001 .002¢ .001 .003
Interval by  Pearson's R -.199 074 -2.475 .014¢ .015°¢ 012 .018
Interval
Ordinal by ~ Spearman -.236 .076 -2.967 .003¢ .004¢ .003 .006
Ordinal Correlation
N of Valid Cases 151
a. Not assuming the null hypothesis.
b. Using the asymptotic standard error assuming the null hypothesis.
c. Based on 10000 sampled tables with starting seed 329836257.
d. Based on normal approximation.
10 If the hydrogen

fuel price would
decrease by 30%
in the future
(without a
decrease of the
vehicle's price),
hydrogen cars
would be more
competitive.

M Disagree

M Mostly disagree
W Neutral

[ Mostly agree
W Agree

20

Count

Consider afuel Consider buying a Probably not Mever purchase a
cell car as my next fuel cellcarinthe considerbuyinga fuel cell vehicle
vehicle near future (5 fuel cell vehicle in
years fram now) the near future

By taking into account all the above, | would...

Fig. B3.9. Interaction between future hydrogen fuel price and prospects of the FCEVs market.
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Appendix D

1.

What is your opinion about the hydrogen bicycle driving behaviour?
OPositive CINegative CINeutral

If positive/neutral, how much do you rate the driving experience (1 for acceptable and 10 for
excellent)?

01 02 O3 04 05 06 a7 08 9 010
If negative, what is the main reason?

[CISafety issues COWeight CIComplex operation

COther (state):

Would you use the hydrogen bike for your daily transportation needs (e.g. going to work, super
market)?

OYes CINo

If “No”, what is the main reason for your answer?

CFuel cost CILow range OLong refuelling time

COther (state):

If “Yes”, up to what retail price of hydrogen fuel are you willing to pay for refuelling your vehicle?
01 DKK [O5DKK [O10DKK [O50 DKK  [OOther (state):

For your daily transportation needs (range of the bike), what is the maximum distance that you are
willing to travel to find a refuelling station?

O<lkm Olkm [O2km OOther (state):
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Table E1. Parameters used during the financial evaluation of the PhD research.
Parameter Symbol Value Unit Source
. 1,200 (Bertuccioli et al., 2014; Cortes
ElfrfgloIfxeifrsggg?gs(fggpp?w ICel (Alkaline), €kW and Green, 2019; Schmidt et al.,
P ’ 3,130 (PEM) 2017)
Cost of WT installation 1Cwr 1,477 €kW (IRENA, 2018)
H> compressor cost 1Ccomp 19,400 €kW (Ulleberg and Hancke, 2020)
H, buffer tank cost per mass
capacity IChtr 374 €/kgH> (Wang et al., 2012)
350 bar H; tank cost per mass
H, dispenser cost (per hose) ICq 22,500 € (Parks, 2014)
(Melaina and Penev, 2013;
Control and safety system cost ICcs 255 €/kg/day Reddi et al., 2017)
MH refuelling system (connector
and cooling systems)® ICMHsys 5,400 € (Popa et al., 2016)
Construction work parameter feost,constr 0.15 - (Gimand Yoon, 2012)
Contingency parameter feost, cont 0.08 - (Gim and Yoon, 2012)
Income tax factor o] 022 (DK), - (European Commission, 2019c)
0.28 (GR)@ P !
Daily operating hours Noperat 13 h -
57,394 (DK), (OECD, 2019b; Statistics
Annual labour cost PO 17589 (GR) € Denmark, 2018b)
Electrolyser energy consumption Eeclectr 56.3 kWh/kgH- (Perez and Casero, 2019)
2.45 (30
(%gbtrl) (Burheim, 2017: HOFER
Compressor energy consumption® Ecomp 425 ( 150’ kWh/kgH, Hochdrucktechnik GmbH,
bar), 6.7 2010)
(200 bar)
MH cooling system energy
consumption EMH.cool 0.92 kWh/kgH- (Lototskyy et al., 2016b)
. . 0.084 (DK)
O] !
Electricity price Rel 0.105 (GR) €/kWh (Eurostat, 2020c)
. (Katikaneni et al., 2014; Liu et
Annual maintenance cost parameter FCopar 0.02 al., 2016)
Electrolysis stack replacement FCel 0.30 ICe € (Weidner et al., 2018)
FCpar I1Co +
Econs (Katikaneni et al., 2014; Liu et
Annual O&M costs FCoum 0084 + € al., 2016)
FCel
Delivered hydrogen cost FCh2 5.8 €/kgH> (Apostolou, 2020a; IEA, 2019c)
Annual insurance cost In 0.011C, € (Katikaneni et al., 2014)
) (Lokaleportalen, 2020; Qadrdan
Land lease per sqm Rm 2 €/m and Shayegan, 2008)
Land lease (annual) Rn 12 - footprint € -

*Rm
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Parameter Symbol Value Unit Source
Depreciation Ad; 0'1(|C°)_Adj' (Hulten et al., 1981)
1
Loan rate of interest i 0.033 (DK), i (Bank of Greece, 2020;
0.035 (GR) National Bank - Statbank, 2020)
. . 0.030 (DK),
(©)]
Weighted average cost of capital Ic 0.117(GR) (Steffen, 2020)

1 The MH refuelling system cost includes the assumed cost for the three quick coupling connectors (i.e. €1,000) and the cost of the cooling
system (i.e. 800 €/kWy)).

2DK and GR stand for the values corresponding to Denmark and Greece, respectively.

% The energy consumption of the compressor is the sum of the energy required to compress hydrogen gas to 350 bar plus the energy consumed
to get 1 kgH, from the compressor’s outlet.

4The average electricity costs in 2019 for non-household consumers (20 MWh < Econs < 500 MWHh).

51 estimated for wind energy projects in Denmark, and solar PV and wind energy projects in Greece.

341



AARHUS

SCHOOL OF BUSINESS AND SOCIAL SCIENCES

BSS| AARHUS UNIVERSITY
Appendix F
Table F1. Physical characteristics of the participants.
ID Gender Age (years) Weight (kg)

Subject 1 Male 34 72

Subject 2 Female 35 68

Subject 3 Male 20 76

Subject 4 Male 35 70

Subject 5 Male 40 88

Subject 6 Male 20 74

Subject 7 Male 20 73

Subject 8 Male 29 84

Subject 9 Male 24 77

Subject 10 Female 21 59

Subject 11 Male 40 101

Subject 12 Female 27 56

Subject 13 Female 29 65

Subject 14 Male 39 98

Subject 15 Male 41 99

Subject 16 Female 33 55

Table F2. Acquired data from the experimental phase.
. Energy_ H2 consumed Refuelling Range of the  Average speed of
Participants Route consumption .
(9) time (h) FCEB (km) the FCEB (km/h)
(KWh)
Case (a)
Subject 1 2 13 16.4 2.0 26.1 22.5
Subject 2 1 11 15.3 18 254 18.1
Subject 3 2 11 15.3 18 22.5 19.3
Subject 4 2 13 16.5 1.9 25.8 21.2
Subject 5 2 11 14.9 18 36.1 19.0
Subject 6 1 1.0 13.2 1.6 36.9 23.4
Subject 7 1 1.0 125 1.6 36.6 23.3
Subject 8 1 0.9 13.2 1.6 37.0 19.7
Subject 9 1 11 13.2 1.6 34.3 239
Subject 10 2 1.3 15.9 1.9 317 21.6
Case (b)

Subject 1 2 0.43 4.8 0.5 14.7 19.0
Subject 2 1 0.39 4.9 0.5 17.9 21.8
Subject 3 1 0.40 5.0 0.6 17.3 17.9
Subject 4 2 0.41 4.8 0.6 13.0 21.8
Subject 5 1 0.41 4.7 0.6 13.8 19.8
Subject 6 2 0.41 4.8 0.5 17.4 18.8
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Table F3. Statistical analysis for the energy consumption, hydrogen consumed to FCEB range ratios
and refueling time during the experiments.

Energy consumption to Refuelling time (h) H2 consumed to FCEB
range ratio (KWh/km) g range ratio (kgH2/km)

Case (a)
Mean 0.038 1.760 0.0005
Median 0.038 1.800 0.0005
Std. deviation 0.001 0.151 0.0001
Skewness 0.073 0.127 0.2480
Std. error of skewness 0.687 0.687 0.6870
Case (b)
Mean 0.026 0.550 0.0003
Median 0.026 0.550 0.0003
Std. deviation 0.004 0.055 0.0000
Skewness 0.061 0.000 0.4420
Std. error of skewness 0.845 0.845 0.8450

Table F4. Descriptive statistics of the participants’ questionnaire answers.

Column 1 Column 2 Column 3 Column 4 Column 5
FCEB Driving Use for daily Refug I!lng D_|5Fance
. . cost willing to willing to
behaviour experience needs
pay travel to refuel
Mean 1.38 7.88 1.25 3.63 3.19
Median 1.00 8.00 1.00 3.00 3.00
Std. Deviation 0.81 0.88 0.45 1.54 1.38
Skewness 1.77 -0.39 1.28 0.72 0.14
Std. Error of 0.56 0.56 0.56 0.56 0.56
Skewness
Kurtosis 1.28 -0.28 -0.44 -0.97 -151
Std. Error of 1.09 1.09 1.09 1.09 1.09

Kurtosis

Table F5. Specifications of the FCES. Based on (Hwang, 2012; Tso et al., 2012).

Parameter Value Unit
PEM FC rated power 1.9 kw
Metal hydride tank capacity 90 gH>
Refuelling pressure 10 bar
Average fuel consumption (variable speed) 1.9 gHo/km
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Table F6. Energy, fuel consumption, refuelling time and cost of commercialised vehicles for urban
transportation. Based on (Bishop et al., 2011; Bosch GmbH, 2019; Braun and Rid, 2017; Eurostat,
2019d; Fishman and Cherry, 2015; Global Petrol Prices, 2019; Huang, 2018; IEA, 2012; Salmeron-

Manzano and Manzano-Agugliaro, 2018).

Average (regular Average

Avera_ge . Charger) recharging petrol/diesel A"era_ge Cost
recharging . . petrol/diesel
(Whikm) time (SOC=100%) consumption refuelling time? (h) (€/km)
(h) (L/km)
Battery
electric 20 5.0 - - 0.006
bicycle (BEB)
Battery
electric 100 5.0 - - 0.031
scooter (BES)
Battery
electric 222 6.5 - - 0.068
vehicle (BEV)
Petrol scooter - - 0.03 0.02 0.046
Small petrol : . 005 0.03 0.077
car
small diesel : . 0.04 003 0.054
car

1 Taking into account the vehicles’ average energy consumption (Wh/km) and an average charger’s efficiency of 90%

(Kong, 2018).

2 Based on the single dispenser max. flow rate equalling to 40 L/min and an average tank volume of 45 L (cars) and 5.5 L

(scooters) (Direct Bikes, 2019; Tatsuno Europe, 2019; Yamada et al., 2018).

344



AARHUS| SCHOOL OF BUSINESS AND SOCIAL SCIENCES
BSS| AARHUS UNIVERSITY

Appendix G

Table G1. Physical characteristics of the participants and FCEB range correlation statistical analysis
for case (a).

Gender Range Age Weight

Spearman's rho  Gender  Correlation coefficient ~ 1.000 -.348 133 -.696"
Sig. (2-tailed) . 324 715 .025

N 10 10 10 10

Range Correlation coefficient -.348 1.000 -.197 491
Sig. (2-tailed) 324 . .586 150

N 10 10 10 10

Age Correlation coefficient 133 -.197 1.000 .025
Sig. (2-tailed) 715 .586 . .946

N 10 10 10 10
Weight Correlation coefficient ~ -.696" 491 .025 1.000

Sig. (2-tailed) .025 .150 .946 .

N 10 10 10 10

*Correlation is significant at the 0.05 level (2-tailed).

Table G2. Physical characteristics of the participants and FCEB range correlation statistical analysis
for case (b).

Age Weight Gender Range

Spearman'’s rho Age Correlation coefficient 1.000 771 -.878" -771
Sig. (2-tailed) . .072 021 .072
N 6 6 6 6
Weight  Correlation coefficient 771 1.000 -.878" -714
Sig. (2-tailed) .072 . 021 111
N 6 6 6 6
Gender  Correlation coefficient ~ -.878" -.878" 1.000 878"
Sig. (2-tailed) .021 021 . .021
N 6 6 6 6
Range  Correlation coefficient -771 -.714 .878" 1.000
Sig. (2-tailed) .072 111 021 .
N 6 6 6 6

*Correlation is significant at the 0.05 level (2-tailed).
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