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Abstract  

The research in this thesis has explored, investigated, and analysed renewable hydrogen 

supply chain opportunities and optimisation through techno-econo-environmental 

modelling. The modelling incorporates capital and operational costs and greenhouse gas 

emissions for all equipment and/or vehicles needed in hydrogen production, 

transportation, dispensing, and consumption. The key parameters for optimisation and 

evaluation include annual hydrogen production capacity, levelised cost of hydrogen 

(LCOH), total costs of vehicle ownership, and carbon abatement. Hydrogen can be 

produced from wind or solar via distributed or centralised electrolyser and compressed 

before storing or using it. The electrolyser operations are generally modelled under three 

different modes: (1) curtailed wind operation, (2) available wind operation, and (3) full 

capacity operation. Different electrolyser technologies and electricity prices are also 

investigated. The capacity and cost of hydrogen transportation using tube trailers from 

the production site to its closest end-user location are modelled and evaluated. In 

addition, location-allocation algorithms in a Geographic Information System environment 

are applied to optimise transportation routes. Applications of hydrogen investigated in 

this study include gas grid injection, heating, and transport. The modelling works in this 

thesis find that wind and solar can produce 100% green hydrogen. Curtailed, exportable, 

and available wind electricity are used in the modelling. The integration of wind and solar 

with additional batteries can increase hydrogen production capacity and reduce the 

LCOH. The LCOH can be used to size the equipment for producing hydrogen. The 

optimum equipment sizes are selected at the minimum LCOH. Using cost-effective 

hydrogen, the operational costs of some hydrogen-fuelled buses, trucks, and refuse 

collectors are almost as competitive as diesel. 
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1. Chapter 1. Introduction  

 

 

 

 

 

 

1.1. Hydrogen and climate target 

In Paris at the end of 2015, members of the Conference of the Parties (COP) 21 of the 

United Nations Framework Convention on Climate (UNFCCC) agreed to limit global 

warming to below 1.5 or 2°C, compared to pre-industrial levels. To achieve this ambitious 

target, we must significantly reduce greenhouse gas (GHG) emissions over the years. 

The Intergovernmental Panel on Climate Change (IPCC) identified the key pathways to 

reduce GHG emissions in energy-intensive sectors. They include increased efficiency, 

resource circularity, substituting existing polluting technologies with electrification, 

hydrogen, bio-based fuels, and, when necessary, additional carbon dioxide capture 

utilisation and storage (CCUS) [1]. These pathways are aligned with several Sustainable 

Development Goals (SDGs) such as the development of health (goal 3), clean energy 

(goal 7), cities and communities (goal 11), responsible consumption and production (goal 

12) and oceans (goal 14). However, these pathways will cause trade-offs with poverty 

(goal 1), water (goal 6) and energy access (goal 7) if poorly managed [1]. 

 

In moving towards a climate-neutral economy in the region, the European Union (EU) 

set key targets to be achieved by 2030, (1) 40% reduction of GHG emissions, compared 

to 1990 levels, (2) 32% contribution of renewable energy, and (3) 32.5% improvement in 
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energy efficiency [2]. These targets have recently been strengthened to a 55% GHG 

emissions cut by 2030 [3]. To achieve these targets, the EU can substitute their polluting 

energy system with the hydrogen-based energy system, particularly for harder-to-abate 

sectors. These sectors can eliminate one-third of total global GHG emissions and require 

relatively higher abatement costs than the rest of the economic sectors [4]. Hydrogen 

has a potential role in decarbonising energy-intensive industries like cement, steel, and 

plastics as well as heavy transport and shipping, which might not easily be done by 

electrification entirely. Hydrogen can be used to produce steel via direct reduction of iron 

(DRI), electricity via fuel cells or turbines, heat via boilers, and chemical feedstocks. One 

of the strategies to accomplish this is deploying hydrogen as envisioned in the EU 

Hydrogen Strategy [5]. It is necessary to improve the economic competitiveness and 

feasibility of the green hydrogen value chain. Therefore, the EU aims to scale up its 

hydrogen production capacity, boosts hydrogen demand, and build more hydrogen-

based infrastructure, including distribution via pipelines, trucks, or ships, storage via salt 

cavern or tube trailers, and dispensing for vehicles via hydrogen refuelling station [5]. 

 

1.2. Hydrogen production routes 

Hydrogen can be produced from a wide range of primary energy sources through various 

technological routes. Hydrogen is often classified using some variation of the colour 

scheme shown in Table 1.1, even though hydrogen gas is colourless. A review by 

Shahbaz et. al. summarised the emerging technologies to produce green hydrogen from 

biomass via (1) biochemical processes that include biophotolysis and fermentation, and 

(2) thermochemical processes such as pyrolysis, gasification, combustion, and 

liquefaction [6]. Green hydrogen can also be produced using renewable electricity from 

wind, solar, hydro, geothermal, wave and tidal via water electrolysis [7]. In addition, 

hydrogen production directly from water driven by sunlight can also be performed with 
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photoelectrochemical approaches [8]. However, hydrogen generated from electrolysis 

can be categorised as pink and yellow if the primary sources are nuclear and electricity 

of mixed origin, respectively. Natural gas can be converted through steam methane 

reforming (SMR), a thermochemical process, to blue hydrogen if the emitted carbon 

dioxide is captured by carbon dioxide capture utilisation and storage (CCUS), or grey 

hydrogen if it is not. In addition, Noussan et. al. described turquoise hydrogen generated 

from natural gas through pyrolysis, where solid carbon resulted as the by-product [9]. 

Additionally, hydrogen production from waste plastic (polyethylene) using pyrolysis is 

also investigated and developed by Aminu et. al. [10]. Finally, black or brown hydrogen 

comes from the gasification of black or brown coal.  

 

Table 1.1.  The industrial terminology for hydrogen colour according to the technology and 
primary energy, reproduced from [6], [7], [9], [11], [12] 

Terminology Primary energy Key technology 

Green hydrogen 

Biomass 
Various biochemical, thermochemical and/or 

chemical processes 

Renewable electricity (wind, solar, hydro, 

geothermal, tidal, wave) 

Electrolysis Purple/ Pink 

hydrogen 
Nuclear electricity 

Yellow hydrogen Mixed-origin grid electricity 

Blue hydrogen  
Natural gas 

Steam methane reforming and carbon capture 

storage  

Coal Gasification and carbon capture storage 

Turquoise 

hydrogen 
Natural gas Pyrolysis 

Grey hydrogen Natural gas Steam methane reforming 

Brown hydrogen Brown coal (lignite) 
Gasification 

Black hydrogen Black coal 

 

1.3. Hydrogen supply and demand 

Most hydrogen today is produced from fossil fuels - thus emitting carbon dioxide- 

because of the low production cost (1.4 €/kg on average) of SMR. SMR is responsible 

for 70% of global hydrogen supply [11]. Hydrogen demand is primarily in  the ammonia, 

oil refining, and methanol industries at 55%, 25% and 10% of total global demand, 

respectively [11]. This indicates that, currently, hydrogen is mainly used as a feedstock 
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for fertilisers and refineries. Regionally, the total hydrogen demand is equivalent to 1% 

of Europe’s final energy demand [11]. 

 

Hydrogen Europe1 estimates that hydrogen demand will increase to 6% of total energy 

demand in the EU by 2030 and up to 24% by 2050 [13]. This projection can only be 

reached if other applications of hydrogen (i.e. transportation, heat and power) become 

economically competitive compared to fossil fuel-based conventional technologies. 

Indeed, the Hydrogen Council2 predicts that the economic competitiveness of hydrogen 

as industrial feedstock will be followed by other new applications such as transportation 

by 2025, heat and power for buildings by 2030, and industry by 2040 [14]. Thus, it is 

imperative to implement a strategic plan to move hydrogen usage from the domination 

of chemical industries to some shares of transportation and heat; and to move hydrogen 

production from carbon emitting sources to renewable sources. 

  

1.4. Renewable hydrogen projects in Europe 

The EU supports several renewable hydrogen development projects as part of the EU 

Interregional Cooperation (INTERREG) Northwest Europe (NWE) and Horizon 2020 

Research and Innovation Program. Funded by INTERREG NWE, the GENCOMM 

(GENerating energy secure COMMunities through smart renewable hydrogen) project is 

building a total of 1,250 kWe of electrolyser capacity in three different locations as listed 

in Table 1.2. In the same table, the BIG HIT (Building Innovative Green Hydrogen 

systems in an Isolated Territory) project currently operates a total of 1,500 kWe of 

electrolyser capacity to produce hydrogen using wind electricity on remote islands in 

                                                
1 Hydrogen Europe is an umbrella association representing more than 200 European companies, 
90 research organisations, and 26 national associations in the hydrogen and fuel cell sector. 
2 Hydrogen Council is a global CEO-led initiative of 92 energy, transport, industry, and investment 
companies to develop the hydrogen economy. 
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Scotland, UK. These renewable hydrogen projects indicate the transformation of 

hydrogen usage from industrial to transportation and hydrogen production from fossil 

fuels to renewable sources in Europe.  

In addition to these projects, there are multiple ongoing renewable hydrogen projects 

and studies in Europe. These include HUGE (Hydrogen Utilization and Green Energy ) 

to facilitate remote and rural communities with the assessment tool and business model 

to use hydrogen for housing, transport, and industry, SEAFUEL (Sustainable Integration 

of Renewable Fuels in Local Transportation) to use seawater as the water source to 

produce hydrogen, hydrogen for industries in the 2x40 GW initiative by Hydrogen 

Europe, as well as the development of a regional hydrogen hub by ORION (Opportunity 

for Renewables Integration with Offshore Networks ). 

Table 1.2. Renewable hydrogen development status in Europe 

Project Location Funding from 

Electrolyser   
Current  
status 

Energy 
source 

Hydrogen 
end-user Size in 

kWe 
Technology* 

BIG HIT 
Shapinsay 
Island, 
Scotland 

European 
Union’s Horizon 
2020 

1,000 PEMWE Operational Wind 
Boiler in 
Shapinsay  

BIG HIT 
Eday Island, 
Scotland 

European 
Union’s Horizon 
2020 

500 PEMWE Operational 
Wind and 
tidal 

Van fleet and 
heat and power 
in Kirkwall 

Brande 
Hydrogen  

Brande, 
Denmark 

Siemens 
Gamesa 

400 AWE Operational Wind Taxi fleet 

GENCOMM 
Antrim, 
Northern 
Ireland 

INTERREG 
Northwest 
Europe 

1,000 PEMWE 
Under 
construction 

Wind City bus 

GENCOMM 
Saarbrucken, 
Germany 

INTERREG 
Northwest 
Europe 

50 PEMWE 
Under 
construction 

Solar Private car 

GENCOMM 
Stornoway, 
Scotland 

INTERREG 
Northwest 
Europe 

200 PEMWE Operational Biomass 
Refuse 
collector 

Green 
Hysland 

Mallorca, 
Spain 

Fuel Cells and 
Hydrogen Joint 
Undertaking 

7,500 PEMWE Planning Solar 

Transport, 
heat, power, 
and gas 
network 

H2FUTURE Linz, Austria 
Fuel Cells and 
Hydrogen 2 Joint 
Undertaking 

6,000 PEMWE Operational 
Wind and 
solar 

Grid services 
and steel 
manufacturing 
process 

REFHYNE 
Rheinland, 
Germany 

Fuel Cells and 
Hydrogen Joint 
Undertaking 

10,000 PEMWE Operational 
Low CO₂ 
electricity 

Refinery 

SEAFUEL 
Tenerife, 
Spain 

INTERREG 
Atlantic Area 

35 PEMWE Planning 
Wind and 
solar 

Van fleet 

*) PEMWE = Proton Exchange Membrane Water Electrolyser, AWE = Alkaline Water Electrolyser 



Chapter 1 

6 
 

1.5. Thesis motivation 

Hydrogen can only be classified as renewable fuel if generated using renewable energy 

sources, and only then can potentially be used to decarbonise the harder-to-abate sectors 

[4], [15]. To do this, the cost of owning and operating renewable hydrogen-fuelled vehicles 

must be competitive to diesel-fuelled vehicles. So that, renewable hydrogen can achieve 

substantial decarbonisation of conventional heavy-duty vehicles. Therefore, to reduce the 

cost of owning and operating hydrogen-fuelled vehicles, the value chain of renewable 

hydrogen, comprising production, transportation, and dispensing, needs to be optimised 

[16]. To achieve this, the EU already has a roadmap of hydrogen development. In addition, 

at least 12 countries worldwide have published hydrogen strategies as part of their drives 

to carbon neutrality by 2050 [17]. The motivation of this thesis is to use a novel integrated 

modelling approach to investigate and discuss the opportunities and challenges of 

renewable hydrogen supply chains to cost-effectively achieve substantial decarbonisation 

of energy systems. 

 

1.6. Thesis aims and objectives 

The overall aims of this thesis are (1) to model the renewable hydrogen supply chains 

that reduce fossil fuel consumption and carbon emissions, (2) to optimise overall 

renewable hydrogen costs making it more affordable as a clean and sustainable energy 

supply, (3) to enable sector coupling between renewable power, heating, transportation, 

and gas networks, and (4) to support communities and industries in energy security and 

transition. These aims are achieved by meeting technical research objectives, which are: 

 

1. Modelling of renewable hydrogen supply chains that comprises hydrogen 

production, transportation, dispensing and consumption. 
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2. A comprehensive modelling framework, including technical, economic, and 

environmental aspects of the renewable hydrogen supply chain. 

3.  Ability to handle multiple energy sources (wind, solar, curtailed, exportable, 

and grid electricity), system designs (distributed and centralised systems, on- 

and off-grid electricity system, and on- and off-site hydrogen production), 

distribution options (tube trailers and gas networks), and end-users 

(transportation and heating). 

4. Optimisation techniques to minimise delivered hydrogen costs via component 

selection and sizing, as well as distribution routes and allocation.  

5. Assess the framework for a wide range of configurations on system designs 

and value chains, technologies, time frames (parameters for 2020 and 2030), 

capacities, and locations. 

 

1.7. Thesis outline 

The thesis is written based on five journal articles, two of which have been published, 

one under review, and two in preparation, and four public engagement activities. The 

thesis is presented in ten chapters as follows. 

Chapter 1 presents the general background of the research. It covers the global issues 

of climate change and current hydrogen development. The research objectives and 

thesis outline are also provided in this chapter. 

Chapter 2 presents the literature review of the state-of-the-art technology and costs of 

hydrogen production, transportation, dispensing and vehicles. Additionally, this chapter 

covers the recent literature on the integration of wind and solar electricity and sector 

coupling between power and transport sectors. Chapters 3 to 9 present the application 

of the modelling framework to various value chain case studies.  
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Chapter 3 presents system design, techno-economic modelling, and optimisation of 

hydrogen production from wind electricity for gas grid injection on the island of Ireland.  

Chapter 4 presents the same for hydrogen production from solar electricity for gas grid 

injection in Libya to be transmitted to Italy via the Greenstream gas corridor.  

Chapter 5 presents techno-economic modelling of hydrogen production from wind 

electricity for heating and transportation in a remote community in Ireland.  

Chapter 6 presents system design, techno-economic modelling, optimisation and 

integration of hydrogen production using wind and solar electricity for city bus networks 

on the island of Ireland.  

Chapter 7 presents the same analysis for the 38 largest cities in northwest Europe. 

Chapter 8 presents the system design, techno-econo-environmental modelling, 

optimisation and integration on hydrogen production using wind electricity to fuel zero- 

and low-emission heavy-duty trucks for quarry activities. 

Chapter 9 presents the same analysis applied to the decarbonisation of various types of 

vehicles in Galway, Ireland.  

Chapter 10 presents the conclusion of the thesis and several key findings during the 

research. Additionally, it makes suggestions for potential studies in the future. 
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2. Chapter 2. Literature Review 

 

 

 

 

 

 

2.1. Overview 

Renewable hydrogen has a potential role to decarbonise the energy system. This 

chapter reviews the most recent and relevant studies to achieve the aims and objectives 

described in the previous chapter. A wide range of journal articles on the modelling of 

hydrogen value chains have been reviewed. The reviewed studies are categorised into 

(1) hydrogen production, transportation, and dispensing (2) hydrogen mobility and 

energy systems. The research gaps from the modelling-related studies are found on the 

types of modelling aspects, optimisation techniques, systems, hydrogen end-users, 

analysis, and the scope areas. Not all the studies included hydrogen production, 

transportation, dispensing, and consumption in the technical models. Moreover, there is 

a missing link between techno-economic modelling with the environmental aspect of the 

abated GHG emission. Additionally, the optimisation is partial, focusing mostly on the 

hydrogen production side. Also, most of the literature overlooks the importance of 

including production, transportation and dispensing to total hydrogen fuel costs. 

Therefore, this thesis suggests the modelling framework that integrates technical, 

economic, and environmental aspects of renewable hydrogen supply chains. 
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2.2. Introduction 

This chapter aims to (1) define the current opportunities and challenges on the modelling 

of renewable hydrogen supply chains, and (2) provide a modelling framework to achieve 

the aims and objectives of this thesis. Hence, the objectives of this chapter are to: 

• review hydrogen production, transportation, and dispensing,  

• review modelling methods, system designs, and optimisation techniques,  

• identify current research gaps, and  

• propose potential modelling frameworks. 

 

A total of 48 journal articles on the modelling of hydrogen supply chains have been 

reviewed. The studies cover the at least one of the following aspects, technical, 

economic, and emission. The opportunities and challenges found in the reviewed studies 

are highlighted and discussed in two categories of (1) hydrogen production, 

transportation, and dispensing (2) hydrogen mobility and energy systems. Studies on 

hydrogen production, transportation, and dispensing are broke down to hydrogen from 

wind electricity, hydrogen from solar electricity, hydrogen from hybrid power systems, 

hydrogen for grid injection, hydrogen for transportation, and hydrogen refuelling 

infrastructures. Each of these classifications is discussed in the subsection 2.3.1. to 

2.3.6. Hereafter, studies on hydrogen mobility and energy systems are classified to 

electrification of transportation, decarbonisation of heavy-duty trucks, and on-grid and 

off-grid electricity systems. Each of these classifications is covered in the subsection 

2.4.1. to 2.4.4. The modelling gaps are classified to (1) technical models, (2) optimisation, 

(3) systems, (4) economic models, (5) emission models, (6) hydrogen end-users, (7) 

analysis types, and (8) the coverage areas. All the important opportunities, challenges, 

research gaps, and suggestions for modelling frameworks are summarised in conclusion 

section. 



Literature Review 

11 
 

2.3. Hydrogen production, transportation, and 

dispensing 

2.3.1. Hydrogen from wind electricity 

Most wind curtailment occurs in countries with wind penetration above 10% [18]. In Ireland, 

dispatch-down of wind energy refers to the amount of wind energy that is available at wind 

farms but cannot be used by the electricity networks due to limitations of system-wide 

networks (curtailment) and local networks (constraints) [19]. According to WindEurope, the 

overall wind curtailment is caused by two factors: (1) low wind demand in the electricity 

market, and (2) low capacity of electricity networks. The low wind demand is caused by 

(1) must-run capacities of conventional power plants, and (2) wind supply limitation to 

maintain system stability [20]. The low transmission capacity is caused by (1) 

transmission congestion, and (2) network constraint [20]. Beccali et al. simulated wind 

curtailment using electricity demand and wind speed data and then defined optimum 

system size from minimum hydrogen production cost [21]. The study found that the cost 

of hydrogen production using an electrolyser with 75% wind electricity and 25% grid 

electricity is between 4 and 7 €/kg.  Zhang et al. advanced the optimisation by using real 

time data from a wind farm and introduced the need of a grid electricity supply to maintain 

minimum power for the electrolyser to run idle [22]. However, in Zhang’s study, the 

algorithm is designed to replace curtailed wind with grid electricity whenever curtailed 

wind does not meet the minimum power to run electrolyser. Thus, some curtailed wind 

is still wasted. The analysed system did not include a compressor, which also consumes 

energy. A novel approach to optimise the system capacity of hydrogen production is 

required, where curtailed wind is prioritised to power the electrolyser and compressor. 

Available exportable electricity from the wind farm and grid electricity also can used as 

backup energy sources.  
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2.3.2. Hydrogen from solar electricity 

Currently, renewable electricity can be commercially generated from solar energy 

through photovoltaic (PV) and concentrated solar power (CSP) technologies. The global 

average levelised cost of electricity (LCOE) for PV and CSP in 2020 are 57 and 108 

USD/MWh, respectively [23]. The global average installed PV system cost for utility-scale 

systems is 883 USD/kW [23]. A wide range of studies estimates the costs of solar 

electricity can be reduced due to the decrease of capital expenditure (CAPEX) of PV in 

the future [24]–[26]. When the CAPEX of PV reaches 458 USD/kW in 2030, the LCOE 

of PV could be 23 to 28 USD/MWh [26]. 

 

Hydrogen can be produced using PV electricity via a water electrolyser system. 

Modelling work by Kikuchi et. al. found that an additional battery to the hydrogen 

production from PV electricity can improve the productivity of the electrolyser [27]. This 

finding is aligned with those from a pilot PV-based hydrogen plant described by Dispenza 

et. al [28]. The study found that the addition of a battery can store excess PV electricity 

to be used by the electrolyser later, for example at night. Thus, when the system is 

connected to the grid, the battery can reduce grid electricity usage as well as the carbon 

intensity of hydrogen production. In addition, Berckmans et. al. estimated the cost of 

lithium-ion batteries will be less than 100 USD/kWh by 2030 due to the rapid growth of 

the battery market [29]. 

2.3.3. Hydrogen from hybrid power systems 

A hybrid power system combines two or more electricity sources such as wind and solar, 

with or without additional battery, and with or without backup by grid electricity. In their 

study of power-to-gas, McDonagh et al. describe hydrogen from grid electricity as a 

potential clean fuel for transport in Ireland. The evaluation shows electricity purchased at 
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a low bid price can reduce the carbon intensity (gCO2/kWh) of hydrogen produced, due to 

larger shares of renewables in the grid at these times mainly from surplus renewable 

electricity [30]. To produce hydrogen electrochemically, Schmidt et al. describes that a 

proton exchange membrane (PEM) electrolyser is able to use intermittent renewable 

electricity, with very short response times, and produce high purity hydrogen [31]. In 

terms of power sources for electrolysers, evaluation by Abdin et al. describes that 

integration of wind and solar can increase the energy to generate more hydrogen and 

minimise hydrogen production cost despite larger capital costs [32]. When the costs of 

batteries are added in wind- or PV-only systems, studies by Papadopoulos et al. and 

Kikuchi et al. show significant advantages from installing batteries to increase electrolyser 

capacity factor to reduce hydrogen production cost [27], [33].   

2.3.4. Hydrogen for gas grid injection 

Spatial analysis through the use of Geographic Information System (GIS) software on 

the evaluation of hydrogen production capacity from wind energy enables identification 

of high potential sites [34]. Quarton et al. described current hydrogen projects that focus 

on grid injection and emphasised the need for incorporating spatial analysis in future 

hydrogen studies [35]. In Ireland, the potential of hydrogen production from wind 

curtailment integrated with biogas production to create biomethane was evaluated by Vo 

et al. [36]. The study found the maximum capacity of biomethane production is limited 

by the level of hydrogen capacity from curtailed wind. McDonagh et al. investigated 

hydrogen production from grid electricity and found that incorporating wind curtailment 

within the analysis can reduce the carbon intensity of the hydrogen produced [30]. 

Singlitico et al. spatially assessed the techno-economics of biomass-derived synthetic 

natural gas (bio-SNG) injection into the Irish gas network and optimised the design of 

the supply chain for economic performance using a geographic information system (GIS) 

[37]. The authors further expanded their work to include supply chain optimisation for 
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environmental performance and explored trade-offs between these two optima [38]. The 

current study also aims to fill a literature gap on how much hydrogen can be optimally 

and economically produced in respect to the reduction of wind curtailment and efficiently 

supplied to gas injection sites. As recently published by [39], the Irish gas grid operator, 

Gas Networks Ireland (GNI), plans to directly inject hydrogen into the gas network after 

2030. 

 

Cavana et al. investigated the technical challenges of injecting and blending different 

volume fractions of hydrogen produced from PV electricity in a long-distance gas 

transmission pipeline [40]. The study modelled the hydrogen production at two separate 

locations in Libya to be injected together to meet hydrogen demands imposed by 

different fixed volume fraction requirements at the Melittah gas terminal for export to Italy. 

It did not consider the costs of delivering these quantities of hydrogen. Gas-separation 

technologies such as pressure swing adsorption, membrane separation, and 

electrochemical hydrogen separation can be used to extract hydrogen from mixtures in 

natural gas pipelines. 

2.3.5. Hydrogen for transportation 

For the transport sector, hydrogen can be distributed to customers at hydrogen refuelling 

stations (HRS). Hydrogen can be (1) produced, stored, and dispensed on-site at HRSs or 

(2) produced off-site, transported via tube trailer or dedicated pipeline to HRSs, where it is 

stored and dispensed. In both on-site and off-site hydrogen production, the required 

energy to operate the electrolyser can be supplied from grid electricity, renewable 

electricity, or a combination of both. For on-site hydrogen production, evaluation by 

Dispenza et al. shows the reduction of hydrogen production costs after adding 

photovoltaics (PV) and battery to a grid-supplied HRS. In addition to the carbon reduction 

benefit, the hydrogen production cost can be reduced by more than half compared with all 
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grid electricity [28]. In another study, hydrogen from an on-site wind-photovoltaic-battery-

electrolyser system (WPBES) specifically dedicated to HRS fuelling is techno-

economically modelled by Gökçek et al [41]. The study shows that such a system is 

feasible for the evaluated site in Turkey. The model is then extended by the same author 

to integrate the WPBES and HRS [42]. The evaluation finds that hydrogen total cost from 

a WPBES is less expensive than if the system operated without the battery as part of the 

combination. The improved system capacity factor more than offsets the additional capital 

cost of the batteries. Capacity factor of electrolyser represents the productivity of 

electrolyser that is calculated using input energy to electrolyser divided by its maximum 

nominal power of electrolyser. 

 

For off-site hydrogen supply, a recent study by Sun et al. evaluates distributed hydrogen 

production from non-renewable sources to meet regional demand of HRS [43]. The study 

finds the benefit of having multiple hydrogen sources to optimise the hydrogen supply 

chain. In hydrogen transportation, a review by Moradi et al. concludes that gaseous 

delivery with tube trailers is economically preferable to pipeline or liquid delivery for short 

distances and low demand [44]. For the transportation distances between 161 and 483 

km, Reddi et al. finds compressed hydrogen gas transport via tube trailer is more cost-

effective for hydrogen capacity less than 1,000 kg per day, which suits the low to medium 

capacity of HRSs [45]. For larger capacities of more than 1,000 kg per day, pipeline or 

liquid delivery is preferable [45]. Assessment by Mayer et al. concludes that transporting 

liquid hydrogen than dispensing it in the form of compressed gas gives lower dispensing 

cost than entirely using compressed gas in transporting and dispensing processes. 

However, liquefaction can increase the production cost at the production site [46]. In 

another work, Reddi et al. [47] applies a techno-economic model of a HRS to evaluate the 

cost of dispensing hydrogen from off-site production. The study finds that larger HRSs can 

significantly decrease dispensed hydrogen costs due to economies of scale. The total 
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actual costs of providing the hydrogen for fuel cell electric vehicles (FCEVs) in California 

was between 13 and 15 $/kg in 2017 [47]. 

2.3.6. Hydrogen refuelling infrastructures 

One of the conclusions of a study by Iordache et al. emphasizes the importance of having 

an adequate number of HRSs to promote deployment of fuel cell electric cars [48]. This is 

one of the “chicken and egg” problems commonly associated with hydrogen and fuel cell 

electric vehicles (FCEV). The other side is that HRSs are less likely to be viable without 

enough FCEVs on the road. A study by He et al. identifies a suitable number of HRSs and 

their locations along an expressway in Beijing, China [49]. This can be determined from 

the most appropriate nearby hydrogen source and transport route. As one of the strategies 

to increase the number of HRSs in big cities, Campíñez-Romero et al. evaluates the 

potential of HRSs for hydrogen-fuelled taxi fleets [50]. Fleets of FCEVs are desirable for 

HRSs because they offer large numbers of vehicles at a single fuelling location with 

relatively predictable fuel consumption. The study proposes that more than 10,000 

conventional taxis can be replaced by fuel cell electric taxis that can be fuelled in over 100 

new HRSs in Madrid, Spain. Another work on HRSs dedicated to carsharing by Grüger et 

al. finds that refuelling frequency and the number of vehicles are essential factors to 

optimise the size of HRSs to reduce overall costs [51]. For heavy-duty vehicles, Li et al. 

specifically analyse the feasibility of HRSs for fuel cell electric trucks (FCET) [52]. The US-

based analysis shows that a 10% penetration of FCETs into the diesel truck fleet results 

in up to 25% reduction in dispensed hydrogen cost when compared to costs for those seen 

with 1% penetration. 
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2.4. Hydrogen mobility and energy systems 

2.4.1. Electrification of transportation 

Electrification of transportation replaces the internal combustion engine with an electric 

motor to perform the mechanical work. In connecting the electricity and transport sectors, 

Thellufsen et. al. [53] found that cross-sector interconnection increases overall system 

efficiency and utilisation of renewable energy. Victoria et. al. found that another benefit of 

this sector coupling is that more carbon emissions can be avoided in advance of the 

commercial availability of large-scale storage technologies [54]. 

 

Battery electric vehicles (BEVs) and hydrogen fuel cell electric vehicles (FCEVs) are 

investigated as options for sector coupling between power and transport. One of the 

advantages of BEVs is that BEVs have a higher overall energy efficiency than FCEVs, due 

to hydrogen needs to be converted from electricity at the production site, and hydrogen is 

then converted again to electricity at the vehicle. In terms of costs, the vehicle and fuel 

costs of BEVs are lower than FCEVs. Moreover, BEVs are supported by the widespread 

recharging facilities compared to the limited number of refuelling infrastructure for FCEVs. 

However, hydrogen gas, which is the form of a chemical substance, makes FCEVs' 

refuelling speed faster than charging BEVs, due to BEVs highly depend on the chemical 

reaction within the battery [55]. Hydrogen also enables surplus electricity from intermittent 

renewables to be harvested and stored through hydrogen production for FCEVs. In 

comparison, BEVs have to be charged during high penetration of renewables to maximise 

the share of renewable electricity [55]. 

 

In terms of powering vehicles using renewable electricity, Ruhnau et. al. used the 

terminologies of direct electrification, which encompasses BEVs, and indirect 
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electrification, which encompasses FCEVs [56]. The study advises the future study of 

holistic electrification scenarios to understand the impact of directly or indirectly 

electrified vehicles. In another study, Yue et. al. supported a fuel diversification strategy, 

which includes the use of hydrogen, rather than direct electrification of all vehicles [57]. 

Another study by Helgeson et. al. [58] expected that power-to-x (PtX) fuels would 

primarily supply energy demand for heavy-duty trucks (HDTs) in Europe by 2050, 

especially in countries with high penetration of variable renewables. PtX covers multiple 

routes to produce various fuel types from renewable power to hydrogen, liquid hydrogen, 

or synthetic fuels [58].  

2.4.2. Decarbonisation of heavy-duty trucks 

A review of decarbonisation pathways by Inkinen et. al. [59] summarises that the 

emissions from HDTs can be significantly reduced by using (1) new planning for route 

and traffic volume, (2) new transport modes such as replacement with rail, and (3) new 

technologies or fuels. In the United Kingdom, Liimatainen et. al. [60] found that traffic 

volume and emissions can be reduced by using longer and heavier vehicles to carry 

more payload per journey. In the United States, Sen et. al. evaluated mixed fleets of 

HDTs for different sectors such as food products, beverages, household durables, oil 

and gas, and automotive [61]. Combinations of battery-electric, hybrid, and diesel HDTs 

can optimise environmental, economic, and social impacts. Another study by Gao et. al. 

found that HDT technology can be improved by (1) load reduction approaches 

(aerodynamic drag, rolling resistance, accessory load reduction, and light-weighting), 

and (2) efficiency approaches (engine efficiency, hybridisation, and waste heat recovery) 

[62]. For alternative fuels, Elgowainy et. al. emphasised that future fuels such as biofuels, 

electricity, and hydrogen with low carbon intensities can reduce carbon emissions 

significantly [63]. Modelling work by Mulholland et. al. [64] estimated that more than half 

of the needed global emission reductions of HDTs could be made by fuel switching by 
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2050. Renewable electricity and hydrogen produced by electrolysis powered by 

renewable electricity (green hydrogen) are potentially to be evaluated as fuels for fleets 

of HDTs. 

 

HDT missions, which are specific tasks or functions to be executed, can be classified as 

on-road and off-road. The following examples are based on use cases of HDTs 

according to the FCH 2 JU. On-road missions are for (1) delivery of logistics and 

materials for manufacturing and chemical industries, (2) distribution of wholesale and 

retail goods, and (3) transporting garbage. Off-road missions are for (1) agricultural 

transport of wood and grain, and (2) mining transport for raw material extraction, ore 

transport and quarry haulage [65]. For on-road delivery missions in a relatively small 

country like Switzerland, a study by Liimatainen et. al. [66] found that BETs may be viable 

due to the mostly short operational distances for domestic delivery. On the other hand, 

Brown et. al. [67] suggest FCETs can potentially travel long-range journeys or as haulage 

trucks where charging stations for BETs along the roads are unavailable. In terms of the 

total cost of ownership (TCO), Lajevardi et. al. found that TCO for BETs and FCETs are 

very competitive, particularly for short distance drayage for delivering cargo from port to 

the respective warehouses and operation in a flat highway [68]. Also, Smallbone et. al. 

recommended that BETs operate at a maximum distance of 400 km to avoid impractically 

large battery size [69]. The study also found the more extended operational range of 

FCETs, the lower gravimetric energy density (kg/km) and volumetric energy density 

(l/km) compared to BETs. Hence, FCETs have the potential for long-distance operations 

of up to 500 km range. 

 

Diesel-electric hybridisation combines internal combustion engine fuelled by diesel and 

electric motor fuelled by electricity to power plug-in hybrid electric heavy-duty trucks 

(PHETs). It can reduce CO₂ emissions up to 20% [70], improve fuel economy (km/kWh) 
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up to 8% [62] compared to diesel-only trucks. Likewise, diesel-hydrogen dual-fuel engine 

heavy-duty trucks (DFETs) show significant emissions reduction, proportional to the 

diesel displacement ratio [71]. Moreover, the study indicates the combination of diesel 

with hydrogen fuel can provide potential cost savings. 

2.4.3. On-grid and off-grid electricity systems 

As mentioned in the previous section, some HDTs work for off-road missions. For 

example, quarry sites can typically be powered by the electricity grid (on-grid) or by 

standalone energy systems (off-grid). In an on-grid system, the quarry can employ 

renewable sources to supply on-site energy demand, and the grid provides the remaining 

electricity. An off-grid system for quarry is usually found in remote or isolated locations, 

where connection to the grid is not possible or too expensive [72]. Therefore, normally an 

off-grid system relies on a diesel generator to meet the entire on-site energy demand. An 

off-grid system integrated with renewable electricity is also a viable option to provide clean 

energy in a quarry. It can lower emissions and operating costs while improving reliability 

[65]. In addition, battery electric heavy-duty trucks (BETs) and FCETs can be options for 

quarries to decarbonise transport emissions in quarry activities [74]. 

 

For on-grid systems, Phadke et. al. found that charging costs, the total levelised cost of 

charging equipment and electricity, of 60 $/MWh can make BETs very competitive with 

diesel internal combustion engine heavy-duty trucks (ICET) [75]. This cost can be 

achieved if BETs are charged during periods of low electricity prices and if charging 

stations are operated for at least 8 hours every day. For hydrogen systems, a study by 

Rose et. al. used grid electricity at a low price to produce hydrogen so that production 

cost can be minimised [76]. In another study, Liu et. al. also found that hydrogen refuelling 

cost can be reduced by economies of scale of HRSs [52]. These large HRSs' capacities 

are required for large hydrogen demand. The demand for at least 10% penetration of 
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FCETs increases the economic competitiveness of FCETs relative to ICETs, assuming no 

change in electricity price.  

 

However, the high penetration of either BETs that rely on on-grid charging or FCETs that 

depend on on-grid refuelling significantly impacts the electricity network. The cost of 

electricity supply can increase because of the impact of the additional infrastructure costs 

needed to expand electricity transmission due to high electricity demand to produce 

hydrogen for FCETs [76]. The significant impact on electricity transmission also applies 

to BETs, particularly for the electricity grid close to BET charging stations, requiring high 

charging power capacities [66]. Greater electrification demand for the transport sector 

also implies more significant investments in the required electricity generation capacities 

[58]. 

 

In terms of refuelling performance, FCETs can avoid electricity load peaks caused by 

concurrent charging of BETs, due to the time flexibility to produce hydrogen via 

electrolysis [77]. A study by the International Council on Clean Transportation [78] 

recommended using on-site batteries at charging stations to secure energy supply for 

BETs at peak demand times and on-site renewable electricity supplies to reduce energy 

costs and increase the security of supply. By adding a renewable energy generator to 

the system to meet the internal energy demand, the system can be termed a “prosumer”, 

implying it performs as an energy producer as well as an energy consumer. However, 

the physical space required for the battery would be very large compared to hydrogen 

due to the lower energy density of batteries [79]. If the vehicles can only be charged 

during the night, Keller et. al. found that storing large amounts of energy in batteries lead 

to significant costs compared to hydrogen, even though both result in similar emissions 

reductions [80]. 
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2.5.  Conclusions 

From 48 journal articles on the modelling of hydrogen production, transportation, 

dispensing and consumption that have been reviewed, the modelling approach and 

research gaps can be identified in those studies. In terms of modelling approach, most 

hydrogen production from wind curtailment was modelled using wind speed data (m/s) 

as mentioned in Section 2.3. For the modelling works in this thesis, historical data of wind 

curtailment is used to represent the actual characteristic of wind curtailments, such as 

its occurrence and capacity (MWh) at different wind farms throughout the year. 

Additionally, the most recent data of capital costs for equipment to produce hydrogen is 

also applied in the model. From the reviewed modelling works on hydrogen 

transportation and dispensing in Section 2.3.5. and 2.3.6, it is crucial to integrate the 

modelling of hydrogen transportation and dispensing with hydrogen production to obtain 

the total costs of delivered renewable hydrogen. For transportation, the model in this 

thesis also considers the distributed locations of hydrogen supply and demand. Thus, 

the distance to transport hydrogen and allocation for each demand can be optimised. 

Furthermore, the equipment sizes and costs to dispense hydrogen can also be 

calculated using the number of operational buses. Using this approach, it is expected 

that the model provides a realistic dispensed hydrogen fuel cost from a required 

hydrogen refuelling station. 

 

The levelised cost of hydrogen (LCOH) is used because it shows the lifetime investment 

and operation costs required to produce renewable hydrogen. Additionally, most 

reviewed studies evaluate and optimise their model using this parameter. However, due 

to the unintegrated technical models in most studies, LCOHs only represent either 

production or dispensing costs. Even though the overall model can result in the total 

costs of hydrogen dispensed, the benefit of hydrogen as an efficient energy carrier 
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cannot be fully assessed by solely using LCOH. Moreover, most current LCOHs are 

relatively high. Therefore, total costs of vehicle ownership (TCOs) play an essential role 

in investigating hydrogen vehicles' operating costs. In addition, the model can include 

the overall GHG emissions to calculate the total costs of carbon abatement (TCAs). TCA 

explains how much it costs to reduce vehicle emissions using renewable hydrogen. The 

development details of modelling methods are described in the methodology section of 

each chapter from Chapter 3 to Chapter 9. 

 

From the reviewed studies, the gaps can be categorised as being in (1) technical models, 

(2) optimisation, (3) systems, (4) economic models, (5) emission models, (6) hydrogen 

end-users, (7) analysis types, and (8) the coverage areas, as shown in Table 2.1 and 

Table 2.2. Renewable hydrogen production modelling studies are widely spread from 

using only wind or solar electricity to integrating both with an additional battery. However, 

not all the studies included hydrogen production, transportation, dispensing, and 

consumption in the technical models. For instance, there are literature gaps in 

investigations of HRSs for FCEBs and an integrated evaluation of the off-site hydrogen 

production at WPBES, transportation via tube trailer and dispensing at an HRS. 

Therefore, this thesis includes modelling of city bus fleets fuelled by hydrogen produced 

by electrolysers at existing wind farms. It also explores the addition of PV arrays and 

batteries to improve hydrogen productivity and reduce production costs. 

 

Only a few studies explored the optimisation opportunities from electrolyser operation, 

geospatial supply chain design, and renewable energy integration.  Even fewer studies 

investigated the total carbon abatement costs in their economic models, showing the 

decarbonisation performance and costs of hydrogen. Most of the studies do not have 

emission models in their studies. Additionally, there are still research gaps in evaluating 

HDTs in off-grid settings, quarry haulage HDTs, the techno-economic performance of 
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diesel-hydrogen dual-fuel engine heavy-duty trucks (DFETs), and the design of energy 

systems for prosumers in the HDT sector. This thesis also contributes to the modelling 

of zero- and low-carbon quarry trucks, on- and off-grid wind power system, direct and 

indirect electrification of wind power to HDTs, the hydrogen and diesel DFET, and TCO 

and total cost of abatement (TCA) of HDTs at the prosumer system.  

 

Moreover, the hydrogen studies in the literature are mostly oriented towards the transport 

sector, even though heating and gas injection also have the potential to be investigated.  

Other gaps are found in the included analysis, such as technological comparison, current 

and future performances, sensitivity analysis, and the coverage area of the studies. This 

PhD thesis covers all the mentioned research gaps, as also shown in the same table. 

 

2.6.  Final remarks 

In this chapter, the broad literature on the modelling of renewable hydrogen from 

production to consumption is reviewed. There is a missing link between techno-economic 

modelling with the environmental aspect of the abated GHG emission. Additionally, the 

optimisation is partial, focusing mostly on the hydrogen production side. Also, most of 

the literature overlooks the importance of including production, transportation and 

dispensing to total hydrogen fuel costs. Therefore, the modelling work in this thesis builds 

an integrated techno-econo-environmental model of renewable hydrogen as described 

in detail from Chapter 3 to Chapter 9, comprising different locations.  

As an initial step, the modelling of hydrogen capacities and costs in production and 

transportation from the existing wind farms for natural gas grid injection in Ireland is 

explained in Chapter 3.  
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Table 2.1. Research gaps in the literatures (part one) 

Author Ref. 

Technical models Optimisation techniques Systems Economic models 

Renewable 
electricity 

Hydrogen 
production 

Hydrogen 
transportation 

Hydrogen 
dispensing 

Hydrogen 
demand 

Electrolyser 
operations 

Equipment 
sizing 

Geospatial 
supply chain 

Renewable’s 
integration 

Distributed Centralised 

Capital and 
operation 
costs of 
equipment 

Capital and 
operation 
costs of 
vehicles 

Levelised 
cost of 
hydrogen 
fuel 

Total vehicle 
ownership 
cost 

Total carbon 
abatement 
cost 

Beccali et al. [21] ✓ ✓  ✓ ✓ ✓ ✓    ✓ ✓  ✓   

McDonagh et. al. [30] ✓ ✓         ✓   ✓   

Reddi et. al. [45], [47]   ✓ ✓      ✓ ✓ ✓     

Kuczynski t. al. [81]     ✓  ✓   ✓       

Ma et. al. [82] ✓ ✓ ✓  ✓   ✓  ✓  ✓     

Samsatli et. al. [35], [83], [84] ✓ ✓ ✓ ✓ ✓  ✓ ✓  ✓  ✓ ✓   ✓ 

Elgowainy et. al. [63], [85]    ✓ ✓  ✓   ✓  ✓   ✓  

Gökçek et. al. [41], [42] ✓ ✓ ✓ ✓ ✓  ✓ ✓ ✓ ✓  ✓  ✓   

Zhang et. al. [22] ✓ ✓   ✓ ✓ ✓   ✓  ✓  ✓   

You et. al. [86] ✓ ✓ ✓ ✓ ✓    ✓ ✓  ✓  ✓   

Kim et. al. [87] ✓ ✓ ✓ ✓ ✓ ✓  ✓  ✓ ✓ ✓  ✓   

Pfeifer et. al. [88] ✓ ✓  ✓ ✓   ✓  ✓  ✓ ✓  ✓  

Hao et. al. [89] ✓ ✓ ✓ ✓       ✓   ✓   

Morrison et. al [90]     ✓          ✓  

Liu et. al. [91]    ✓             

Zhao et al. [70]     ✓          ✓  

Hannach et al. [71]                 

Lajevardi et. al.  [68]     ✓   ✓  ✓     ✓ ✓ 

Smallbone et. al. [69]     ✓        ✓    

Cavana et. al. [40] ✓ ✓   ✓      ✓      

Ashrafi et. al. [34] ✓ ✓      ✓  ✓       

Schmidt et. al. [31]  ✓          ✓     

Abdin et. al. [32] ✓ ✓   ✓ ✓ ✓  ✓  ✓ ✓  ✓   

Papadopoulos et. al. [33] ✓ ✓        ✓  ✓     

Kikuchi et. al. [27] ✓ ✓    ✓    ✓  ✓     

Dispenza et. al. [28] ✓ ✓  ✓  ✓      ✓     

Sun et. al. [43]  ✓  ✓   ✓ ✓  ✓  ✓  ✓   

Moradi et. al. [44]   ✓       ✓ ✓      

Mayer et. al. [46]    ✓ ✓     ✓  ✓  ✓   

Iordache et. al. [48]    ✓ ✓   ✓  ✓  ✓     

He et. al. [49]   ✓ ✓ ✓   ✓  ✓  ✓  ✓   

Campíñez et. al. [50]    ✓ ✓   ✓  ✓  ✓  ✓   

Grüger et. al. [51] ✓ ✓  ✓ ✓     ✓  ✓  ✓   

Liu et. al. [52]     ✓   ✓  ✓  ✓  ✓ ✓  

Inkinen et. al. [59]     ✓            

Victoria et. al. [54] ✓ ✓   ✓   ✓ ✓  ✓ ✓     

Ruhnau et. al. [56]  ✓   ✓      ✓      

Helgeson et. al. [58] ✓ ✓   ✓  ✓ ✓ ✓  ✓ ✓     

Rose et. al. [76] ✓ ✓  ✓ ✓  ✓ ✓ ✓ ✓  ✓     

Sterchele et. al. [77] ✓    ✓    ✓ ✓   ✓    

Bünger et. al. [79]  ✓  ✓ ✓     ✓  ✓  ✓   

Keller et. al. [80] ✓ ✓  ✓     ✓  ✓ ✓     

Brown et. al. [67] ✓    ✓   ✓ ✓  ✓ ✓     

This PhD thesis   ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
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Table 2.2. Research gaps in the literatures (part two) 

Author Ref. 

Emission models Hydrogen end-users Analysis types Coverage areas 

Well-to-tank Tank-to-wheel Transport Heating Gas injection 
Technology 
comparison 

Current and future 
performances 

Gravimetric, volumetric, 
and energetic 

Sensitive 
parameters 

Remote 
island 

City/ regional National 
Trans-
national 

Inter- 
continental 

Beccali et al. [21]   ✓     ✓   ✓    

McDonagh et. al. [30]   ✓    ✓  ✓   ✓   

Reddi et. al. [45], [47]   ✓    ✓ ✓   ✓    

Kuczynski t. al. [81]     ✓   ✓ ✓    ✓  

Ma et. al. [82]     ✓  ✓ ✓    ✓   

Samsatli et. al. [35], [83], [84]   ✓ ✓   ✓ ✓    ✓   

Elgowainy et. al. [63], [85] ✓ ✓ ✓   ✓  ✓   ✓ ✓   

Gökçek et. al. [41], [42]   ✓     ✓   ✓    

Zhang et. al. [22]        ✓    ✓   

You et. al. [86]   ✓   ✓  ✓ ✓  ✓    

Kim et. al. [87]   ✓   ✓  ✓  ✓     

Pfeifer et. al. [88]   ✓   ✓ ✓ ✓  ✓     

Hao et. al. [89]   ✓   ✓  ✓    ✓   

Morrison et. al [90]   ✓   ✓   ✓   ✓   

Liu et. al. [91]  ✓ ✓     ✓       

Zhao et al. [70]   ✓   ✓         

Hannach et al. [71] ✓ ✓ ✓   ✓         

Lajevardi et. al.  [68] ✓ ✓ ✓   ✓  ✓ ✓  ✓    

Smallbone et. al. [69] ✓ ✓ ✓   ✓ ✓ ✓ ✓      

Cavana et. al. [40]     ✓   ✓      ✓ 

Ashrafi et. al. [34]        ✓    ✓   

Schmidt et. al. [31]      ✓ ✓        

Abdin et. al. [32]           ✓    

Papadopoulos et. al. [33]        ✓   ✓    

Kikuchi et. al. [27]        ✓       

Dispenza et. al. [28]   ✓     ✓   ✓    

Sun et. al. [43]   ✓     ✓   ✓    

Moradi et. al. [44]   ✓   ✓   ✓  ✓    

Mayer et. al. [46]   ✓   ✓ ✓ ✓   ✓    

Iordache et. al. [48]   ✓     ✓     ✓  

He et. al. [49]   ✓   ✓  ✓    ✓   

Campíñez et. al. [50]   ✓   ✓  ✓   ✓    

Grüger et. al. [51]   ✓     ✓ ✓  ✓    

Liu et. al. [52]   ✓         ✓   

Inkinen et. al. [59]   ✓   ✓         

Victoria et. al. [54]   ✓ ✓    ✓     ✓  

Ruhnau et. al. [56]   ✓ ✓  ✓  ✓    ✓   

Helgeson et. al. [58]   ✓   ✓ ✓ ✓     ✓  

Rose et. al. [76]   ✓     ✓    ✓   

Sterchele et. al. [77]   ✓   ✓     ✓    

Bünger et. al. [79]   ✓   ✓   ✓  ✓    

Keller et. al. [80]   ✓   ✓  ✓    ✓   

Brown et. al. [67]   ✓ ✓  ✓  ✓     ✓  

This PhD thesis   ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
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3. Chapter 3. Hydrogen Production from 

Wind Electricity for Gas Network 

 

 

 

 

 

 

3.1. Overview 

The results of a techno-economic model of distributed wind-hydrogen systems (WHS) 

located at each existing wind farm on the island of Ireland are presented in this chapter. 

Hydrogen is produced by water electrolysis from wind energy and backed up by grid 

electricity, compressed before being temporarily stored, then transported to the nearest 

injection location on the natural gas network. The model employs a correlation-based 

approach to select an optimum electrolyser capacity that generates a minimum levelised 

cost of hydrogen production (LCOH) for each WHS. Three scenarios of electrolyser 

operation are studied: (1) curtailed wind, (2) available wind, and (3) full capacity. 

Additionally, two sets of input techno-economic parameters are used: current and future. 

Finally, two electricity prices are considered: low and high. A closest facility algorithm in 

a geographic information system (GIS) package identifies the shortest route from each 

WHS to its nearest injection point. Using current parameters, results show that small 

wind farms are not suitable to run electrolysers under curtailed or available wind 

operation. They must be run at full capacity to achieve sufficiently low LCOH. At full 
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capacity, the future average LCOH is 6–8 €/kg with total hydrogen production capacity 

of 49 kilotonnes per year, or equivalent to nearly 3% of Irish natural gas energy 

consumption. This potential will increase significantly due to the projected expansion of 

installed wind capacity in Ireland from 5 GW in 2020 to 10 GW in 2030. 

 

3.2. Introduction 

The global installed capacity of wind energy increased by nearly four times from 2008 to 

2018, accounting for a quarter of global renewable installed capacity in 2018 [92]. Over 

the same period, wind power installed capacity on the island of Ireland rose by three 

times to nearly 5 GW. Wind accounts for 29% of national electricity generation, the third 

highest in the world after Denmark and Uruguay [19]. Currently, Ireland has a 

government policy to deliver 70% renewable electricity through the Renewable Electricity 

Support Scheme (RESS), mostly from wind, by 2030 [93], [94]. 

 

In 2018, 707 GWh or 6% of available wind energy was lost due to curtailment. Wind 

curtailment in Ireland may increase to 7–14% as a result of a higher penetration of wind 

energy in the future [95]. Distributed and long-term energy storage can help to reduce 

wind energy losses, particularly that caused by low transmission capacity. Hydrogen has 

the potential to be generated through electrolysis using curtailed wind power and used 

as a clean energy carrier [22]. Hydrogen production can be placed and operated at each 

existing wind farm. For relatively small quantities and short distances, hydrogen can be 

economically transported to demand locations in the form of compressed gas [45]. It can 

be blended with natural gas and transported longer distances through the existing gas 

grid [96]. In 2018, natural gas contributed 30% of total primary energy requirement in 

Ireland [97]. In the same year, 52% of electricity and 41% of heat demands were supplied 

by natural gas [97]. If produced at wind farms and transported to the gas network, 
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hydrogen could be used to (1) reduce wasted available wind energy, (2) decarbonise the 

gas network, and eventually (3) increase renewable supply for power and heat 

generation and transportation. 

 

The objectives of this chapter are primarily (1) to model and optimise the system size of 

hydrogen production that prioritises wind curtailment as its energy source, (2) to evaluate 

hydrogen production capacity and its costs at all existing Irish wind farms, and (3) to 

optimise the cost of hydrogen transportation from wind farm to gas grid. The following 

method section describes the hydrogen production system from wind energy as well as 

three scenarios to evaluate the effect of using different electricity sources in the hydrogen 

production system. This section also lists the essential techno-economic parameters, 

explains the system sizing approach, describes the wind curtailment data preparation, 

and explains the hydrogen transportation submodel. Results are shown in the results 

and discussion section, which presents detailed system size optimisation at a sample 

wind farm and summaries for all Irish wind farms. The section also covers energy 

analysis, levelised cost of hydrogen (LCOH) analysis, share of hydrogen in the natural 

gas network, sensitivity analysis, and a discussion of technical challenges for hydrogen 

injection. All the significant findings and suggestions for future work are summarised in 

conclusions section. 

3.3. Methodology 

3.3.1. System and scenario description 

In this study, the system of hydrogen production from wind energy is named the wind-

hydrogen system (WHS) and, because it is intended to reduce curtailment and 

constraint, is proposed to be located at each existing wind farm in Ireland. The WHS 

comprises subsystems such as energy management, electrolyser, compressor, storage 
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and transport subsystems. As illustrated in Figure 3.1, the energy management 

subsystem controls, converts and distributes curtailed electricity (ECW) and exportable 

electricity (EEW) from the wind farm, as well as grid electricity (EEG) to the water 

electrolyser (EWE) and electric compressor (EEC) subsystems. The next subsystem is the 

electrolyser to convert water (MH2O) to hydrogen (MH2) and oxygen (MO2). The electrolyser 

subsystem includes a power supply, water pump, water treatment, safety devices, heat 

exchanger, water electrolyser stacks, demisters, gas separators, and dryers [98]. 

Afterwards, hydrogen is compressed and cooled in the subsequent subsystem before 

temporarily being stored in the storage subsystem. Operating conditions of the 

subsystems are described in the technical parameters in the subsection of techno-

economic submodel. The last subsystem, the transport subsystem aims to deliver 

hydrogen to the nearest gas grid injection point via tube trailer with energy requirement 

(ETT) from a diesel-fuelled truck, which is described in the subsection of transportation 

submodel. The modelling is performed by using Microsoft Excel for all the calculations 

except optimisation of renewable hydrogen supply chains, which is done using ArcGIS. 

This is explained in the subsection on the transportation submodel. 

 

 

Figure 3.1. Block diagram of a wind-hydrogen system (WHS) modelled at each wind farm in 
Ireland 
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Three scenarios for electrolyser operation mode are defined to analyse the impacts of 

(1) primarily utilising curtailed electricity in “curtailed wind” operation, (2) additionally 

using exportable electricity to increase the electrolyser capacity factor (λWE, defined in 

Equation (3.1)) in “available wind” operation, and (3) maximising λWE by additionally using 

grid electricity in “full capacity” operation. Due to the intermittency of curtailed electricity 

profiles, grid electricity is required as a backup whenever electrolyser minimum input 

energy is not met. The maximum possible operational time of the electrolyser (tWE) is 

8,760 hours, i.e. the number of hours in a year. A minimum 5% of electrolyser nominal 

power (PWE) is used to maintain the economic lifetime of the electrolyser stack [99]. 

 

CW EW EG
WE

WE WE

E E E

t P


+ +
=


 (3.1) 

 

A. First Scenario: Curtailed Wind Operation 

In curtailed wind operation at a sample 15-MW wind farm, electrolyser operation is 

dependent on the occurrence of curtailed electricity and is backed up by grid electricity 

to produce hydrogen. This is illustrated in Figure 3.2.a for a 0.1 MWe electrolyser 

operating over three days. Due to exportable electricity not being considered in this 

scenario, this results in very low electrolyser capacity factor, which in turn results in high 

production cost. 

 

B. Second Scenario: Available Wind Operation 

This operation mainly relies on the availability of wind energy. In addition to curtailment, 

the WHS also receives extra energy input from exportable electricity to increase its 

electrolyser capacity factor. The electrolyser is also assisted by grid electricity to cover 
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its minimum energy input in the absence of wind energy as shown in Figure 3.2.b This 

results in lower production costs than the first scenario. 

C. Third Scenario: Full Capacity Operation 

To maximise hydrogen production, the electrolyser can be operated at full capacity. To 

achieve this, in addition to curtailed and available wind electricity, the supply of grid 

electricity to electrolyser is increased so that electrolyser capacity factor can reach 100%, 

as illustrated in Figure 3.2.c.  

 

 

Figure 3.2. Scenarios of electrolyser operation mode: (a) curtailed wind operation, (b) available 
wind operation, and (c) full capacity operation at a sample wind farm 

 

3.3.2. Techno-economic submodel 

Levelized cost of hydrogen (LCOH) is defined as the key techno-economic parameter in 

the optimisation [100]–[102]. The total LCOH (LCOHtotal) is the sum of LCOH for 

production (LCOHprod) and transport (LCOHtrans) as expressed in Equation(3.2). LCOHprod 

represents the total discounted present value of investment, operation, and maintenance 

costs during system lifetime per unit mass of hydrogen produced. Equation (3.3) shows 

how LCOHprod is calculated. Ideally, the cost of hydrogen injection is included in the 

analysis. However, the price to facilitate hydrogen injection from gas network operators 

is not available at the moment. Additionally, there is no regulation on how much hydrogen 

can be injected to gas grid. The allocation of hydrogen in volume percentage in the gas 
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network is important for sizing the additional equipment for handling hydrogen at injection 

points. Such equipment includes additional buffer storage and pressure expanders. A 

review by Quarton et al. emphasises the strong relation between permitted hydrogen 

injection (vol%) and injection cost [35]. 

 

total prod transLCOH LCOH LCOH= +  (3.2) 
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(3.3) 

 

The total expenses of hydrogen production include the total investment capital cost (CInv), 

and fixed (CFOM) and variable (CVOM) operation and maintenance costs. The model 

assumes a discount rate (r) of 6% over a 20-year system economic lifetime (τWHS) [21]. 

The discount rate reflects the financial return and project risk [103]. In a recent study of 

hydrogen production from wind, Glenk et al. uses discount rates between 4 and 6% [104]. 

Equation (3.4) shows how CInv is calculated. 

 

rEC EM ICS EnInv egWE SV OthC CC C CC C C + + + += + +
 

(3.4) 

 

Investment capital cost comprises costs for the water electrolyser (CWE), electric 

compressor (CEC), storage vessel (CSV), energy management unit (CEM), interconnection, 

commissioning and start-up (CICS), engineering (CEng) and other items (COther). Evaluation 

by Schmidt et al. mentions that innovations in an inexpensive and more efficient catalyst 

can decrease the cost of the electrolyser [31]. Additionally, a review by Proost et al. 

shows significant potential cost reduction from new arrangements of electrolyser stacks 
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in the future [105]. Modelling work by Glenk et al. estimates that electrolyser cost can fall 

to half of its current cost in the future [104]. Two sets of parameters are considered: (1) 

current and (2) future techno-economic parameters. Current techno-economic 

parameters include all the available technologies today as well as their cost. Future 

techno-economic parameters consider published learning curves and projections for 

upcoming technology and their costs in 2030. The values and respective references used 

for these costs are presented in Table 3.1. 

 

Fixed operation and maintenance cost includes the electrolyser (COM,WE), compressor 

(COM,EC) and storage (COM,SV), together with a stack replacement (CSR), as shown in 

Equation (3.5). Variable operation and maintenance costs includes electricity (CEL) and 

water costs (CH2O), as shown in Equation (3.6).  

 

,  , ,FOM OM WE OM EC OM SV SRC C C C C= + + +  (3.5) 

  OVOM EL H2C C C= +  (3.6) 

 

The calculation of CEL is calculated from annual energy consumption of curtailed 

electricity, exportable electricity and grid electricity and their respective annual average 

electricity prices, as expressed in Equation (3.7). 

 

) ( ) ( ) ( CW CW EW EW GEL E EGE c E c E cC +=   +  (3.7) 

 

According to [102], [106], [107], electricity price has a significant impact on LCOHprod. 

Therefore, this study identifies and applies representative electricity prices (c) based on 

each energy source. There are two electricity markets considered in this study: (1) the 

retail market in which electricity is purchased by end users from electricity suppliers, and 
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(2) the wholesale market in which electricity is purchased by electricity suppliers from 

electricity generators [108]. As illustrated in Figure 3.3, the price for grid electricity (cEG) 

follows the electricity price in the retail market. The electricity price in the wholesale 

market is defined as the price for exportable electricity (cEW). Curtailed electricity is 

considered to be purchased at the minimum selling price of wind electricity as 

represented by the average levelized cost of electricity (LCOE) of onshore wind (cCW). 

The low and high values of each electricity price are listed in Table 3.1. 

 

 

Figure 3.3. Electricity prices in the wind-hydrogen system 

 

Curtailed, exportable and grid electricity each comprise input energy to electrolyser and 

compressor as expressed in Equation (3.8), (3.9), and (3.10) respectively. 

 

( ), ,  CW WE C CW EC WE E E= +
 

(3.8) 

( ), ,EW WE EW ECEWE E E= +
 

(3.9) 

( ), ,EG WE EG ECEGE E E= +
 

(3.10) 

 

The water price (PH2O) and annual water consumption (MH2O) are used to calculate 

CH2O as expressed in Equation (3.11). The price used for water can be found in Table 

3.1. 
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 ( )H2O 2H O H2OC M P=   (3.11) 

 

Annual water consumption can be calculated using Equation (3.12) from total input 

energy for the electrolyser (EWE) and specific energy consumption of the electrolyser 

system (µWE). The method to calculate optimum electrolysers size at each WHS is 

explained in subsection of system sizing submodel. 

 

, , ,

,

  CW WE EW WE EG

E

WE

H2 WE

W

E E E
M



+ +
=  (3.12) 

 

For each wind farm, each electrolyser operation scenario has different portions of 

curtailed, exportable and grid electricity to the electrolyser. In the first scenario, the 

curtailed and grid electricity portion for electrolyser is calculated using Equation (3.13) 

and Equation (3.14).  

 

( ) ( ), ,

0

T

CW WE CW WE

t

E P t t t
=

=   
(3.13) 

( ) ( ), ,

0

T

EG WE EG WE

t

E P t t t
=

=   
(3.14) 

 

There are two conditions to calculate curtailed power. The first is when curtailed wind 

power (PCW) at time (t) exceeds electrolyser rated power (PWE). In this case, PCW is set to 

the size of electrolyser rated power in kWe (PWE). It means some curtailed wind can be 

wasted at small electrolyser sizes. The second condition is to accommodate when PCW 

is lower than PWE. These two conditions are is expressed in Equation (3.15). PWE is started 

from 0.01 MWe to the size of wind farm (PWF). In the first scenario, exportable wind is not 

introduced to the WHS. Therefore, exportable electricity equals zero. When grid 
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electricity is required to maintain a minimum of 5% of PWE, it is expressed in Equation 

(3.16), which is the same approach used in a previous study by [22].  

 

( ) ( )( ), min ,CW WE WE CWP t P P t=  (3.15)  

( ) ( )( ), ,min 5% ,EG WE WE CW WEP t P P t=  (3.16) 

 

In the second scenario of available wind operation, curtailed, exportable and grid 

electricity are calculated with Equation (3.13), (3.17), and (3.14), respectively.  

  

( ) ( ), ,

0

T

EW WE EW WE

t

E P t t t
=

=   
(3.17) 

 

Curtailed power is calculated using Equation (3.15). Equation (3.18) shows the 

calculation of exportable wind power (PEW). The calculation of back-up power from the 

grid is expressed in Equation (3.19). 

 

( ) ( ) ( )( ), ,min ,EW WE WE CW WE EWP t P P t P t= −  (3.18) 

( ) ( ) ( )( ), ,min 5% ,EG WE WE CW WE EWP t P P t P t= +  (3.19) 

 

In the third scenario of full capacity operation, curtailed, exportable and grid electricity 

are calculated from Equation (3.13), (3.17), and (3.14), respectively. Power from 

curtailed wind, exportable wind and grid can be calculated using Equation (3.15), (3.18), 

and (3.20), respectively.  

( ) ( ) ( ), , ,EG WE WE CW WE EW WEP t P P t P t= − −  (3.20) 
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Table 3.1. Economic parameters in WHS, calculated using cost curve data from [31], [98], [104], 
[105], [109] 

Cost component Symbol Unit Values Ref 

Investment cost Current Future  

Electrolyser WEC  € 
0.925

,
2498

WE n
P  

0.925

,
1249

WE n
P  

[31], [104], 

[105] 

Compressor ECC  € 
0.66

,
4948

WE n
P  

0.66

,
4948

WE n
P  [98], [109] 

Storage vessel SVC  € ( )470  
H SV2

M t   ( )470  
H SV2

M t   [98], [109] 

Main equipment  MEC  € WE ECC C+  
WE ECC C+  [98] 

Energy mgt. unit EMC  € 10% MEC  10% MEC  [98] 

Interconnection ICSC  € 20% MEC  20% MEC  [98] 

Engineering  
Eng

C  € 15% MEC  15% MEC  [98] 

Other cost OtherC  € 
0.154

,
1.5652

WE n ME
P C

−
   

0.154

,
1.5652

WE n ME
P C

−
   [98] 

Operation and maintenance cost Current Future  

Electrolyser , OM WEC  € 
0.23

0.2011
WE WE

P C
−

  
0.23

0.2011
WE WE

P C
−

  [98] 

Compressor ,OM ECC  € 2% ECC  2% ECC  [98] 

Storage vessel , OM SVC  € 2% SVC  2% SVC  [98] 

Stack replacement SRC  € 
0.925

,
874

WE n
P  

0.925

,
437

WE n
P  [104], [105] 

Electricity and water prices in Ireland  Low High  

Grid electricity GEc   €/MWh 104 157 [110] 

Exportable wind EWc  €/MWh 72 93 [111] 

Curtailed wind CWc  €/MWh 50 65 [112] 

Water 2H Oc  €/m3 2.38 2.38 [113] 
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Total required energy input to the electric compressor (EEC) is the summary of curtailed, 

exportable and grid electricity that are used to operate compressor as expressed in 

Equation (3.21).  

 

, , ,EC CW EC EW EC EG ECE E E E= + +  (3.21) 

 

The calculation of each annual curtailed, exportable and grid electricity can be seen in 

Equation (3.22), (3.23) and (3.24).  
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=   
(3.22) 

( ) ( ), ,

0

T

EW EC EW EC

t

E P t t t
=

=   
(3.23) 

( ) ( ), ,

0

T

EG EC EG EC

t

E P t t t
=

=   
(3.24) 

 

Required curtailed power at time t follows Equation (3.25). There are two conditions to 

prioritise the use of curtailed wind. The conditions are when curtailed power is larger than 

the required power to run the electrolyser and compressor, and when curtailed power is 

larger than the required power to run the electrolyser, but not enough to run the 

compressor. The contribution of exportable power at time t is calculated with Equation 

(3.26). The back-up power from the grid is added when energies from curtailed and 

exportable winds are not enough to run the compressor as expressed in Equation (3.27). 

The power demand to compress hydrogen can be calculated from flow rate (mH2) at time 

t and the specific energy consumption of the electric compressor (µEC). 
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( ) ( ) ( )( ), min ,( )H2 EC CCW E WE CWm t tP t P P= −  (3.25) 

( ) ( ) ( ) ( ) ( )( ), m ( )in ,H CCEW EC W EW WEE CW2P t P t P t P P tm t = − − −  (3.26) 

( ) ( ) ( ) ( ), , ,( )EG EC CWH2 E C EWC E ECP t P t P tm t = − −  (3.27) 

 

 

In terms of technical parameters, this study models proton exchange membrane (PEM) 

electrolyser technology mainly due to its fast response time to intermittent power like 

wind, compared to alkaline or solid oxide electrolysis cells [31], which operate at higher 

temperatures. Alkaline operates at lower pressure than PEM. Output pressures of 30 

barg for alkaline and 60 barg for PEM are under development by Fuel Cells and 

Hydrogen 2 Joint Undertaking (FCH 2 JU) [98]. These output pressures are in line with 

other publications by Papadopoulos et al. [33] and Schmidt et al. [31]. The material in an 

electrolyser stack can degrade with time [31], which affects the stack lifetime. A study by 

[31] predicts that the specific energy consumption (µWE) and degradation of the 

electrolyser may be lower in the future. The detailed technical parameters of the WHS 

are shown in Table 3.2. 
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Table 3.2. Technical parameters in WHS 

Parameters Symbol Units Values Ref. 

Electrolyser subsystem Current Future  

Electrolyser rated power  ,WE nP  MWe 0.01 to
WFP  0.01 to

WFP  [98] 

Operating pressure WEp  barg 30 30 [33] 

Sp. energy consumption  WE  kWhe/kg 55 47 [31], [114], [115] 

Water consumption WE  L/kg 15 15 [98] 

Stack lifetime SR  years 5 8 [31] 

Compressor subsystem  Current Future  

Pressure input ,EC inp  barg 30 30 [98] 

Pressure output ,EC outp  barg 300 300 [98] 

Sp. energy consumption EC  kWhe/kg 1.7 1.7 [98], [116]  

Storage subsystem Current Future  

Operating pressure SVp  barg 300 300 [101] 

 

 

Reciprocating compressors are widely used in the hydrogen industry mainly due to their 

high compression ratio, so are used in this study. Hydrogen is compressed from 30 barg 

to 300 barg. It requires two intercooled stages to preserve a temperature of 135 °C at 

the discharge point [98], [116], [117].  

 

For buffer storage, bundles of steel cylinders are selected due to their capability to store 

hydrogen gas up to 300 barg from 10 hours to many months [98]. Hydrogen is modelled 

as being stored in the storage system before it is delivered to the nearest gas grid 

injection point by truck. The model does not include additional equipment needed to 

reduce the pressure to 80 barg [96] and blend the hydrogen gas safely with the natural 

gas. 
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3.3.3. System sizing submodel 

Several WHS pilot plants already operate across Europe. The electrolyser comprises up 

to 40% of total capital expenditure, followed by the compressor and storage vessels [102], 

[118]. Therefore, in the design of the WHS, the electrolyser is sized first. Compressor and 

storage vessel sizes are scaled according to the electrolyser.  

 

When cost curves from the literature [31], [98], [104], [105], [109] are employed, this has 

the effect of turning all components’ costs into functions of electrolyser size (PWE,n), as 

presented in Table 3.2. For each wind farm capacity (PWF) larger than 10 MWe, LCOHprod 

is calculated using Equation (3) with different electrolyser sizes from n = 0.01 MWe to 

PWF with increments of 0.05 MWe for each scenario. The trend of LCOHprod is examined, 

with the electrolyser size that results in the minimum LCOHprod (PWE,opt). This is deemed 

to be the optimum for that wind farm as illustrated in Figure 3.4. 

 

After calculating the optimum electrolyser size for all wind farms larger than 10 MWe, a 

statistical model, which is described below, is developed to find PWE,opt for those smaller 

than 10 MWe. Data collection for all sizes of wind farm is described in the subsection of 

wind curtailment submodel.  

 

3.3.4. Wind curtailment submodel 

The most influential aspects to WHS’s economic performance are the hydrogen 

production system capacity and annual curtailed electricity, which also depend on wind 

farm size [119]. Ireland’s Single Electricity Market Operator (SEMO) stores the required 

data to calculate curtailed electricity profiles of large Irish wind farms (PWF > 10 MWe). 
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Therefore, in this study, the calculation of curtailed electricity is divided into two 

segments, (1) for wind farms larger than 10 MWe, and (2) for those smaller than 10 MWe.  

 

A. Wind Farms Larger than 10 MWe 

This accounts for 74 out of the 312 wind farms currently operating in Ireland. There are 

three types of hourly data that can be obtained from the SEMO website: actual availability 

of wind power that can be delivered to the electrical grid (PAW), quantity of dispatch 

instruction from SEMO (PDQ) and metered generation of exported power by a wind farm 

(PMG) [120]. In practice, PMG can be different from PDQ, known as uninstructed imbalance. 

The calculation of total annual curtailed, exportable and grid electricity are shown in 

Equation (3.28), (3.29), and (3.30), respectively [121].  
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The hourly power from curtailed, exportable and grid are calculated using Equation 

(3.31), (3.32), and (3.33), respectively. In condition of PAW ≤ PDQ, curtailed wind energy at 

time t is equal to zero. 

 

( ) ( ) ( ) , if  ( )AW AW AW DQP t P t P t P t=   (3.31) 

( )( )   ( ), ( )  , if ( ) ( )EW DQ MG AW DQP t max P t P t P t P t=   (3.32) 

( ) ( ) ( )CW AW EWP t P t P t= −  (3.33) 
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B. Wind Farms Smaller than 10 MWe 

Since not all of wind farms have this level of hourly data available from SEMO1, ECW can 

also be approximated from regional annual average values for wind curtailment rate 

(ECW,%) and EAW as shown in Equation (3.34). EAW is approximated from the reported PWF 

and the average capacity factor for the wind farm’s macro-region (λWF) and operational 

time of wind farm (tWF), as represented in Equation (3.35). 

 

,%   CW CW AWE E E=   (3.34) 

   AW WF WF WFE t P =    (3.35) 

 

The current average of ECW,% in the island of Ireland is 6%, as reported in [19]. It regionally 

varies between 4.1% and 9.4% [19]. According to [93], the average ECW,% could be up to 

7% in the future. Current capacity factor in the Republic of Ireland (RoI) and Northern 

Ireland (NI) are 28% and 22%, respectively [19]. This study assumes the same values of 

capacity factor in the future. 

 

3.3.5. Transportation submodel 

A submodel is presented here that calculates the transportation cost of moving hydrogen 

from each wind farm to its nearest grid injection location. Evaluation by [122], [123] identify 

at least 42 locations of above ground installations (AGIs) that can potentially be used for 

gas injection into the gas network in the Republic of Ireland [124]; 10 AGIs are spread 

across Northern Ireland. In total, there are 52 potential injection locations in the island of 

Ireland. 

 



Hydrogen Production from Wind Electricity for Gas Network 

45 
 

A 300-barg tube trailer is operated to deliver 500 kg hydrogen per trip [125]. The tube 

trailer is built from steel cylinders, which is considered to be mature technology. 

Therefore, the techno-economic parameters in hydrogen transport with a steel-based 

tube trailer is not expected to change in the future, as listed in Table 3.3 [98]. The tube 

trailer is hauled by diesel truck to the injection location and returned to the wind farm. 

The required energy to transport hydrogen (ETT) is calculated using specific energy 

consumption per kilometric (αTT) of the diesel truck and the total distance as expressed 

in Equation (3.36). The model assumes a third-party company operates the truck to haul 

the tube trailer. 

 

( )2TT TT AGI tripE L N=  
 

(3.36) 

 

The closest-facility algorithm in the ArcGIS Geographic Information System (GIS) 

software does two measurements: (1) identification on each WHS to be directed to 

suitable AGI based on its nearest distance, and (2) identification of the shortest road 

route from WHS to its respective AGI. For wind farms, this study identifies 238 locations 

in RoI [126] and 74 locations in NI [127]. The detailed road network in the island of Ireland 

is obtained from [128], which includes motorway, primary road, secondary road, tertiary 

road and trunk road. The parameters used to determine transportation costs are obtained 

from [98], [103], [125] and listed in Table 3.3. The LCOHtrans is the total discounted present 

value of investment in tube trailers (CInv,TT), and operation and maintenance costs (COM,TT), 

during system lifetime per kg of hydrogen, as shown below. 
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Equation (3.38) is used to calculate total operation and maintenance cost of the tube 

trailer. In these equations, CO,TT  is the operational cost per kilometre, CM,TT is the 

maintenance cost per kilometre, LAGI is the shortest distance between wind farm and 

injection point, Ntrip is the total trip numbers per year (the return trip is represented by 2) 

and CR,TT is a ten-yearly tube trailer retesting cost.   

( )( ), , ,, 2OM TT O TT M TT TAGI tr p R TiC C C L N C= +  + 
 

(3.38) 

 

To minimise travel costs for each wind farm, Ntrip is measured with the average length of 

storage time (tSV) which is based on hourly average production kg/hr (mH2) and tube trailer 

capacity (MTT), as shown below. 
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Table 3.3. Techno-economic parameters in the transportation submodel 
Parameters Symbol Unit Values Ref 

Economic parameters Current Future  

Tube trailer cost ,Inv TTC  € 232,000 232,000 [103] 

Operational cost 
,O TT

C  €/km 1.9 1.9 [103] 

Maintenance cost 
,M TT

C  €/km 0.13 0.13 [103] 

Retest cost ,R TTC  € 30% TTC  30% TTC  [98] 

Technical parameters Current Future  

Tube trailer capacity  TTM  kg 500 500 [125] 

Operating pressure TTp  barg 300 300 [125] 

Kilometric energy consumption TT  kWh/km 1.77 1.77 [129] 

Trip numbers 
trip

N  Trips/year Calculated by Equation (3.41) 

WHS distance to AGI AGIL  km 
Determined by GIS closest-facility algorithm 

for each wind farm 

Average production per hour 2Hm  kg/hour 
mH2 calculated by Equation (3.12), then 

divided with 8,760 hours 

 

3.3.6. Solution algorithm overview 

WHSs are designed to be decentralized and placed at each Irish wind farm to maximize 

the usage of curtailed and constrained electricity throughout the island. The hourly power 

generation data from at least 74 wind farms are accessible at the SEMO website. For 

each wind farm, electrolyser sizes (PWE) from 0.01 MWe to the wind farm’s rated capacity 

(PWF) are used to compute the levelized cost of hydrogen production (LCOHprod) as 

described above. The electrolyser size that minimises LCOHprod is defined as PWE,opt. 

Afterwards, the LCOHtrans is calculated as described above and added to the LCOHprod to 

obtain LCOHtotal. As shown in Figure 3.4, essential values are indicated by square boxes, 

where submodels are illustrated in round edge boxes. To aid understanding of the 

algorithm, data preparation are coloured with light red, system sizing for all scenarios 

with dark blue, hydrogen production with light blue, and hydrogen transportation with 

yellow. 
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Figure 3.4. Algorithm to calculate the LCOHTotal 

 

3.4. Results and discussion  

3.4.1. System sizing for a sample wind farm 

The cumulative available wind energy profile (curtailed plus exportable electricity) of 

Ballincollig Hill wind farm in 2015 is illustrated in Figure 3.5. The grey area shows 

exportable electricity to the grid, and black indicates curtailed electricity. The wind farm 

capacity, capacity factor and curtailment rate are 15 MW, 31% and 13%, respectively. 

Curtailment significantly occurs during winter, starting from 7,000 hours onwards. 50% 

of curtailment is less than 2.2 MW of instantaneous power. The highest rate of curtailed 

power is 11 MW. 
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Figure 3.5. Cumulative wind power profile of a sample wind farm 

 

LCOHprod of curtailed wind operation drops from 40 €/kg for a 0.01-MWe (10-kWe) 

electrolyser to its lowest level of 18–20 €/kg for a 1.5-MW electrolyser, as illustrated in 

Figure 3.6. The LCOHprod is relatively high due to a low electrolyser capacity factor of 

20%. When exportable electricity is also introduced to the WHS in the second scenario, 

the minimum LCOHprod drops to 7 €/kg for the same electrolyser size but with an 

electrolyser capacity factor near 80%. In the third scenario, LCOHprod further reduces to 

6 €/kg due to the fact that more hydrogen can be produced at a capacity factor of 100%. 

The system sizing model optimally prioritised ECW to be the energy source of the 

electrolyser and compressor, and found the optimal electrolyser size for all scenarios of 

1.5 MWe. Hydrogen production from an electrolyser smaller than 0.5 MWe fails to benefit 

from economies of scale. For electrolysers larger than 1.5 MWe, operating in the curtailed 

electricity only scenario, electrolyser capacity factor decreases and LCOHprod 

dramatically increases. This does not significantly affect the second scenario due to the 

supply of exportable wind to the electrolyser. The increase of LCOHprod in the second 

scenario can be seen at electrolyser sizes beyond 7.5 MWe, where all curtailed electricity 

is consumed by the electrolyser. The LCOHprod of the third scenario shows a slight 
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decrease due to more hydrogen being produced when electrolyser capacity factor is 

maintained at 100%. 

 

 

Figure 3.6. Calculated LCOHprod for Ballincollig Hill wind farm as a function of electrolyser size 
for all operation scenarios 

 

In comparison to the result from Beccali et al. [21], if wind penetration and wind 

curtailment rate in Sicily, Italy are 41% and 10%, respectively, then the optimum 

hydrogen production cost by using only curtailed wind is 33 €/kg at electrolyser size of 

0.5 MWe. On the other hand, it is difficult to compare the study from Zhang et al. [22] due 

to the fact that hydrogen production cost is not used as the main parameter, but hydrogen 

price and payback period. Based on payback period, 6 MWe is used to utilise a wind 

curtailment rate of 28% with a hydrogen price in the range of 3 to 4 €/kg in full capacity 

operation, without compression and storage. Details of the cost contribution to LCOH can 

be seen in the subsection of the sensitivity analysis of the techno-economic parameters. 
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3.4.2. Optimal system sizing for all Irish wind farms 

In total, there are 312 wind farms the island of Ireland, of which only 74, with rated output 

of over 10 MWe have detailed hourly data. Therefore, a method is developed to size 

electrolysers for the rest of the 238 wind farms. Based on the results from the 74 wind 

farms, statistical curve-fitting models are derived and used for optimal electrolyser sizing 

and annual hydrogen production for the remainder. These models are shown in 

Equations (3.41) and (3.42), respectively. 

 

,
0.3868 0.01

WE opt CW
P E=  +  (3.41) 

0.8503
2 22.426H CWM E=   (3.42) 

 

Annual curtailed electricity and optimum electrolyser sizes for all Irish wind farms are 

shown in Figure 3.7. Optimum electrolyser sizes are found to range between 10 kWe 

and 8 MWe. From this point, the annual hydrogen production capacity can be calculated 

for all existing Irish wind farms. With current techno-economic parameters, each scenario 

results is indicated in Figure 3.8. The total annual hydrogen production capacity for first, 

second, and third scenarios are 13, 32, and 39 kilotonnes per year, respectively. Using 

future parameters, the hydrogen capacity slightly increases for each WHS due to higher 

electrolyser efficiency. In this case, the total production capacity for first, second, and 

third scenarios are 16, 39, and 49 kilotonnes per year, respectively. 
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Figure 3.7. Wind farm distribution on the island of Ireland: (a) total energy of curtailed wind (ECW) 
and (b) optimum electrolyser size (PWE,opt) at each wind farm in Ireland 

 

 

Figure 3.8. Capacity of annual hydrogen production (MH2) with current parameters of (a) 
curtailed wind operation, (b) available wind operation, and (c) full capacity operation, calculated 

by the techno-economic submodel for all wind farms in the island of Ireland 

 

3.4.3. Energy analysis for all scenarios 

In the curtailed wind operation scenario, 87% of energy input to electrolyer is from 

curtailed electricity and the rest is backed up by grid electricity to maintain electrolyser 

a) Curtailed wind b) Available wind  c) Full capacity 

a) b) 
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idle power, as illustrated in the Sankey diagram in Figure 3.9. In the available wind 

operation scenario, exportable electricity dominates hydrogen production at 63%, 

followed by curtailed and grid electricity at 36% and <1%, respectively. When 

electrolysers at all WHSs run at full capacity, the relative contributions of curtailed, 

exportable, and grid electricity are 29%, 51% and 19%, respectively. By using the higher 

heating value hydrogen of 39.41 kWh/kg, the overall system efficiencies at all existing 

Irish wind farms for current and future technologies are 71% and 83%, respectively.  

 

 

 

 

 

 

Figure 3.9. Energy flows (GWh) using (1) current and (2) future techno-economic parameters to 
all WHSs in Ireland of (a) curtailed wind operation, (b) available wind operation, and (c) full 

capacity operation 

 

3.4.4. LCOH analysis for all scenarios 

The LCOHtotal for each WHS using current and future techno-economic parameters 

can be seen in Figure 3.10 and Figure 3.11, respectively. Each figure represents a 

different scenario and electricity price. At low or high electricity prices, the LCOHtotal at 
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most of wind farms in the first scenario (curtailed only) is higher than 13 €/kg with 

averages of 23 €/kg and 24 €/kg for low and high electricity prices. This figure is mostly 

contributed to by wind farms with capacity of below 5 MWe. When exportable wind is also 

included in the second scenario, the average LCOHtotal drops to 10–11 €/kg. Only wind 

farms smaller than 1 MWe have LCOHtotal higher than 13 €/kg, due to insufficient 

hydrogen production to cover investment, operation, maintenance, and transportation 

expenses. When maximum electrolyser capacity factor is maintained in the third 

scenario, the average LCOHtotal of all Irish wind farms is 9–11 €/kg, with only few wind 

farms below 0.1 MWe left with LCOHtotal higher than 13 €/kg. By 2030, hydrogen 

production at WHS becomes more attractive, with average LCOHtotal for first, second, and 

third scenarios of 14–15 €/kg, 7–8 €/kg and 6–8 €/kg, respectively. 
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Figure 3.10. Current LCOHtotal of (a) curtailed wind operation at high electricity prices, (b) 
available wind operation at high electricity prices, and (c) full capacity operation at high 
electricity prices, (d) curtailed wind operation at low electricity prices, (e) available wind 
operation at low electricity prices, and (f) full capacity operation at low electricity prices, 

calculated by the WHS model for all wind farms in Ireland 
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Figure 3.11. Future LCOHtotal of (a) curtailed wind operation at high electricity prices, (b) 
available wind operation at high electricity prices, (c) full capacity operation at high electricity 
prices, (d) curtailed wind operation at low electricity prices, (e) available wind operation at low 
electricity prices, and (f) full capacity operation at low electricity prices, calculated by the WHS 

model for all wind farms in Ireland 
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3.4.5. Overall share of hydrogen in natural gas network 

Figure 3.12 shows that at least 84% of hydrogen capacity is located not more than 100 

km from the nearest gas injection location, with the longest distance reaching 195 km. 

The total hydrogen production potential using current techno-economic parameters at all 

existing wind farms in the island of Ireland for full capacity operation reaches 39 

kilotonnes. This increases to 49 kilotonnes using future techno-economic parameters. 

This is equivalent to nearly 3% of current natural gas energy demand. When additional 

wind capacity of more than one-hundred percent of today’s capacity and curtailment rate 

of 7% in the future [93] are considered, the potential of wind-produced hydrogen to 

substitute energy from natural gas reaches almost 6%. 

 

 

Figure 3.12. Distribution of hydrogen capacity relative to Irish natural gas demand, as functions 
of distance from WHS to injection points 

 

3.4.6. Sensitivity analysis of techno-economic parameters 

The results of sensitivity analysis for Screggagh wind farm with capacity of 20 MWe are 

shown in Figure 3.13. The technical parameters in the analysis include curtailment 

percentage, stack lifetime and electrolyser specific energy consumption. The economic 

parameters in the analysis are discount rate, capital cost of electrolyser, and electricity 
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price. The value of each parameter is changed by −50% and 50% of its initial value. 

Electrolyser specific energy consumption accounts for the most sensitive parameter for 

all scenarios, followed by curtailment percentage and stack lifetime. The LCOHtotal will 

further decrease when economic parameters such as capital cost of electrolyser 

decreases in the future. The cost share of different cost components to LCOHtotal can 

also be seen in Figure 3.13. The relative increase in the importance of electricity price 

as electrolyser operating hours increase from curtailed only operation to full time 

operation is notable. 

 

 

Figure 3.13. Sensitivity analysis of the techno-economic parameters 

 

3.4.7. Technical challenges for injection into the natural gas network 

In hydrogen injection into natural gas network, several challenges are encountered from 

(1)  technical, (2) economic, and (3) the regulatory perspectives. The two main technical 

perspectives are from the gas network operator and the final consumer. The gas network 

operator implements parameters to maintain gas quality such as the Wobbe Index. The 

Wobbe index (MJ/m³) is the ratio of gross calorific value to relative density. It indicates 
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the rate of heat flow from the gas burner. Low Wobbe Index results in increased 

propensity for flame lift and flame extinction, leading to incomplete combustion and 

hazardous emissions. High Wobbe Index results in over-heating and carbon monoxide 

formation [130]. The increase of hydrogen concentration in natural gas reduces 

volumetric gross calorific value and relative density, which eventually affect Wobbe 

Index. Therefore, the parameters for gas quality in transmission and distribution have to 

be improved for more hydrogen to be transported by the gas grid in the future. The other 

technical aspect in gas transmission and distribution is gas handling at the injection 

location. The required equipment and installation have to be identified to safely transfer 

hydrogen from tube trailer to gas pipeline. Each AGI might have different technical 

characteristics and capacity to accommodate hydrogen. As shown previously in Figure 

10 and Figure 11, each AGI is connected to different numbers of WHSs, where each 

WHS has a different hydrogen capacity. If curtailed wind and available wind operations 

are considered, the daily hydrogen supply is highly dependent on wind availability. This 

means additional storage at each AGI is required to ensure the continuity and stability of 

gas supply. Further studies are required to quantify the hydrogen storage and other 

required equipment at AGIs. Additionally, it is necessary to ensure the hydrogen 

concentration to be equivalent across the pipeline at different locations with gas 

metering. At final consumer locations, when the concentration of hydrogen at natural gas 

is high, system adjustment may be required as studied by Leicher et al. [131]. A review 

by Vries et al. [132] shows hydrogen must be preserved at a certain fraction to maintain 

the performance of domestic appliances in the residential and commercial sectors. In the 

power sector, modern gas turbine power plants can burn over 50% hydrogen by volume 

in natural gas. But by and large, such plants require modification to the combustion 

system when the fuel contains high levels of hydrogen, as evaluated by Andersson et al. 

[133].  
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In terms of economic challenges, the injection cost is difficult to estimate due to as yet 

unidentified injection equipment. The specification of required equipment can assist the 

formulation of hydrogen injection costs. The additional cost of injection and distribution 

in the gas network is required to be added to LCOHtotal. As described in the subsection 

of techno-economic submodel, current analysis only includes hydrogen production and 

transportation to the injection location. 

 

Hydrogen from future onshore and offshore wind farms has even greater potential to be 

delivered to the Irish gas network. However, hydrogen is not yet regulated in the same 

way as biomethane injection into the gas network. To facilitate biomethane injection, 

Ireland introduced an injection price [134] as well as gas quality parameters [135]. The 

same approach is required for hydrogen in the near future. 

 

3.5. Conclusions 

A wind-hydrogen system (WHS) is designed to harness either curtailed wind power or a 

combination of curtailed and exportable wind with support from grid electricity to produce 

hydrogen and transport it to the Irish natural gas grid. Electrolyser operation is modelled 

under three different scenarios: (1) curtailed wind operation, (2) available wind operation 

and (3) full capacity operation. LCOH is used as the key techno-economic parameter in 

the techno-economic optimisation and evaluation of WHS. In designing a WHS capacity, 

a novel algorithm is used to prioritise the use of curtailed wind to power electrolyser and 

compressor. All the equipment costs for hydrogen production are made to be functions 

of electrolyser size. 

 

The calculation of optimum electrolyser size, giving the minimum production costs for 74 

wind farms (>10 MWe), is performed iteratively from 10 kWe to its wind farm capacity by 
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using an hourly curtailed wind profile at each wind farm. From these results, a statistical 

model is defined to calculate optimum electrolyser power capacity for the remaining 238 

smaller wind farms in Ireland. The minimum hydrogen production cost can be calculated 

using a statistical model from three essential values of wind farm capacity, percentage 

of curtailed wind and wind farm capacity factor. Afterwards, GIS is used to pair each 

WHS with its nearest AGI and identify the shortest road route between them. Low and 

high electricity prices are also used in the evaluation. The opportunity of having more 

competitive equipment costs and technical performance in the future is also considered.  

 

As a result, most existing Irish wind farms that rely only on curtailed wind have a 

hydrogen production and transportation cost of more than 13 €/kg. When an electrolyser 

operates with available wind or at full capacity, WHSs show better techno-economic 

performance, as reflected by its lower hydrogen cost. As indicated by high hydrogen 

production and transportation costs, it is found that some of wind farm capacities are not 

suitable for hydrogen production and transportation to the gas network. Wind farm 

capacities lower than 5 MWe are not suitable to be operated only with curtailed wind, 

wind farms below 1 MWe are not suitable to depend on available wind, and wind farms 

below 0.1 MWe are not suitable even when the electrolyser is operating at full capacity. 

Results also show that 84% of the hydrogen supply potential in Ireland is located not 

more than 100 km to the nearest injection point with the total costs of 9–11 €/kg at full 

capacity operation. In the future, the total cost can reach 6–8 €/kg at the same operation 

scenario. With this hydrogen production cost, the WHS also provides additional 

economic value to a wind farm due to the fact that curtailed wind is purchased as much 

as the average LCOE of onshore wind farms. The most sensitive parameters of WHS 

that possibly change in the future are the percentage of curtailed wind, stack lifetime, 

electrolyser efficiency, and electrolyser capital cost. The future potential of hydrogen 

capacity from current wind capacities reaches 49 kilotonnes which is equivalent to nearly 
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3% energy demand of natural gas in Ireland. Additional wind capacities in the future can 

even elevate the potential of hydrogen to substitute energy from natural gas to almost 

6%, or slightly higher than current natural gas supply from Kinsale gas field. This 

potential can be fully exploited after technical, economic, and regulation challenges in 

hydrogen injection at potential sites are answered. The recommendation to energy 

stakeholders is to structure and establish a regulation for hydrogen injection to the gas 

grid. This can motivate further study and development on hydrogen injection and 

eventually stimulate more renewables in the gas network, particularly from renewable 

hydrogen. 

 

The future stage of this work is to reduce dependency on grid electricity by system 

integration to other renewable sources. It is also essential to advance the developed 

hydrogen production model by modifying the arrangement of the electrolyser with 

multiple different electrolyser sizes and combining the existing design with a battery 

system. Alternative hydrogen transportation mechanisms such as liquid hydrogen and a 

dedicated hydrogen pipeline from the wind farm are also necessary to be technically and 

economically compared. At an injection location, details of new required equipment and 

installation at the AGI are necessary to be investigated for a secure and stable hydrogen 

supply. 

 

3.6. Final remarks 

In this chapter, the techno-economic performances are modelled using equipment’ 

techno-economic parameters and optimised through sizing using LCOH (€/kg) as the key 

parameter. The historical curtailed and exportable wind electricity are prepared and used 

as input to the hydrogen production model. An algorithm in GIS is used to optimise the 

supply chain between supply and demand sites.  
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In Chapter 4, hydrogen production is also modelled for gas grid injection. However, solar 

electricity generated from PV arrays is used instead of wind electricity. Hydrogen 

production in Libya for Italy via the Greenstream corridor is selected as a case study to 

evaluate the impact of long-distance gas transmission capacity. 
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4. Chapter 4. Hydrogen Production from 

Solar Electricity for Long-Distance Gas 

Transmission 

 

 

 

 

 

 

4.1. Overview 

This chapter presents the results of the techno-economic model for hydrogen production 

from a photovoltaic battery electrolyser system (PBES) for injection into a natural gas 

transmission line. Mellitah in Libya, connected to Gela in Italy by the Greenstream 

subsea gas transmission line, is selected as the location for a case study. The PBES 

includes the photovoltaic (PV) arrays, battery, electrolyser, compressor, and large-scale 

hydrogen storage to maintain constant hydrogen volume fraction. Simulated hourly PV 

electricity generation is used to calculate the specific hourly capacity factor of a 

hypothetical PV array in Mellitah. This capacity factor is then used at different PV sizes 

for sizing the PBES. The levelised cost of hydrogen production (LCOHP) is used as the 

key techno-economic parameter to optimise the size of the PBES by equipment sizing. 

The costs of all equipment, except the PV array and batteries, are made to be a function 

of electrolyser size. The equipment sizes are deemed optimal if PBES meets hydrogen 

demand at a minimum LCOHP. The techno-economic performance of the PBES is 

evaluated for four scenarios of fixed and constant hydrogen volume fraction targets in 



Hydrogen Production from Solar Electricity for Long-Distance Gas Transmission 

65 
 

the pipeline: 5%, 10%, 15%, and 20%. The PBES can produce up to 106 kilotonnes of 

hydrogen per year to meet 20% target at LCOHP of 2.28 €/kg using optimum equipment 

sizes. The energy intensity of hydrogen production is from 50 to 63 kWh/kg, including a 

small share of energy necessary to produce desalinated water for the PBES. 

 

4.2. Introduction 

The European Union (EU) aims by 2030 to install 40 GW of electrolyser capacity within 

its member states and a further 40 GW in neighbouring regions, specifically North Africa 

and Ukraine, to supply the EU [5].  Large scale of electrolysers at wind and solar 

hydrogen production sites can potentially generate low-carbon hydrogen at levelised 

production costs as low as 1.5 to 2.0 €/kg by 2025. The hydrogen produced in these 

neighbouring regions can be transmitted to the EU via existing natural gas transmission 

infrastructure. North African countries including Algeria and Libya currently provide 24 

billion cubic meters (bcm) of natural gas to the EU, equivalent to 5% of total natural gas 

consumed in the bloc in 2019 [136]. 

 

The objectives of this study are (1) to model hydrogen production from a photovoltaic 

battery electrolyser system (PBES), (2) to evaluate the impact on production cost of 

different equipment sizes, and (3) to determine the optimum size of PBES techno-

economically. The following section describes the methods used to achieve these 

objectives. It covers the explanations of how the model handles the photovoltaic 

electricity, the levelised cost of hydrogen, hydrogen supply, desalinated water supply, 

and hydrogen demand. Following that, the results and discussion section comprises the 

description of techno-economic performance for PV arrays, battery, electrolyser, and 

storage, the optimum equipment sizes for all scenarios, hydrogen supply from the 
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optimum equipment, and energy intensity of hydrogen production. Finally, the overall 

findings of the work and impacts on the extensive size hydrogen production system are 

presented in the conclusions section. 

 

4.3. Methodology 

4.3.1. Systems and scenario description 

Hydrogen can potentially be generated using a photovoltaic battery electrolyser system 

(PBES) in a region with high solar energy potential like North Africa. As a case study, 

this work models renewable hydrogen production from solar energy in North Africa and 

its injection into the existing subsea gas transmission pipeline between Libya and Italy. 

The hydrogen is assumed to be produced and injected at the Mellitah Gas Compression 

Station (MGCS) in Libya, transported through the 520-km Greenstream subsea natural 

gas transmission pipeline and delivered to the Gela receiving terminal in Italy, as shown 

in Figure 4.1. In the PBES, photovoltaic (PV) electricity is generated by PV arrays. This 

electricity can be temporarily stored in battery system and/or used to produce hydrogen 

via water electrolysis. Hydrogen is compressed to 80 barg for storage and/or injection to 

the gas transmission pipeline, as illustrated in Figure 4.2. Hydrogen production is 

modelled to meet demand required by hydrogen volume fractions of 5%, 10%, 15% and 

20% in the Greenstreram pipeline. 
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Figure 4.1. Mellitah and Gela gas terminals are connected by the 520-km Greenstream subsea 
natural gas transmission pipeline [137] 

 

 

Figure 4.2. The equipment of a photovoltaic battery electrolyser system (PBES) for hydrogen 
gas injection 

 

4.3.2. Photovoltaic electricity 

PV electricity production for the coordinates of Mellitah, Libya is simulated using the PV 

Performance tool (PVT) from the European Union Photovoltaic Geographical Information 

System (EU-PVGIS) [138]. The solar radiation database collected by Surface Solar 
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Radiation Data Set - Heliosat (SARAH) and recorded by the European Organisation for 

the Exploitation of Meteorological Satellites (EUMETSAT) Climate Monitoring Satellite 

Application Facility (CM SAF) from 2005 to 2015 are used in the simulation. PVT 

optimises the slope and azimuth of the fixed mounting PV arrays in the simulation of PV 

electricity. The PV technology, installed peak PV power (PPV), and system losses are 

crystalline silicon, 1,000 kWe, and 14%, respectively. The average hourly PV electricity 

(EPV) is then calculated from these ten years of data. The PV capacity factor for time t 

(λPV,(t)) can be calculated using Equation (4.1).  

 

( )

PV(n)

PV(n)

PV n

E

P t
 =


 

(4.1) 

 

4.3.3. Levelised cost of hydrogen 

The levelised cost of hydrogen production (LCOHP) and annual hydrogen production 

(MH2,HP) are used as the key parameters to optimise the equipment sizes of PBES techno-

economically. LCOHP is calculated from total capital (CCAPEX,HP), operational and 

maintenance expenditure (COPEX,HP), and total hydrogen produced (MH2) for the year (T) 

using Equation (4.2). The PBES lifetime (𝜏PBES) is defined to operate for 20 years with an 

assumed discount rate (r) of 5% for renewable energy projects in Libya [139]. Annual 

hydrogen production is described in the following subsection of hydrogen supply. 
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The CCAPEX, HP includes the capital costs of PV array (CPV), battery (CEB), water electrolyser 

(CWE), electric compressor (CEC), hydrogen storage vessels (CSV), energy management 

unit (CEMU), interconnection, commissioning, and start-up (CICS), engineering (CENG) and 

other (COH) as expressed by Equation (4.3). The COPEX, HP comprises the operational and 

maintenance costs of PV arrays (COM,PV), water electrolyser (COM,WE), electric compressor 

(COM,EC), and hydrogen storage vessel (COM,SV), as well as the stack replacement (CSR) 

and water consumption (CH2O) as shown by Equation (4.4). All the costs are made to be 

a function of electrolyser size in kWe (PWE), except for PV and battery costs, which are 

independent variables. Capital costs for electrolyser and batteries are projected to 

decrease by 50% and 60% in 2030, respectively [104] [27]. All techno-economic 

parameters in 2030 of the PBES constituent equipment are listed in Table 4.1. 

 

, PV EC EMU ICS ENG OHCAPEX HP EB WE SV
C C C CC CCC C C ++ + + + += + +  (4.3) 

, ,  ,  , ,
 

OPEX HP OM PV O OM M H2WE O EC OM SV SR
C C C C C C C= ++ + + +  (4.4) 
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Table 4.1. Techno-economic parameters of hydrogen production at photovoltaic battery 
electrolyser system (PBES) 

Parameters, 

Symbol 

Value/ Unit/ Reference 

Equipment Water Electrolyser (WE) Electric Compressor (EC, HP) 

Technology Alkaline Reciprocating 

Sp. energy cons., µ 48 kWh/kg [140] 0.7 kWh/kg [115] 

Lifetime, τ 20 (system), 11 

(stack) 

years [31] 10  years [115] 

Efficiency, η 69% (LHVH2) [115] 73% (isentropic) [46] 

Outlet pressure, p 30 barg [115] 80 barg [141] 

CAPEX, CCAPEX 3645 x PWE 
0.783 € [17] 4342 x PWE,n 0.66 € [98] 

OPEX, COPEX 0.2011 PWE,n -0.23 x 

CCAPEX,WE 

 [115] 

[104] 

2%  [115] 

ICS 20% x (CWE + CEC)  [98]    

Engineering 15% x (CWE + CEC)  [98]    

Other cost, COH, HP 1.5652 PWE,n -0.154 x 

CCAPEX,WE 

€ [98]    

Equipment Photovoltaic (PV) Energy management unit (EMU) 

Technology Polycrystalline silicon Converter and controller 

Lifetime, τ 30 years [42] 15 years [42] 

Efficiency, η 10-15%  [138] 90%  [42] 

Capacity factor, λ Calculated using Equation (4.1)     

CAPEX, CCAPEX 450 x PPV   [24], 

[26] 

10% x (CWE + 

CEC)  

€ [98] 

OPEX, COM 1.5%  [27]    

Equipment Electric Battery (EB) Storage Vessel (SV, HP) 

Technology Lithium Nickel Manganese Cobalt 

Oxide 

Pressure vessels 

Lifetime, τ 20 years [33] 20 years [98] 

Efficiency, η 90%  [27] -   

DoD 100%  [33] -   

C-rate 1C  [33] -   

CAPEX, CCAPEX 3283 x EEB,n 0.7108 €/kWh [142] 0.6 x mH2,max  € [140] 

OPEX, COPEX Not considered  [27] 2%  [98] 
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4.3.4. Hydrogen supply 

Annual hydrogen production (MH2,HP) is calculated from the electricity (EWE) used by the 

electrolyser and its specific electricity consumption (µWE) as expressed in Equation (4.5) 

[143]. The electrolyser operates with electricity from the PV array (EPV,WE) and battery 

(EEB,WE), as shown in Equation (4.6). 

 

,

,

,

WE (t)

(t)

WE

H2 HPM
E


=  (4.5) 

, , , , ,WE (t) PV WE (t) EB WE (t)E E E= +  (4.6) 

 

The modelling of electrolyser and compressor performance is done in the same manner 

as in Gunawan et. al [143]. There are two conditions to calculate electricity flow from the 

PV array to the electrolyser. The first is when the PV power (PPV) at time (t) exceeds 

electrolyser rated power size (PWE). The second is the PPV is equal to the size of 

electrolyser rated power (PWE). It means some PV power output can generate surplus 

power at small electrolyser sizes.  The surplus power over time can be stored in the 

battery to be used in the second condition. The second condition is when PPV is lower 

than PWE. These two conditions are expressed in Equation (4.7). Equation (4.8) shows 

how battery electricity can be calculated to support hydrogen production when there is 

enough stored energy in the battery. 

 

( ), , ,min , ( )(t) WE PV (tPV WE )E P P t n=   (4.7) 

( ), , ,, , ,min ,(t) WE (t) PV WE (t) WE (t)EB WEE E E E= −  (4.8) 
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Like the water electrolyser, the electric compressor is also operated using PV array 

(EPV,EC) and battery (EEB,EC) electricity, as shown in Equation (4.9). If PV electricity is larger 

than the electricity demand for an electrolyser, the contribution of PV electricity for the 

compressor can be calculated using Equation (4.10). The electricity stored in the battery 

can also be used to operate the compressor when PV electricity is insufficient, as 

expressed in Equation (4.11). The electricity demand for compressing hydrogen gas can 

be calculated from the flow rate at time t (MH2,(t)) and the specific electricity consumption 

of the compressor (µEC).  

 

, , , , ,EC (t) PV EC (t) EB EC (t)E E E= +  (4.9) 

( ), , ,, ,,min ,(t) H2 (t) EC PV (t) PV )PV EC WE (tE M E E=  −  (4.10) 

( )( ), ,, , ,min ,(t) H2 (t) EC H2 (t) E CEB PV C PV EE M M E =   −  (4.11) 

 

The modelling of battery and hydrogen storage performance is done in the same manner 

as in Ma et. al. [144] and Song et al. [145]. The PV electricity charges the battery when 

PV electricity exceeds the electricity consumption for both electrolyser and compressor, 

and therefore can be calculated using Equation (4.12). Equation (4.13) shows the 

calculation during battery discharge, supplying the electrolyser and compressor. 

 

( )( ), , , ,, ,(t) (t-1) PV (t) PV WE (t) PV EC (t) EBEB EB,E E E E E = + − −   (4.12) 

( )( ), , ,, ,(t) (t-1) EB WE (t) EB EC (t) EBEB EB,E E E E = + +   (4.13) 

 

In this study, the hydrogen storage, the type I made from fully metallic pressure vessels 

[44], is modelled to supply the hourly hydrogen injection demand (MH2,HD,(t)). Hydrogen is 
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stored when its production surpasses the hourly demand expressed in Equation (4.14). 

Hydrogen is released from storage when the hourly hydrogen production is less than 

hydrogen demand and can be calculated using Equation (4.15). The maximum of all 

hourly (at time t) stored hydrogen capacities (MH2,SV,(t)) throughout the year determines 

the required storage size. In terms of equipment sizing, the LCOHP calculation is 

performed iteratively for ranges of minimum and maximum for each piece of equipment 

as listed in Table 4.2. The equipment size combination for the minimum LCOHP is 

selected as the optimum system design. 

 

Table 4.2. The ranges for equipment sizing of photovoltaic battery electrolyser system (PBES) 

 Formula 
Scenarios 

5% 10% 15% 20% 

PV array sizes, PPV 

(MWe) 

Minimum = MH2/(µWE+µEC)/(λPV*8760) 735 1454 2229 3064 

Maximum = PPV,minimum/ηEB,roundtrip 918 1817 2786 3830 

Electrolyser sizes, 

PWE (MWe) 

Minimum = MH2/( µWE+µEC)/8760 140 276 424 582 

Maximum = PPV,maximum 918 1817 2786 3830 

Battery sizes, EEB 

(MWh) 

Minimum = 5 5 5 5 5 

Maximum = PPV,maximum 918 1817 2786 3830 
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4.3.5. Water supply 

Mellitah is chosen as the location for the PBES because (1) it has an existing gas terminal 

that could potentially be used for hydrogen injection, and (2) it is situated near the 

Mediterranean coast, which is favourable for water supply from a hypothetical 

desalination plant. There are at least two desalination technologies to convert seawater 

to desalinated water, (I) multiple-effect desalination (MED) and (II) seawater reverse 

osmosis (SWRO). The World Bank reported that the total annualised cost of desalinated 

seawater using Mediterranean seawater is 0.57 €/m3 for MED and 0.39 €/m3 for SWRO, 

all for plant capacity of 100,000 m3 per day [146]. Energy use for desalination plants in 

the Middle East and North Africa (MENA) accounts for 10% of total MENA primary energy 

usage. The typical energy consumption of SWRO is 1.8 kWh per m3 of desalinated water.  

 

Desalinated water production from seawater using solar energy has been widely 

investigated in several studies. Palenzuela et. al. modelled the integration of MED and 

concentrating solar power (CSP) using seawater from the Mediterranean Sea [147]. The 

study found the levelised cost of water production is between 0.92 and 1.05 €/m3. In 

another study, El-Bialy et. al. analysed a wide range of desalination systems using direct 

solar energy [148]. The study found various techniques to produce desalinated water 

from brine using passive or active solar stills. Typically, the passive solar still relies on 

the evaporation process with different configurations of condensers, absorbers, and 

reflectors. Desalinated water production can be optimised using active solar stills by 

harnessing more thermal energy through additional collectors or concentrators. These 

processes have potential to be the options for water supply in the future, especially when 

the capacity and cost of water production are significantly improved from current levels. 

This study assumes that the water for electrolysis is supplied from a hypothetical SWRO, 



Hydrogen Production from Solar Electricity for Long-Distance Gas Transmission 

75 
 

which is outside the boundary of the techno-economic assessment, at a price of 0.39 

€/m3. 

4.3.6. Hydrogen demand 

Hourly data for natural gas flow and hydrogen demand for four hydrogen volume fraction 

scenarios for the Greenstream transmission pipeline is obtained from Cavana et. al. [40]. 

These scenarios are chosen because most of the natural gas network value chains in 

the EU can deliver up to 20% share of hydrogen [149]. The total equipment sizes from 

two locations of hydrogen production in Libya by Cavana et. al. are listed in Table 4.3. In 

this study, the PBES is located in Mellitah to meet the annual hydrogen demands listed 

in Table 4.4. Hourly hypothetical hydrogen demand profiles for one week for each of the 

four scenarios are shown in Figure 4.3. 

 

Table 4.3. Total required equipment sizes from previous study by Cavana et. al. [40] 
  Hydrogen volume fraction target 

Parameter Unit 5% 10% 15% 20% 

PV array capacity  MWe 1,570 3,278 5,111 7,092 

Electrolyser capacity MWe 1,049 2,191 3,415 4,739 

H2 storage capacity (mass) kilotonnes 0.1 0.2 0.3 0.4 

H2 storage capacity (volume) million Sm3 1.3 2.5 3.8 5.5 

 

Table 4.4. Summary of annual hydrogen demand for all scenarios 

Parameters Unit 

Demand scenarios 

5% 10% 15% 20% 

Gravimetric of H₂ kilotonnes/ year 25.47 50.41 77.29 106.24 

Volumetric of H₂ million Sm3/ year 299.56 592.81 908.90 1,249.26 
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Figure 4.3. Hourly hydrogen demand profiles for one representative week for the Greenstream 
transmission pipeline 

4.3.7. Overall model 

A photovoltaic battery electrolyser system (PBES) is modelled to produce hydrogen for 

blending with natural gas. The PBES includes the PV arrays to generate electricity, a 

battery to temporarily store the electricity when needed, an electrolyser to produce 

hydrogen, a compressor to compress the hydrogen to 80 barg, and hydrogen storage to 

maintain the required injection flow rate. The total capital, operational, and maintenance 

costs and total hydrogen produced PBES during its lifetime are used to calculate the 

LCOHP. Each combination of equipment sizes results in specific LCOHP. Therefore, the 

LCOHP is iteratively calculated using different equipment sizes. The optimum equipment 

size of PBES is found at minimum LCOHP. The equipment sizing for PBES is performed 

to meet four different hydrogen volume fractions for blending at the Greenstream 

pipeline, as illustrated in Figure 4.4.  
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Figure 4.4. Overall model to calculate the levelised cost of hydrogen production (LCOH) from a 
photovoltaic battery electrolyser system (PBES) 

 

4.4. Results and discussion  

4.4.1. Impact of PV array, battery, and electrolyser sizes on techno-
economic performance 

The selection of electrolyser size significantly impacts the techno-economic 

performances of PBES. When a 1,000-MWe PV array and a 500-MWh battery are 

coupled with a 10-MWe electrolyser, the capacity factor of the electrolyser reaches 100%, 

as also illustrated in Figure 4.5.a for three days of electrolyser operation. However, 97% 

of the PV electricity is unable to be converted to hydrogen due to the small size of the 

electrolyser. As a result, the LCOHP for this simplified case is very high at 25 €/kg. When 

the same sizes of PV arrays and battery are integrated with a 100-MWe, there are some 

hours where the electrolyser cannot operate due to the absence of electricity supply from 

both PV and battery. Hence the capacity factor of the electrolyser is 60%, as shown in 

Figure 4.5.b. The surplus PV electricity and LCOHP are 76% and 5 €/kg, respectively.  
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Figure 4.5.c shows the electrolyser performance using the same sizes of PV array and 

battery with a 500-MWe electrolyser. Even though the capacity factor of the electrolyser 

is only 35%, the LCOHP is calculated at 2.4 €/kg due to fact that 91% of the PV electricity 

can be used. Therefore, it is more crucial to reduce the surplus of PV electricity rather 

than increase the electrolyser's capacity factor in designing a cost-effective PBES.  

 

Figure 4.5. Impact of electrolyser size (a) 10 MWe, b) 100 MWe and c) 500 MWe) on electrolyser 
operational hours for a 1,000-MWe PV array and 500-MWhe battery 

 

To evaluate the impacts of different sizes of PV array and battery, Figure 4.6.a shows 

the LCOHP for 1,000, 2,000 and 3,000 MWe PV arrays that each of it is coupled without, 

with 3,000 or 6,000 MWh battery. The increase of PV and battery capacities results in 

the reduction of LCOHP at large electrolyser sizes due to the fact more hydrogen is 

produced, as shown in Figure 4.6.b. The capacity factor of the electrolyser and surplus 

PV electricity are also depicted in Figure 4.7.a and Figure 4.7.b, respectively. The PBES 

operates at high capacity factor as well as high surplus PV electricity at electrolyser sizes 

of lower than 700, 2,000 and 4,000 MWe when integrated with PV arrays of 1,000, 3,000 

and 6,000 MWe, respectively. 
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Figure 4.6. Impact of the sizes of PV array, battery, and electrolyser on a) levelised cost of 
hydrogen production (€/kg) and b) annual hydrogen production (kilotonnes/year) 

 

 

Figure 4.7. Impact of the sizes of PV array, battery, and electrolyser on a) the capacity factor of 
the electrolyser (%) and b) surplus of photovoltaic electricity (%) 
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4.4.2. Optimum equipment sizes for all scenarios 

Results show the minimum LCOHP to meet the hydrogen blending demand can be found 

with a particular combination of PV, electrolyser, and battery sizes. The LCOHP to deliver 

the hydrogen volume fraction of 5% is 2.56 €/kg, 10% is 2.43 €/kg, 15% is 2.33 €/kg, and 

20% is 2.28 €/kg. The optimum equipment sizes to meet hydrogen demand at minimum 

LCOHP are listed in Table 4.5. These optimum equipment sizes in this study are lower 

than the total sizes of the required equipment calculated by Cavana et. al., except for 

hydrogen storage size. The large sizes of hydrogen storage in this study are due to the 

accommodation of hydrogen supply demand during the whole year, which implies a need 

for hydrogen storage to act as seasonal storage. Seasonal storage can play a role to 

store most of the storable hydrogen production in summer and then release it to meet 

most of the hydrogen demand in winter. 

 

Table 4.5. Summary of the optimum equipment sizes for all scenarios 

Parameters Unit 
Demand scenarios 

5% 10% 15% 20% 

Hydrogen demand kilotonnes/ year 25.47 50.41 77.29 106.24 

LCOHP €/kg 2.56 2.43 2.33 2.28 

Photovoltaic array size MWe 765 1,515 2,325 3,195 

Surplus photovoltaic electricity % 1.51% 1.52% 1.55% 1.60% 

Electrolyser size MWe 470 930 1,425 1,955 

Electrolyser capacity factor  % 29.69% 29.70% 29.72% 29.78% 

Battery size MWh 45 85 115 180 

Hydrogen storage size (mass) kilotonnes 1.44 2.84 4.34 5.97 

Hydrogen storage size (volume) million Sm3 16.94 33.42 51.10 70.23 
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4.4.3. Hydrogen supply from the optimum equipment 

Figure 4.8 shows a 3-day hydrogen supply performance from the PBES for each 

blending scenario at the Greenstream pipeline. The solid colours represent the hydrogen 

flow for grid injection, and pattern colours indicate the hydrogen flow to storage. The 

hydrogen flow for grid injection can be from storage as indicated by dark red and from 

the electrolyser, using PV electricity (yellow) or battery electricity (blue). It can be seen 

that hydrogen production using direct PV electricity follows the solar energy profile during 

the day, with some additional hours of battery electricity afterwards. Part of the hydrogen 

produced during the day is kept in storage for supply during the absence of sunlight. 

Therefore, the PBES can deliver the hourly hydrogen demand throughout the year. The 

hydrogen storage performance for all scenarios is illustrated in Figure 4.9. It can be seen 

that the storage profiles for all scenarios are similar in that most surplus hydrogen is 

produced and stored during summer and released during winter.  
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Figure 4.8. Hourly hydrogen supply performance during a 3-days operation in winter for all 
hydrogen demand scenarios 
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Figure 4.9. Hydrogen storage profiles for all hydrogen demand scenarios 
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generate electricity, a lithium-ion battery to temporarily store PV electricity, an alkaline 

water electrolyser to produce hydrogen, a reciprocating compressor to compress the 

hydrogen to 80 barg, and large-scale hydrogen gas storage to maintain the flow rate of 

hydrogen gas injection. Hourly PV electricity output was simulated using the European 

Union Photovoltaic Geographical Information System (EU-PVGIS). The levelised cost of 

hydrogen production (LCOHP) and hydrogen blending demand are used as the key 

parameters to optimise the size of PBES through equipment sizing. The hydrogen 

blending demand at the Greenstream subsea natural gas transmission pipeline are 

evaluated for four hydrogen volume fractions of 5%, 10%, 15%, and 20%. 

 

Results show the selection of PV, electrolyser and battery sizes can significantly impact 

the techno-economic performances of PBES, as indicated by LCOHP. Therefore, the 

equipment of PBES are sized through iterative calculation of LCOHP for different 

combination of equipment sizes. The optimum equipment sizes of PBES are selected at 

minimum LCOHP. The LCOHP and hydrogen production capacity from optimum system 

to meet the 5% to 20% hydrogen blending demand are in the range of 2.28 to 2.56 €/kg 

and 25 to 106 kilotonnes per year, respectively. The large capacity of this system and 

the use of expected future technology parameters for the PBES result in the significant 

reduction of LCOHP. The PBES requires the large hydrogen storage capacities between 

1 and 6 kilotonnes. The large sizes of hydrogen storage in this study are due to most of 

the storable hydrogen is produced in summer to meet the annual demand for hydrogen 

blending.  

 

Future studies can explore the hydrogen production using a concentrated solar power 

(CSP). An alternative mechanism to store hydrogen at a substantial capacity like 20% 

hydrogen blending demand for long-distance natural gas transmission is necessary to 

investigate. The compressed hydrogen gas storage at salt caverns, depleted natural gas 
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reservoirs, hydrogen liquefaction, methanol, ammonia, and liquid organic hydrogen 

carriers (LOHC) are the potential options to be evaluated and compared with the current 

study. The integration of PBES and hydrogen-fuelled vehicles for local use have the 

potential to be studied. 

 

4.6. Final remarks 

This chapter presents the results of techno-economic modelling of hydrogen production 

from PV electricity. The LCOH (€/kg) and hydrogen demand are used as the key 

parameters to size the PBES equipment. PV electricity is simulated for calculating the 

capacity factor of PV arrays. The capacity factor is then used for calculating PV electricity 

from different PV sizes. The impact of various sizes on PV arrays, electrolyser, battery, 

and storage are also discussed in this chapter. 

In Chapter 5, hydrogen production is modelled for various energy demands in a remote 

island community. Multiple scenarios are investigated to source the hydrogen for 

decarbonising the local energy system.   
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5. Chapter 5. Hydrogen Production from 

Wind/Grid Electricity for Heating & 

Transport in a Remote Community    

 

 

 

 

 

 

5.1. Overview 

This chapter presents the results of techno-economic modelling of hydrogen production 

using curtailed and exportable wind electricity on- or off-island as well as using grid 

electricity. Valentia Island, in County Kerry, in the southwest of Ireland, is selected as a 

suitably remote location for a case study. The hydrogen production scenarios are (1) at 

a nearby wind farm with transportation to Valentia Island, (2) at a hypothetical wind farm 

located on Valentia Island, and (3) at the electrical substation on Valentia Island. The 

electrolyser is modelled to operate for three different modes: curtailed wind, available 

wind, and full capacity. The energy demands to be met by hydrogen include process 

heating in a factory, space heating for a large public and a large private building, and 

transport fuel for delivery vehicles, rural buses, and a small car ferry. Results show the 

hydrogen demand can be supplied from all three production scenarios. The LCOHP of 

green hydrogen from on-island wind farm would be 8 €/kg if the electrolyser operated at 

full capacity with current technology. In comparison, the hydrogen from grid electricity 
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results in the lowest production cost at 6 €/kg. However, it must be noted that the carbon 

intensity of this hydrogen is higher than green hydrogen. 

 

5.2. Introduction 

Energy Co-operatives Ireland, a co-operative renewable energy consultancy promoting 

community access to the benefits of renewable energy [150], is currently investigating 

the opportunities of using hydrogen as a zero-emission fuel for transportation and 

heating in remote communities in Ireland. Valentia Island is located in County Kerry, in 

the southwest of Ireland. The island has an area of 26 km2 and a population of 657 

inhabitants, according to the 2016 census. In 2019, Valentia Island residents and 

businesses consumed 143,590 litres of liquid fuels for transportation. This breaks down 

as 50% diesel for passenger vehicles and holiday homes, 39% diesel for a ferry to the 

mainland, 5% petrol for passenger vehicles, 4% diesel for road freight vehicles, and 2% 

diesel for buses [151].  

 

Valentia Island has a strong potential to generate electricity from wind power. The wind 

speed at 20 m is in the range of 7 to 13 m/s and 8.5 to 9 m/s for on-shore and off-shore, 

respectively [151]. It is connected the mainland by a road bridge and a car ferry. Six 

onshore wind farms within 150 km of Valentia Island supply electricity to the grid. The 

curtailed electricity from these nearby wind farms has the potential to be the electricity 

source for hydrogen production.  

 

The objectives of this chapter are (1) to design the system and scenarios of hydrogen 

supply to Valentia Island, and (2) to model the capacity and costs of hydrogen production 

and transportation to Valentia Island. The following section covers the methodology, 

including the description of the system and scenarios, energy demand, and techno-
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economic modelling of hydrogen production and transportation. Finally, the results and 

discussion section presents the optimum electrolyser sizes, capacities, and costs of 

hydrogen production and transportation.   

5.3. Methodology 

5.3.1. System and scenario description 

Seven scenarios are developed to meet the energy demand in Valentia Island. The 

hydrogen can be produced (1) at existing nearby onshore wind farms and transport to 

Valentia Island, (2) at a hypothetical wind farm located on Valentia Island, or (3) at the 

electrical substation on Valentia Island. This study investigates the potential of producing 

hydrogen using (I) curtailed wind electricity only, (II) available wind, comprising both 

curtailed and exportable electricity, and (III) full capacity operation using grid electricity 

to supply any electrolyser electrical demand unmet by II. The scenarios are summarised 

in Table 5.1.  

 

Table 5.1. Scenario description for hydrogen supply in Valentia Island 

Scenario Electricity source for the electrolyser 

Number Supply 

location 

Electricity source Curtailed 

wind  

Exportable 

wind 

Grid 

supplied 

1A 

Off-island 
Nearby  

wind farms 

✓ - - 

1B ✓ ✓ - 

1C ✓ ✓ ✓ 

2A 

On-island 

Hypothetical 

wind farm 

✓ - - 

2B ✓ ✓ - 

2C ✓ ✓ ✓ 

3 
Without wind 

farm 
- - ✓ 
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5.3.2. Energy demands replaced by hydrogen 

The energy demand potentially supplied by hydrogen in Valentia Island has been 

investigated by Energy Co-operatives Ireland. The equivalent energy demand is 

calculated based on the lower heating value of hydrogen (LHVH2), as shown in Table 5.2. 

The heating demand includes process heating at a plastics factory, and space heating 

at large public and private buildings. The electrification of heating in Valentia Island is 

not included because the electricity grid is relatively underdeveloped, and the buildings 

have poor thermal insulation, which might lead to high retrofit costs for heat pumps [151]. 

The hydrogen produced from wind energy can potentially replace heating oil that 

supplies current heating demand. Therefore, the replacement of heating fuel with 

renewable hydrogen is a long-term opportunity included in this study [151]. Additionally, 

fuel demand covers 5 delivery vans, 3 single-decker buses, and a ferry to transport 

passengers and cars to and from the island. The energy demand for transportation are 

calculated using utilisation rate and fuel economy of hydrogen vehicles in Valentia Island 

as reported in [151].  

 

Table 5.2. Energy demand for heating and transportation in Valentia Island 

Energy demand 
Energy demand 

(MWh/year) 

Assumption 

(kWh/kg) 

Hydrogen demand 

(tonnes/year) 

Heating 

Factory  533 

LHVH
2
 = 

33.33 

16 

Large public building 33 1 

Large private building 156 5 

Transportation 

Delivery vehicle 69 2 

Buses 30 1 

Ferry 58 2 

Total 879  26 
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5.3.3. Hydrogen production and transportation 

The levelised cost of hydrogen production and transportation (LCOHT) for off-island 

supply (in scenario 1A, 1B, and 1C) is calculated using Equation (3.2). Where hydrogen 

is supplied on-island (in scenario 2A, 2B, 2C, and 3), the levelised cost of hydrogen 

production (LCOHP) is calculated using Equation (3.3). Hydrogen capacities for all 

scenarios are calculated using Equation (3.37). These Equations are presented 

previously in Chapter 3.  

 

This study uses the techno-economic parameters listed in Table 3.1 and Table 3.2, also 

shown in Chapter 3. The Closest Facility algorithm is also used to identify the shortest 

route from nearby wind farms to Valentia Island for scenarios 1A, 1B and 1C. The 

average hourly wind capacity factor is obtained from the Eirgrid report [19] for average 

wind farms in Ireland and used to estimate the hourly wind power for hypothetical wind 

farms. The required hypothetical wind farm (PWF) to operate the electrolyser in scenarios 

2A, 2B, and 2C can be calculated using Equation (5.1), where EH2, tWE, and λWF are the 

hydrogen energy demand, maximum possible operational time of electrolyser (8,760 

hours in a year), and wind farm capacity factor (typically 30%), respectively. Finally, the 

required electrolyser size in scenario 3 can be estimated using Equation (5.2). The 

efficiency of the electrolyser (WE) is assumed at 61% for PEM in 2020 [17]. 

 

H2
WF

WE WF

E
P

t 
=  

(5.1) 

H2
WE WE

WE

E
P

t
=  

(5.2) 
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5.4. Results and discussion  

5.4.1. Off-island hydrogen supply  

The hydrogen production capacity and LCOHT for scenario 1A, 1B and 1C are given in 

Figure 5.1, Figure 5.2, and Figure 5.3, respectively. It can be seen that the hydrogen 

production capacities vary from 4 to 31 tonnes per year in scenario 1A. By adding the 

exportable wind electricity to the electrolyser in scenario 1B, the hydrogen production 

capacity can reach 10 to 74 tonnes per year with lower LCOHT than scenario 1A. The 

largest production capacity and minimum LCOHT can be achieved in scenario 1C, where 

the productivity of the electrolyser is maximised. In summary, the delivered hydrogen 

costs (LCOHT) for scenario 1A, 1B, and 1C are in the range of 17.83 to 19.50 €/kg, 8.58 

to 9.13 €/kg, and 6.95 to 7.26 €/kg, respectively. Where the hydrogen production 

capacities for scenario 1A are between 4 and 31 tonnes per year, for scenario 1B are 

between 10 and 74 tonnes per year, and for scenario 1C are between 14 and 96 tonnes 

per year. 

 

 
Figure 5.1. a) Hydrogen production capacities and b) hydrogen production and transportation 

costs for curtailed wind operation of off-island (scenario 1A) 
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Figure 5.2. a) Hydrogen production capacities and b) hydrogen production and transportation 

costs for available wind operation of off-island (scenario 1B) 

 
Figure 5.3. a) Hydrogen production capacities and b) hydrogen production and transportation 

costs for full capacity operation of off-island (scenario 1C) 

 

However, hydrogen production capacity from a single electrolyser located at a nearby 

wind farm is not sufficient to meet the overall energy demand. Thus, multiple hydrogen 

supplies might be required depending on the production scenario, as illustrated in Figure 

5.4. Therefore, the increase in LCOHT reflects the additional hydrogen supply from 

different wind farm and the consequence on the longer distance of the additional wind 

farm, as shown in Figure 5.5. The results show that higher hydrogen production 

capacities result in lower LCOHT. But on the other hand, additional buyers must be found 

for the excess hydrogen. 
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Figure 5.4. Hydrogen production capacity, compared to total energy demand 

 

 

Figure 5.5. Hydrogen production and transportation cost to meet the total energy demand 
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5.4.2. On-island hydrogen supply 

The hydrogen can also be supplied from a hypothetical wind farm in Valentia Island. 

Since no wind farm exists on the island, this study calculates the required size of the 

wind farm theoretically. A large wind farm is needed in scenario 2A due to requirement 

to produce hydrogen from curtailed wind electricity only. The required wind farm and 

electrolyser sizes in scenario 2B are smaller because the electrolyser operates with the 

available wind electricity. Lower LCOHP is also achieved when the electrolyser operates 

at the maximum capacity factor with the support of grid electricity in scenario 2C.  

This study also investigates the opportunity on producing hydrogen by using only grid 

electricity in scenario 3. It shows that the lowest LCOHP can be achieved in scenario 3 

with LCOHP of 6 €/kg. Therefore, the carbon intensity on the hydrogen from scenario 3 

will only be as green as the grid electricity used in Valentia Island. The summary of 

results for all scenarios can also be found in Table 5.3. 

Table 5.3. The optimum electrolyser sizes and LCOH for hydrogen supply in Valentia Island 

Scenario Parameters 

Number Supply 

location 

Energy 

source 

Electrolyser 

Size (kW) 

Wind farm 

(MWe) 

LCOH 

(€/kg) 

1A 

Off-

island 

Nearby  

wind farms 

260 - 575 2 - 15 LCOHT = 17.83 – 19.50 

1B 260 - 575 2 - 15 LCOHT = 8.58 – 9.13 

1C 260 - 575 2 - 15 LCOHT = 6.95 – 7.26 

2A 

On-

island 

Hypothetical 

wind farm 

2,459 66 LCOHP = 12.98 

2B 1,026 4 LCOHP = 8.42 

2C 1,026 4 LCOHP = 8.19 

3 
Without wind 

farm 
821 - LCOHP = 6.31 
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5.5. Conclusions 

A techno-economic model of hydrogen production using wind or grid electricity for a 

remote community is presented in this chapter. Valentia Island is selected as the location 

for a case study. The hydrogen can be produced (1) at existing nearby wind farms and 

transported to Valentia Island, (2) at a hypothetical wind farm located on Valentia Island, 

or (3) at the electrical substation on Valentia Island. This study investigates the potential 

of producing hydrogen solely using (I) curtailed wind electricity, (II) available wind 

electricity, comprising both curtailed and exportable electricity, and (III) full capacity 

operation by using grid electricity to fill the remaining required electricity for the 

electrolyser. The heating demand includes process heating at a plastics factory, and 

space heating at large public and private buildings. Additionally, fuel demand covers 5 

delivery vans, 3 single-decker buses, and a ferry to transport passengers and cars to 

and from the island. 

 

Results show the hydrogen can be supplied from both off- or on-island to meet the 

hydrogen demand. The LCOHP of green hydrogen from off-island wind farm would be 7 

€/kg if the electrolyser operated at full capacity with current technology. Besides building 

a dedicated wind turbine on the island, the wind electricity also can be sourced from 

nearby wind farms located 50-150 km away from Valentia Island. In comparison, 

hydrogen from a grid-connected electrolyser results in the cheapest production cost at 6 

€/kg. However, it must be noted that the carbon intensity of this hydrogen is greater than 

for green hydrogen. It is clear that for small capacity, the use of current technology results 

in relatively high hydrogen production costs. However, subsidies on the capital 

investment of electrolysers, incentives on the wind-based hydrogen fuel for heating and 

transport, and greater hydrogen demand might eventually reduce the costs of producing 

hydrogen. Plans are underway in Valentia to support the development of a very large 
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offshore wind farm that would be used to produce hydrogen at scale. The cost of the 

small amount hydrogen required for Valentia Island would be much lower in this case. 

 

For future work, the costs of providing heat using a hydrogen boiler can be included in 

the model and compared with conventional technologies (€/MWh). In the transport 

sector, the costs of dispensing hydrogen (€/kg) via a hydrogen refuelling station (HRS) 

and hydrogen vehicle ownership (€/km) can be investigated. In addition to the wind, solar 

electricity can potentially be generated via a floating PV located nearby the island to 

produce hydrogen. 

 

5.6. Final remarks 

This chapter presents the performances of techno-economic modelling on hydrogen 

production from wind or grid electricity and transportation via tube trailers to meet energy 

demand on a remote island. In Chapter 6, hydrogen dispensing is also modelled and 

integrated into the developed techno-economic model. Public city bus networks on the 

island of Ireland are used as a case study. 
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6. Chapter 6. Hydrogen Production from 

Wind and Solar Electricity for City Bus 

Networks 

 

 

 

 

 

6.1. Overview 

This chapter presents techno-economic modelling results of a nationwide hydrogen fuel 

supply chain (HFSC) that includes renewable hydrogen production, transportation, and 

dispensing systems for fuel cell electric buses (FCEBs) in Ireland. Hydrogen is generated 

by electrolysers located at each existing Irish wind farm using curtailed or available wind 

electricity. Additional electricity is supplied by on-site photovoltaic (PV) arrays and stored 

using lithium-ion batteries. At each wind farm, sizing of the electrolyser, PV array and 

battery is optimised system design to obtain the minimum levelised cost of hydrogen 

(LCOH). Results show the average electrolyser capacity factor is 64% after the integration 

of wind farm-based electrolysers with PV arrays and batteries. A location-allocation 

algorithm in a geographic information system (GIS) environment optimises the overall 

hydrogen supply chain from each wind farm to a hypothetical hydrogen refuelling station 

in the nearest city. Results show that hydrogen produced, transported, and dispensed 

using this system can meet the entire current bus fuel demand for all the studied cities, at 

a potential LCOH of 5 to 10 €/kg by using available wind electricity. At this LCOH, the future 

operational cost of FCEBs in Belfast, Cork and Dublin can be competitive with public buses 
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fuelled by diesel, especially under carbon taxes more reflective of the environmental 

impact of fossil fuels.  

 

6.2. Introduction 

In 2018, wind supplied nearly 30% of electricity demand on the island of Ireland (Northern 

Ireland [NI] and the Republic of Ireland [ROI]). As a consequence, at least 6% of available 

wind energy was lost to curtailment [19]. Irish government policy is to double the 2020 wind 

installed capacity by 2030 [94]. It is projected that Ireland will still experience curtailment 

of at least 6% over the next decade [93]. This creates an even higher volume of curtailment 

(in MWh) as a result of higher installed capacity. This wasted electricity can potentially be 

stored in the form of hydrogen gas that is produced through the water electrolysis 

process. As an energy carrier, in parallel to exported electricity to the grid, hydrogen can 

store and carry the energy to other end uses, thereby enabling sector integration.  

 

Ireland is the third-largest greenhouse gas emission contributor per capita in the 

European Union [152]. Almost 40% of total energy-related emissions in Ireland are from 

the transport sector [153]. In Europe as a whole, more than a quarter of transport 

emissions are from heavy duty trucks and buses [154]. This has encouraged one-third 

of the 94 countries represented in C40, a consortium of the mayors of the world’s 

megacities, to ban diesel buses and pledge to operate zero-emission buses from 2025 

[155], [156]. Fuel cell electric buses (FCEB) are one technology that could help to meet 

this challenge. They have refuelling times similar to those of diesel buses at 10 minutes, 

compared to 3-5 hours for all-electric buses [157], [158]. At least 90 FCEBs were in 

operation across European cities in 2018, with an additional 100 buses planned [159]. 

Foshan city in China also planned to operate at least 300 hydrogen buses from 2018 [160]. 
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According to the International Energy Agency, China operates more than 5,300 FCEBs in 

2021 [161]. 

 

If the hydrogen is produced via electrolysis powered by surplus renewable electricity, this 

presents an opportunity for hydrogen to (1) maximise wind energy outputs, (2) be a reliable 

carrier of renewable energy in parallel with the existing electricity grid, (3) enable sector 

coupling between power and transport, and eventually (4) decarbonise public city buses 

with zero-carbon fuel. 

 

Most of the cited hydrogen production modelling studies calculate the optimum size of 

equipment based on generated power from weather data such as wind speed and 

irradiance. The sizing of the production system in the current study uses historical data 

of curtailed and available wind power as modelled by Gunawan et al. [143] and integrates 

it with the potential of solar power for each wind farm location in Ireland. The sizing of 

HRSs uses the theoretical hydrogen capacity equivalent to energy demand for the 

current number of public buses operated by the cities in Ireland. These cities account for 

more than two million people, or nearly 35% of the population on the island of Ireland in 

2017 [162], [163]. 

 

The objectives of this chapter are (1) to model the hydrogen fuel supply chain (HFSC) that 

consists of WPBES, hydrogen transportation and HRS, (2) to analyse the techno-

economic performance of the model by using current and future parameters, (3) to 

evaluate the operation and capacity of WPBES, and (4) to calculate the cost of dispensed 

hydrogen fuel at sized HRSs in major cities in Ireland. Hydrogen production, transportation, 

dispensing, and overall model solution algorithm are described in the following section. 

The results and discussion section covers hydrogen production from optimum equipment 

size, fuel supply network and transportation, and hydrogen dispensing and bus operational 
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cost. The overall findings of the work and impacts on transportation decarbonisation are 

presented in the conclusions section. 

 

6.3. Methodology 

6.3.1. Overall system design and operation scenarios 

The HFSC is divided into three main subsystems for (1) production, (2) transportation and 

(3) dispensing. The production subsystem is a WPBES that consists of PV array, energy 

management system (EMU), battery, electrolyser, compressor, and hydrogen storage that 

is situated at every wind farm on the island of Ireland. Since this work uses already 

operational wind farms, they are not included within the subsystem boundary. Hydrogen 

is produced through water electrolysis in a PEM electrolyser. Due to the low occurrence of 

wind curtailment over some periods of time, solar electricity from the PV array is added to 

improve the electrolyser capacity factor (λWE). λWE is calculated from the energy sources to 

run an electrolyser of size (PWE) in kWe. These sources include curtailed wind (ECW), 

exportable wind (EEW), PV (EPV), electric battery (EEB), as shown in Equation (6.1). The 

maximum possible operational time of the electrolyser (tWE) is 8,760 hours, i.e. the 

number of hours in a year. An EMU converts wind energy from AC to DC and controls the 

energy flow from wind energy, solar energy and battery energy to the electrolyser and 

compressor as illustrated in Figure 6.1. To evaluate the impact of the PV array and battery 

on electrolyser productivity, the electrolyser operation is evaluated in eight scenarios as 

shown in Table 6.1. The techno-economic submodel of the WPBES and its sizing are 

described in the subsection of hydrogen production. In all scenarios, after the hydrogen is 

produced by the electrolyser, it is compressed to 300 barg and temporarily stored in steel 

storage cylinders. 
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CW EW PV EB
WE

WE WE

E E E E

t P


+ + +
=


 (6.1) 

 

Table 6.1. The operational scenarios of the electrolyser 

 

Scenario 

 

Name 

Energy source for electrolyser 

Wind farm 
PV 

array 
Battery Curtailed 

electricity 

Exportable 

electricity 

1 Curtailed wind operation ✓     

2 
Curtailed wind assisted by battery 

operation 
✓    ✓  

3 
Curtailed wind assisted by PV 

array operation 
✓   ✓   

4 
Curtailed wind assisted by PV 

array and battery operation 
✓   ✓  ✓  

5 Available wind operation ✓  ✓    

6 
Available wind assisted by battery 

operation 
✓  ✓   ✓  

7 
Available wind assisted by PV 

array operation 
✓  ✓  ✓   

8 
Available wind assisted by PV 

array and battery operation 
✓  ✓  ✓  ✓  

 

The second subsystem is hydrogen transportation via tube trailer hauled by diesel truck 

to a hypothetical bus refuelling station in the city nearest to the wind farm at which the 

WPBES is situated. Details on this submodel are given in the subsection of hydrogen 

transportation. 

 

In the hydrogen dispensing subsystem, compressed hydrogen is transferred to a 300-barg 

storage tank connected to a booster compressor to meet the typical delivery pressure of 

350 barg and temperature of 15 °C for FCEBs [164], [165]. The techno-economic 

parameters of the subsystem are further explained in the hydrogen dispensing 

subsection. 
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The techno-economic performance of the whole system and its subsystems are 

evaluated by calculating levelised cost of hydrogen (LCOH). The total LCOH of fuel 

delivered by the HFSC (LCOHF) is the sum of LCOH production (LCOHP), transportation 

(LCOHT) and dispensing (LCOHD) as shown in Equation (6.2). The whole system lifetime 

(τ) and discount rate (r) in the model are 20 years and 6%, respectively [104]. Three 

electricity prices are used in this study, (1) 4 euro cent per kilowatt hour (c/kWh) for 

curtailed electricity [110], (2) 8 c/kWh to purchase exportable wind and sell surplus solar 

electricity [111] and (3) 10 c/kWh for grid electricity to operate the HRS [110]. 

 

F P T DLCOH LCOH LCOH LCOH= + +  (6.2) 

 

 

Figure 6.1. The whole hydrogen system for producing, transporting, and dispensing hydrogen 
fuel.  
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6.3.2. Hydrogen production 

In the WPBES, LCOHP accounts for the discounted total present values of capital 

investment, operation and maintenance costs per discounted total mass of hydrogen 

produced, as expressed in Equation (4.2).  
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(6.3) 

 

 

The capital investment (CCAPEX, HP) and operation and maintenance costs of hydrogen 

production (COPEX, HP) are calculated by using Equation (6.4) and Equation (6.5), 

respectively. The techno-economic parameters for each piece of equipment are listed in 

Table 6.2. Installation and engineering costs are set to 20% and 15% of total capital costs 

of electrolyser and compressor, respectively [98]. Capital costs for electrolyser and 

batteries are assumed to decrease by 50% and 60% in 2030, respectively [104] [27]. 

 

,, , , , ,EC P EMU ICS HP ENG HP PCAPEX HP WE H S OP HV H HC CC CC CC C++ ++ += +  (6.4) 

, ,  , , , , ,  OPEX HP OM WE OM EC HP OM SV HP SR E H OL P H2C C C C C C C= + + + + +  (6.5) 

 

Hourly wind power data for 74 Irish wind farms larger than 10 MWe in 2017 are obtained 

from the Single Electricity Market Operator website (www.lg.sem-o.com). Using this data, 

curtailed (PCW) and exportable power (PEW) are calculated using the method described by 

Gunawan et al. [143]. Hypothetical hourly PV outputs (PPV) at each wind farm location 

are simulated at www.renewables.ninja. This tool was developed by Pfenninger et al. 

[166] using the meteorological dataset of Modern-Era Retrospective analysis for 



Hydrogen Production from Wind and Solar Electricity for Public City Bus 

105 
 

Research and Applications 2 (MERRA-2) for 2017. The coordinates of the wind farms 

are required in the simulation and obtained from Sustainable Energy Authority of Ireland 

(SEAI) [167]. Different PV array capacities at intervals of 0.5 MWe are modelled at each 

wind farm. PV system losses of 10% from cable, connection and environmental 

conditions, tilt angle of 35°, azimuth of 180°, and no tracking system are assumed. In the 

selection of battery technology, Papadopoulos et al. finds Lithium Nickel Manganese 

Cobalt Oxide (Lithium NMC) is better than Vanadium Redox Flow (VRF) for integration 

with wind and solar power [33]. Lithium NMC has higher charge and discharge rates (C-

rate) and efficiency compared to VRF. Hence, Lithium NMC is able to provide larger 

energy than VRF in the same period of time and capacity. Detailed parameters for the 

battery and other equipment are listed in Table 6.2. The annual hydrogen production is 

calculated from the input energy to the electrolyser and its specific energy consumption as 

expressed in Equation (6.6) [143]. 

 

,
E

H2 HP
W

WE

M
E


=  (6.6) 

 

The next process is to calculate LCOHP using these data with a techno-economic model 

for each scenario. To size the equipment in a WPBES, the cost of EMU, compressor and 

storage are functions of electrolyser size [143]. LCOHP is calculated using Equation (6.3) 

iteratively at different equipment sizes as listed in Table 6.3. The optimum equipment 

sizes for each scenario are determined at the minimum LCOHP. The optimum operation 

scenario of WPBES is selected at maximum hydrogen capacity. 
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Table 6.2. Techno-economic parameters of hydrogen production at wind-photovoltaic-battery-
electrolyser system (WPBES) 

Parameters, 

Symbol 

Value/ Unit/ Reference 

Equipment Water Electrolyser (WE) Electric Compressor (EC, HP) 

Technology Proton exchange membrane Reciprocating 

Sp. energy cons., µ 55 kWh/kg [115] 1.7 kWh/kg [115] 

Lifetime, τ 20 (system),  

5 (stack) 

years [31] 10  years [115] 

Efficiency, η 61% (LHVH2) [115] 73% (isentropic) [46] 

Outlet pressure, p 60 barg [115] 300 barg [141] 

CAPEX, CCAPEX 2498 x PWE 
0.925 € [98] 4948 x PWE 0.66 € [98] 

OPEX, COPEX 0.2011 PWE -0.23 x 

CCAPEX,WE 

€ [115] 2% of CCAPEX [115] 

Other cost, COH, HP 1.5652 PWE -0.154 x 

CCAPEX,WE 

€ [98]    

Equipment Photovoltaic (PV) Energy management unit (EMU) 

Technology Polycrystalline silicon Converter and controller 

Lifetime, τ 30 years [42] 15 years [42] 

Efficiency, η 90%  [166] 90%  [42] 

Capacity factor, λ 10 to 13%  [166]    

CAPEX, CCAPEX 1400 x PPV  € [27] 10% x (CWE + 

CEC)  

€ [98] 

OPEX, COPEX 1.5% of CCAPEX [27]    

Equipment Electric Battery (EB) Storage Vessel (SV, HP) 

Technology Lithium Nickel Manganese Cobalt Oxide Steel cylinder 

Lifetime, τ 20 years [33] 20 years [98] 

Efficiency, η 90% (round) [27] -   

DoD 100%  [33] -   

C-rate 1C  [33] -   

CAPEX, CCAPEX 115 x EEB € [27] 470 x mH2 x 12 € [98] 

OPEX, COPEX Not considered  [27] 2% of CCAPEX [98] 
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Table 6.3. The range of equipment sizes used to calculate LCOHP 
 

Scenario 

The range of equipment sizes 

Electrolyser 

(MWe) 

PV array 

(MWe) 

Battery 

(MWh) 

1 0.01 to 20   

2 0.01 to 20  1 to 20 

3 0.01 to 20 0.5 to 20  

4 0.01 to 20 0.5 to 20 1 to 20 

5 0.01 to 20   

6 0.01 to 20  1 to 20 

7 0.01 to 20 0.5 to 20  

8 0.01 to 20 0.5 to 20 1 to 20 

 

6.3.3. Hydrogen transportation 

Hydrogen produced by WPBESs is transported to HRSs in the six main cities across the 

island of Ireland; Belfast in NI, and Cork, Dublin, Galway, Limerick, and Waterford in the 

ROI. The cost of hydrogen transportation, LCOHT, is calculated using Equation (6.7). 
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(6.7) 

 

The operation and maintenance costs (COPEX,HT) of hydrogen transportation is calculated 

using Equation (6.8). The capital cost of tube trailer (CCAPEX,HT) and other techno-

economic parameters of hydrogen transportation can be seen in Table 6.4.  
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Table 6.4. Techno-economic parameters of hydrogen transportation via tube trailer 
Parameters Symbol Value Unit Ref. 

Capacity ṁTT 500  kg [125] 

Pressure pTT 300  barg [125] 

Fuel consumption αTT 1.77 kWh/km [129] 

CAPEX CCAPEX, HT 232,000 € [103] 

OPEX  ĊOPEX, TT 2.03 €/km [103] 

Retest cost CR, TT 30%xCTT € [98] 

 

This study uses the coordinates of (1) 312 existing onshore wind farms to locate 

WPBESs, (2) the road network, and (3) the six largest cities in Ireland as HRSs locations. 

Hydrogen at each HRS is supplied from multiple WPBESs. The distance (L) between 

WPBES and HRS is calculated using the Maximise Capacitated Coverage function [168], 

described below, of the location-allocation algorithm in geographic information system 

(GIS) to maximise hydrogen supply from WPBES and hydrogen demand at each HRS. 

The working principles of the algorithm are: (1) all hydrogen demand must be met, (2) 

each WPBES selects the most suitable HRS to supply, provided that the most of the 

WPBES capacity can be delivered without exceeding the selected HRS capacity, and 

(3) if both criteria are met by several WPBESs, the WPBES closest to the HRS is 

selected. 

 

6.3.4. Hydrogen dispensing 

In Ireland, there are three operators of publicly-owned bus networks (1) Dublin Bus in 

greater Dublin, (2) Translink in NI, and (3) Bus Éireann in the ROI outside Dublin. The 

number of operational public buses in each city (NDB) are listed in Table 6.5. It is assumed 

that all the public bus fleets are equally distributed among the number of bus depots 

(NBD) in each city. In this model, HRSs are considered to be built at each bus depot to 

dispense the hydrogen fuel to FCEBs. The current capacity of operational HRSs in the 
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world ranges from 100 to 1,000 kg/day, which is sufficient to fuel 4 to 40 buses per day. 

Higher capacity is expected in future following the growth of the hydrogen market [169]. 

 

Table 6.5. Number of the operational public city bus network in Ireland in 2018  
 

City 

City bus network  

NDB (Unit) NBD (Depot) Ref. 

Dublin 1,011 7 [170] 

Cork 130 1 [170] 

Limerick 40 1 [170] 

Galway 44 1 [170] 

Waterford 17 1 [170] 

Belfast 296 2 [171] 

 

As evaluated by Carr et al. [172], one of the essential parameters to optimise hydrogen 

dispensing cost is the number of vehicles refuelled per day, therefore providing the 

hydrogen demand. At high hydrogen demand, the study finds the electrolyser can be 

operated more frequently at low electricity price periods. Hydrogen demand is calculated 

by using the bus operational parameters listed in Table 6.6. FCEBs and diesel buses are 

determined to have the same utilisation rate and operation time. As the detailed 

information of current bus types of single- and double-decker is not available, all buses 

are assumed to be double-decker buses to evaluate maximum hydrogen demand of 

each HRS. The operation time of each bus (OT) is limited to 358 days per year, to account 

for public holidays and maintenance. The hypothetical number of FCEBs in each city is 

set equal to the number of operational diesel buses. The number of HRSs in each city is 

set equal to NBD. 

 

In the calculation of hydrogen dispensing cost at each HRS, LCOHD represents the 

discounted total present value of the capital investment, operation, and maintenance 

costs per discounted total mass of hydrogen dispensed at the HRS as shown in Equation 

(6.9). 



Chapter 6 

110 
 

 

( )

( )

, ,

0

,

0

1

1

WHS

WHS

T
CAPEX HD OPE

T

X HD

T

D T
H2 HD

T

T

C C

r
LCOH

M

r





=

=

=

=

+

=
+

+




 

(6.9) 

 

Table 6.6. Techno-economic parameters of a diesel bus and fuel cell electric bus in the 
evaluation 

 Diesel bus (DB) Hydrogen bus (FCEB) 

Technical parameters 

Fuel consumption, f 2  km/litre [158] 10 km/kg [173] 

Utilisation rate, OD 250  km/day/bus [158] 250 km/day/bus [158] 

Lifetime, τ 10 years [158] 10 years [174] 

Fuel cell power, P    150 kWe [175] 

Tank capacity, m    50 kg [164] 

Tank pressure, p    350 barg [164] 

Economic parameters 

CAPEX, C 250,000 €/unit [176] 400,000 €/unit [157] 

OPEX, Ċ 0.26 €/km [176] 0.40 €/km [175] 

Stack replacement, C - 60,000 €/ 3 years [157] 

 

The capital investment (CCAPEX,HT) and operation and maintenance costs (COPEX,HT) of each 

HRS are expressed in Equation (6.10) and Equation (6.11), respectively. The techno-

economic parameters of each component are listed in Table 6.7. The costs of installation, 

engineering and other systems are 40%, 15% and 50% of total installed equipment, 

respectively [46], [177]. Dispensers and compressors can have greater cost reduction 

potential; up to 60% of the current cost by 2030 [47]. 

 

, , , , ,, EC HD DU ICS HD ENG HD OT HDCAPEX HD SV HDC C CC CC C+ + + + +=  (6.10) 
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, , , , , , ,OPEX HD OM SV HD OM EC HD OM DU EL HDC C C C C+= + +  (6.11) 

A study by Grüger et al. [51] emphasizes the importance of demand profile to optimise 

the size of an HRS for FCEV. The current study uses the hourly demand profile of bus 

refuelling, as illustrated in Figure 6.2. Bus refuelling mostly occurs during the night as 

most of bus operational hours are during the day.  

 

 

Figure 6.2. The daily bus refuelling profile in Europe [178] 

 

The total number of dispensers at each HRS(NDU,HRS) is then calculated using Equation 

(6.12). This study considers two hoses attached to each dispenser. The total number of 

required hoses (NH) is calculated using Equation (6.13). 
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An inadequate number of hoses during peak hour is avoided using hose occupation 

fraction (HOF) that is set at 50% [47]. The flow rate of the hose is 2 kg per minute [85], 
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which is categorised as the normal fuelling rate in the SAE J2601/2 fuelling protocol for 

gaseous hydrogen powered heavy duty vehicles [179]. The total time of available hoses 

(HA) is calculated using HOF and the total time of occupied hoses (HO) as shown in 

Equation (6.14).  

 

O
A

H
H

HOF
=  (6.14) 

 

Equation (6.15) shows how HO is calculated from the average filling capacity of 25 kg per 

refuelling (ṁFP) [43], 12.5 minutes of the filling time (t’FP), 3 minutes of the lingering time 

between continuous FCEB fills (t’LP) [47], hydrogen daily demand per HRS (ṀH2,D), and 

peak hour fraction (XPH). Annual hydrogen capacity at each HRS is calculated using 

Equation (6.16).  
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The required size of the compressor (PEC) can be calculated using Equation (6.17). In 

this model, the compressibility factor (Z), specific heat ratio (k), specific heat of hydrogen 

(CpH2), gas constant (R) are 1.2, 1.41, 14.7 kJ/kg°K, and 8.314 J/°K⋅mol, respectively 

[180]. The compressor size is multiplied by operation time to obtain the required electrical 

energy.   
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Table 6.7. Techno-economic parameters of hydrogen dispensing at the hydrogen refuelling 
station (HRS)  

Parameters, symbol Value/ Unit/ Ref. 

Equipment Dispenser unit (DU) Electrical compressor (EC, HD) 

Technology Hydrogen dispenser Reciprocating 

Lifetime, τ 10 years [42] 10  years [115] 

Efficiency, η    73% (isentropic) [46] 

Stages, NSC    2 stages [47] 

Pressure, p 350 barg [177] 350 barg [47] 

Flow rate, m”H2 2 kg/min [85]    

Dispensing temp., KDU 233 K [177]    

CAPEX, CCAPEX 67,595 € [177] 17670 x PEC 0.6089 € [47] 

OPEX, COPEX 2%  of CCAPEX [46] 2% of CCAPEX [47] 

Equipment Storage vessel (SV, HD)    

Technology Steel vessel    

Lifetime, τ 20 years [98]    

Working pressure, p 300 barg [98]    

CAPEX, CCAPEX 470 x Ṁ H2  € [98]    

OPEX, COPEX 2% of CCAPEX [46]    

 

6.3.5. Overall algorithm 

The HFSC consists of hydrogen production, transportation and dispensing subsystems. 

LCOHF is used as the key parameter to evaluate the techno-economic performance of 

the HFSC. LCOHF is the summary of LCOHP, LCOHT, and LCOHD. In sizing equipment 

for the WPBES, the equipment costs are set to be the functions of the electrolyser size. 

LCOHP is iteratively calculated by using different sizes of electrolyser, photovoltaic and 

battery. The minimum LCOHP indicates the optimum equipment sizes, where the 

maximum hydrogen capacity means the optimum operation scenario. In the hydrogen 

transportation subsystem, a location-allocation algorithm in GIS is used to identify 
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suitable hydrogen distribution network as well as the distance between WPBES and 

HRS. In the hydrogen dispensing subsystem, the HRS is sized by hydrogen demand of 

FCEBs.  

 

 

Figure 6.3. Block diagram to calculate levelised cost of hydrogen fuel from hydrogen fuel supply 
chain (LCOHF) 

 

6.4. Results and discussion  

6.4.1. Hydrogen production from optimum equipment size 

Figure 6.4 shows the three-day operation scenarios of 3-MWe electrolyser at a sample 

Irish wind farm, the 15-MWe Tursillagh wind farm, which had 8,613 MWh of wind 

curtailment in 2017.Figure 6.4.b, 4.d, 4.f, and 4.h show the use of additional 3-MWh 

battery to capture the surplus renewable power limited by electrolyser size. Figure 6.4.c, 

4.d, 4.g, and 4.h show the additional 3.5-MWe PV improves the electrolyser productivity 

during the unavailable or low wind power. The total capacity factor for scenario 8 is 51%. 
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The total annual contribution of curtailed wind, exportable wind, PV and battery are 43%, 

36%, 16%, and 5%, respectively. The hourly cumulative energy from each source is 

depicted in Figure 6.5. 

 

Figure 6.6 shows the techno-economic results of all scenarios to operate a hydrogen 

production system at the same sample wind farm. As shown in Figure 6.6.a and Figure 

6.6.b, either by adding a 10-MWh battery to a 1.5-MWe electrolyser, or a 5-MWe PV array 

to a 2.5-MWe-electrolyser, minimum LCOHP reduces from 29 to 13-14 €/kg. As illustrated 

in Figure 6.6.c, a combination of a 6-MWh battery and 5.5-MWe PV array further 

decreases minimum LCOHP to 12 €/kg for a 2.5-MWe electrolyser. This occurs due to a 

higher electrolyser capacity factor of 45% for scenario 4, compared to 27-41% for 

scenarios 1-3. The capacity of hydrogen production for all scenarios are listed in Table 

6.8. Supplying the electrolyser with exportable wind energy further decreases the 

minimum LCOHP from 14 to 10 €/kg, due to the increase of hydrogen production from a 

more productive electrolyser. As shown in Figure 6.6.d and Figure 6.6.e, either by adding 

a 5-MWh battery, a 5-MWe PV array, or a combination of a 3-MWh battery and a 3.5-

MWe PV array to a 3-MWe-electrolyser, minimum LCOHP rises by less than 1 €/kg, but 

provides more hydrogen capacity.  

 

In curtailed wind operation, 65 tonnes of hydrogen is produced annually in scenario 1. 

This capacity increases by 20% in scenario 2. In scenario 3, the capacity is double 

compared to scenario 1. The combination of optimum battery and PV array sizes at 

scenario 4 results in larger capacity, which nearly triples the capacity of scenario 1. In 

available wind operation, the capacity of hydrogen in scenario 5 is 112 tonnes per year 

(t/y). This capacity increases by 62% in scenario 6. There is no significant difference 

between capacities in scenario 5 and 7. Scenario 8 has the largest hydrogen capacity of 

248 t/y. 
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Figure 6.4. Operational of the electrolyser for (a) scenario 1, (b) scenario 2, (c) scenario 3, (d) 
scenario 4, (e) scenario 5, (f) scenario 6, (g) scenario 7, and (h) scenario 8 at Tursillagh wind 

farm 

 

 

Figure 6.5. Cumulative energy profile to the electrolyser at Tursillagh wind farm in scenario 8 
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Figure 6.6. The impact of curtailed wind operation on LCOHP of (a, scenario 2) battery sizing, (b, 
scenario 3) PV array sizing, and (c, scenario 4) battery and PV array sizing. The impact of 

available wind operation on LCOHP of (d, scenario 6) battery sizing, (e, scenario 7) PV array 
sizing, and (f, scenario 8) battery and PV array sizing 

 

Table 6.8. Optimum equipment sizes for each scenario at Tursillagh wind farm  
 

Unit 

Operation scenario 

1 2 3 4 5 6 7 8 

LCOHP €/kg 14.16 13.99 12.47 12.32 10.17 10.53 10.20 10.47 

Electrolyser capacity factor  % 27% 33% 41% 45% 46% 45% 48% 51% 

Optimum electrolyser  MWe 1.5 1.5 2.0 2.5 1.5 2.5 1.5 3 

Optimum battery  MWh - 10 - 6 - 3 - 3 

Optimum photovoltaic  MWe - - 4 5.5 - - 0.5 3.5 

Hydrogen production  t/y 65 78 132 180 112 181 117 248 

 

The optimum equipment sizes of WPBESs that minimise LCOHP for all large (>10 MWe) 

wind farms in Ireland are shown in Figure 6.7. The ratio of optimum electrolyser capacity 

to wind farm capacity as a function of curtailment volume for curtailed and available wind 

operation are shown in Figure 6.7.a and Figure 6.7.d, respectively. The different 

capacities of batteries at curtailed and available wind operation are shown in Figure 6.7.b 
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and Figure 6.7.e, respectively. Since the output of the PV array depends on the 

WPBESs’ locations, the optimum PV size varies widely, as illustrated in Figure 6.7.c. 

However, WPBESs require smaller PV sizes when the system operates with available 

wind, as can be seen in Figure 6.7.f.  

 

The maximum, average and minimum capacity factor for all large wind farms are 73%, 

64% and 42%, respectively. The average of LCOHp for scenario 8 at all the WPBESs by 

using the current and future techno-economic parameters are 9 €/kg and 5 €/kg, 

respectively. 

 

 

Figure 6.7. The optimum sizes of equipment at curtailed wind operation (scenario 4) for large 
wind farms are shown by (a) ratio of PWE and PWF, (b) ratio of PEB and PWF, (c) ratio of PPV and 
PWF. The optimum sizes of equipment at available wind operation (scenario 8) for large wind 
farms are shown by (d) ratio of PWE and PWF, (e) ratio of PEB and PWF, (f) ratio of PPV and PWF. 
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6.4.2. Hydrogen transportation and supply network 

One tube trailer is used for a WPBES with average hydrogen production of less than 50 

kg/hour. While the tube trailer is in transit, on-site hydrogen storage can be used at the 

WPBES. This can reduce the LCOHT for small WPBESs. At least two tube trailers are 

used for WPBES with the capacities larger than 50 kg/hour. More tube trailers are 

necessary when the trip time is longer than the filling time. Trip time includes travel time 

between WPBES and HRS for round-trip and the assumption of two hours for discharge 

time and other extra time at the HRS. Figure 6.8 illustrates the three-day operation 

stages of 3 tube trailers operated at Golagh wind farm and its hydrogen filling level at 

each tube trailer. These tube trailers consecutively deliver hydrogen over 164 km to 

Belfast. By using an average truck speed of 50 km/hour [103], the trip time is around 9 

hours per tube trailer. 

 

Figure 6.8. The operation of tube trailers over time at sample WPBES 

 

Figure 6.9 shows the hydrogen supply network of distributed WPBESs to meet fuel 

demand for public bus networks in the six largest cities across Ireland. For clarity, the 

exact road routes of hydrogen transportation are not shown, but the straight lines indicate 

which WPBESs are allocated to each HRS. The total hydrogen demand of 13.7 

kilotonnes per year can be supplied by 130 WPBESs in curtailed wind operation, and 

104 WPBESs in available wind operation. The essential parameters in hydrogen 
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transport are the distance between WPBES and HRS, and daily transported hydrogen 

capacity, as illustrated in Figure 6.10. Shorter distance and more frequent daily hydrogen 

transportation reduces LCOHT. 

 

  

Figure 6.9. Hydrogen fuel supply chain: a) WPBES at curtailed wind operation, and (b) WPBES 
at available wind operation 

 

 

a) Curtailed 

wind   

b) Available 

wind 
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Figure 6.10. Distribution of hydrogen transportation capacity across all existing Irish onshore 
wind farms 

 

6.4.3. Hydrogen dispensing and bus operational cost 

Figure 6.11 shows the LCOHD of HRSs in Belfast, Cork, Dublin, Galway, Limerick, and 

Waterford. LCOHD varies from 2 to 4 €/kg. Based on the number of bus depots and 

operational public bus fleets in each major city, HRS capacity across Ireland range from 

500 to 4,500 kg/day. The larger hydrogen capacity of the HRS, the lower the unit cost to 

distribute hydrogen fuel for FCEBs. 

 

The LCOHF and decarbonisation potential can be seen in Figure 6.12. To decarbonise 

entire public bus fleets in the evaluated cities, LCOHF of curtailed operation are in the 

range of 11 to 22 €/kg using current techno-economic parameters (solid lines), and 7 to 

15 €/kg using future parameters (dashed lines), in Figure 6.12.a. When the WPBES also 

use exportable electricity in available wind operation, LCOHF for current and future 

parameters are 8 to 17 €/kg and 5 to 10 €/kg, respectively, as shown in Figure 6.12.b.  
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LCOHF represents the minimum evaluated cost of hydrogen under certain scenarios. 

Using this value, the comparison between operational costs of FCEBs and diesel buses 

is shown in Figure 6.13. The operational cost of diesel buses is shown for carbon taxes 

from 27 to 320 €/tonnes of CO2. The operational cost of public buses with current and 

future techno-economic parameters for curtailed and available wind operations are 

shown in Figure 6.13.a and Figure 6.13.b, respectively. The range of operational cost 

using curtailed wind operation and current parameters across evaluated cities is between 

3.4 and 3.7 €/km. When future parameters are considered, the operational cost 

decreases by 27%. When WPBES is operated by using available wind, the current 

average operational cost is 2.8 €/km or nearly 50% higher than current operational cost 

of diesel bus with carbon tax of 27 €/tonnes of CO2. In the future, operational cost of 

FCEBs fuelled by renewable hydrogen from WPBESs using available wind is 2% to 32% 

higher than diesel bus. 

 

 

Figure 6.11. Distribution of hydrogen dispensing capacities and costs across Irish cities 
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Figure 6.12. The potential percentage decarbonisation of public city bus fleets using (a) 
curtailed and (b) available wind operation using current (solid lines) and future (dashed lines) 

techno-economic parameters 
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Figure 6.13. Hydrogen bus operational costs (€/km) for each city using current and future 
techno-economic parameters under (a) curtailed and (b) available wind operation, compared to 

conventional diesel buses with various diesel carbon taxes  

 

6.5. Conclusions 

This chapter models a hydrogen fuel supply chain (HFSC) for the island of Ireland that 

consists of hydrogen production, transportation, and dispensing subsystems. The 

levelised cost of hydrogen fuel (LCOHF) of the HFSC is used to evaluate the techno-

economic performance of the system. LCOHF is the sum of levelised costs of hydrogen 

production (LCOHP), transportation (LCOHT), and dispensing (LCOHD). In the hydrogen 

production subsystem, LCOHP of the wind-photovoltaic-battery-electrolyser system 

(WPBES) is iteratively calculated at different sizes of electrolyser, photovoltaic array, and 

battery. The optimum equipment sizes are indicated by the minimum LCOHP. In the 
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hydrogen transportation subsystem, a location-allocation algorithm in a geographic 

information system (GIS) environment is applied to allocate hydrogen distribution from 

each WPBES to the most suitable HRS. In the hydrogen dispensing subsystem, 

hydrogen refuelling stations (HRS) are sized by hydrogen demand of fuel cell electric 

buses (FCEBs) in the major cities of Belfast, Cork, Dublin, Galway, Limerick, and 

Waterford. By using LCOHF, operational costs of hydrogen-fuelled public buses 

throughout the largest Irish cities are evaluated and compared to existing diesel-fuelled 

buses.  

  

Results show the addition of lithium-ion batteries and PV arrays can produce 100% green 

hydrogen at the average LCOHF of 15 €/kg for the available wind operation. The 

integration of wind electricity with solar electricity and battery usage increases the 

productivity of the electrolyser, compared to using only wind electricity. PV outputs 

improve power input to electrolyser in the absence of wind electricity. Batteries optimise 

the overall performance due to its flexibility to store PV outputs and the surplus of 

curtailed wind when WPBES is limited by electrolyser size. If future techno-economic 

parameters are considered, the LCOHF even reduces to the range of 5 and 10 €/kg for 

the available wind operation. By using the available wind operation, the bus operational 

cost parity between diesel and hydrogen fuelled city buses can be achieved by 2030 in 

Dublin. The hydrogen fuel demand of public bus networks in all evaluated cities can be 

met by hydrogen produced using curtailed or available electricity produced at Irish wind 

farms. However, with current techno-economic parameters, the hydrogen produced by 

WPBES operated with curtailed or available wind is not yet competitive with existing 

diesel-fuelled bus fleets. The competitiveness of renewable hydrogen from WPBES 

improves with forecast improvements in the techno-economics parameters of key pieces 

of equipment. Therefore, more supportive policies, incentives, and projects are 

necessary to stimulate further research to reduce capital and operating costs of 
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production, transportation, and distribution of hydrogen and the operation of hydrogen-

fuelled buses. 

 

In reviewing the cost-reduction potential, oxygen as a by-product of the water electrolysis 

process may also be evaluated for utilisation and value for multiple purposes in a future 

study. HRSs equipped with PV arrays, batteries and/or fuel cells can also be evaluated to 

reduce carbon emissions from the operation of HRS. Due to large hydrogen capacity at 

available wind operations exceeding the hydrogen demand of the public bus network, new 

potential hydrogen demands require further investigation and evaluation in the future. The 

potential of regional or centralised hydrogen production system is also necessary to be 

explored and evaluated. 

 

6.6. Final remarks 

This chapter presents the results of techno-economic modelling of hydrogen production, 

transportation and dispensing from an integrated wind and solar electricity generation 

system supported by batteries. A location-allocation algorithm in a Geographic 

Information System (GIS) environment is applied to design hydrogen distribution chains 

between supply and demand sites. In addition, this chapter describes a method of sizing 

hydrogen refuelling stations (HRSs) that uses the theoretical hydrogen demand 

equivalent to the energy demanded by the current number of public buses operating in 

the largest cities in Ireland. 

In Chapter 7, this integrated techno-economic modelling approach is applied to a much 

larger region; Northwest Europe. Like Chapter 6, hydrogen can also be sourced from the 

existing wind farms in the region and integrated with additional PV arrays and battery 

systems to increase the hydrogen supply capacity as well as drive cost reduction.  
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7. Chapter 7. Renewable Hydrogen Supply 

Chains for City Bus Networks across 

Northwest Europe 

 

 

 

 

 

 

7.1. Overview 

This chapter presents the results of techno-economic modelling of the renewable 

hydrogen supply from existing wind farms across northwest Europe (NWE) to fuel bus 

fleets in the region’s largest cities. Hydrogen production at the wind farms is augmented 

with hypothetical photovoltaic (PV) arrays and batteries. The region of NWE is used as 

a case study of transnational renewable hydrogen supply chains. The model includes 

evaluation of the deployment potential of hydrogen-fuelled city buses throughout the 37 

main cities across NWE and the possibility of hydrogen supply from 4,252 wind farms in 

the region. The electrolyser operation scenarios included in the model are (1) curtailed 

wind operation with high electricity price, (2) curtailed wind with low electricity price, (3) 

full time operation with high electricity price, (4) full time operation with low electricity 

price, (5) curtailed wind operation combined with solar with high electricity price, (6) 

curtailed wind operation combined with solar with low electricity price, (7) renewable 

intensification with additional PV electricity with high electricity price, and (8) renewable 

intensification with additional PV electricity with low electricity price. The levelised cost 
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of hydrogen fuel (LCOH) is used to evaluate the minimum delivered cost of hydrogen 

and calculate the bus operational costs. The minimum LCOH is found for the optimum 

equipment sizes to produce hydrogen. For hydrogen transportation, the closest facility 

algorithm in a geographic information system (GIS) environment is applied to allocate 

hydrogen distribution from each hydrogen production site (existing wind farm) to the most 

suitable hypothetical hydrogen refuelling system (HRS) in a large city. The operational 

costs of hydrogen-fuelled city buses are individually calculated for each major city in 

NWE using LCOH. They are compared to models for existing operational costs for diesel-

fuelled city buses. Results show that additional lithium-ion batteries and PV arrays to the 

existing wind farms in NWE can produce 100% green hydrogen and meet the fuel demand 

for most major cities in the region. The operational costs of hydrogen-fuelled city buses 

are calculated to be 25% higher than current conventional diesel-fuelled buses when the 

electrolyser is operated at full capacity and electricity price is assumed to be low. The full 

results can also be accessed online at the Decision Support Tool (DST) at the webpage 

of the Community Hydrogen Forum http://communityh2.eu/dst/. This site was 

established under the GenComm project for public engagement with investors, 

academics, communities, and the public. 

 

7.2. Introduction 

As already mentioned in Chapter 6, European cities are beginning to impose diesel 

vehicle bans. In other words, current conventional diesel bus fleets must be replaced 

with zero-emissions alternatives in a number of European cities. Hydrogen buses have 

the potential to replace diesel buses due to their relatively high technological readiness 

and similar refuelling times with diesel, as already described in Chapter 6. According to 

Eudy et al. [175], the technology readiness level (TRL) of Fuel Cell Electric Bus (FCEB) 

reached a TRL of 7 in 2016, meaning that prototypes have been operated in actual 

http://communityh2.eu/dst/
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operational environments and they are moving towards full commercialisation. Buses 

powered by hydrogen fuel cells are a potential solution to greenhouse gas emissions 

and air quality problems in NWE cities. City buses are an ideal end-user of renewable 

hydrogen due to the significant and predictable fuel demands, the relatively small 

numbers of fuel buyers necessary to have impact, and the fact that buses are refuelled 

in centralised depots. A small numbers of city bus operators adopting hydrogen would 

substantially impact the overall hydrogen demand in NWE.  

 

By its nature, renewable energy resources are distributed across NWE. However, not all 

of the available renewable electricity can be transferred to the grid. The technical 

challenges of operating electricity grids with high levels of variable renewable energy 

lead to surplus renewable electricity. This curtailed electricity can be converted via 

electrolysis to hydrogen and then used for transport, heating, or stored for future power 

generation. This study demonstrates hydrogen’s potential for fuelling the city bus fleets. 

 

The objectives of this chapter are (1) to model the hydrogen production capacity and its 

costs from wind, solar, and grid electricity at each NWE’s wind farm, and (2) to model 

the hydrogen demand from FCEBs across major cities in NWE as well as the hydrogen 

supply sources 

 

7.3. Methodology 

7.3.1. Systems and scenarios 

Figure 7.1 shows the renewable hydrogen supply chain that is integrated with the road 

networks, locations of major cities and wind farms, and the supply and demand quantities 

and costs. The region of Northwest Europe (NWE) is used as a case study of 
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transnational scale. Wind farm capacities and locations in Ireland, the United Kingdom, 

France, Belgium, the Netherlands, and Germany are presented in the following 

subsection of renewable electricity in Northwest Europe. This section also explains how 

to model hydrogen production capacity and costs. The techno-economic evaluation of 

hydrogen production is performed for eight scenarios, as listed in Table 7.1. Hydrogen 

production can be powered by curtailed wind electricity only, or with curtailed, exportable 

and grid electricity to maximise electrolyser productivity. In addition, electricity stored by 

hypothetical batteries is also added in some scenarios. Moreover, the contribution of 

renewable in hydrogen production can be increased by adding hypothetical collocated 

photovoltaic arrays, referred as renewable intensification in two scenarios. Two 

electricity prices are also used to understand the limits of hydrogen production costs. 

The electricity prices of 4 and 8 c/kWh are used as low and high electricity prices, 

respectively [111], [112]. The evaluated major cities are described in major cities in 

Section 7.3.4. That section also explains how to model hydrogen demand from public 

city buses operated in major cities across NWE. Finally, the use of road networks in a 

Geographic Information System environment is explained in Section 7.3.5.   
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Figure 7.1. The integrated model for renewable hydrogen production from renewable powers for 
public city bus across cities in Northwest Europe 

 

Table 7.1. Scenario description on renewable hydrogen production in Northwest Europe 

 

No. 

 

Short description of the 

electrolyser operation 

scenario 

Electricity source 
Electricity 

price 

Curtailed 

wind 

Exportable 

wind 

Grid 

electricity 

Photovoltaic 

array 
Low High 

1 Curtailed wind with high 

electricity price 

✓     ✓ 

2 Curtailed wind with low 

electricity price 

✓    ✓  

3 Full time with high electricity 

price 

✓ ✓ ✓   ✓ 

4 Full time with low electricity 

price 

✓ ✓ ✓  ✓  

5 Curtailed wind combined with 

solar with high electricity price 

✓   ✓  ✓ 

6 Curtailed wind combined with 

solar with low electricity price 

✓   ✓ ✓  

7 Renewable intensification with 

high electricity price 

✓ ✓ ✓ ✓  ✓ 

8 Renewable intensification with 

low electricity price 

✓ ✓ ✓ ✓ ✓  

 

Renewable

hydrogen 

supply chain

H₂ demand 

amounts and costs

Big city 

locations

Road networks

Wind farm 

locations

H₂ supply 
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7.3.2. Renewable Electricity in Northwest Europe 

Wind farms in Northwest Europe are suitable for hydrogen production due to their 

widespread distribution and relatively large installed capacity. This study uses 4,507 wind 

farms throughout NWE. The capacities and locations of wind farms, and the number of 

wind farms in each country are shown in Table 7.2. The average wind capacity factor for 

each country is applied to all wind farms within that country. Ireland, France, and 

Germany report the curtailment problem is more than 4% in 2018. However, countries 

like France, Netherlands, and Belgium with a small share of wind electricity have not yet 

reported experiencing curtailment. The annual national percentage of wind energy 

curtailed is available and reported in Table 7.2, with citations, for Ireland, the UK and 

Germany. Such figures are not available for France, the Netherlands and Belgium, which 

has lower wind penetration rates, so this study uses the assumption of 3% wind 

curtailment for these three countries. The national average capacity factors of solar 

energy is used in the calculation of additional solar electricity for the electrolyser. 

 

Table 7.2. The performances of current wind electricity and the potential of solar electricity for 
each country in Northwest Europe region 

Country 
Wind Solar 

Curtailment Capacity factor Number of farms Capacity factor 

Ireland 5% [19] 27% [19] 238 [167] 11% [166] 

United Kingdom 6% [181] 20% [182] 894 [127] 11% [166] 

France 3% * 23% [182] 138 [183] 14% [166] 

Belgium 3% * 19% [182] 112 [184] 13% [166] 

Netherlands 3% * 22% [182] 493 [185] 13% [166] 

Germany 4% [181] 19% [182] 2632 [186] 13% [166] 
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7.3.3. Renewable hydrogen production, transportation, and dispensing  

This chapter uses the same techno-economic model that has been described in Chapter 

6. The levelised cost of hydrogen (LCOH) production, transportation, and dispensing are 

calculated using Equations (6.3), (6.7), and (6.9), respectively. The techno-economic 

parameters used in this chapter are given in Table 6.2.  

7.3.4. Public City Buses in Northwest Europe 

Cities with more than 400,000 inhabitants in Northwest Europe have been included in 

this study as major cities. In addition, Luxembourg, which has lower population, is still 

studied as it is one of the NWE region’s capital cities. These major cities are the most 

likely first adopters of large-scale hydrogen fuel cell electric buses (FCEBs). However, 

only a few cities publicly disclose the number of buses they operate, as illustrated in 

Figure 7.2. Therefore, a function, which is shown in the same figure, is used to estimate 

operational buses based on city population. 

 

 

Figure 7.2. Relation population and number of buses in largest cities across NWE [175], [187]–
[190] 
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The hydrogen fuel demand can be calculated based on the calculated number of public 

city bus number for each major city. The method to calculate the fuel demand for each 

bus is explained in hydrogen dispensing subsection in Chapter 6. The techno-economic 

parameters to calculate this are given in Table 6.6. The bus operational cost represents 

the total costs of capital, operation, maintenance, and fuel for the bus during its economic 

lifetime per total operational distance (€/km). Table 6.6 also shows the parameter to 

calculate the bus operational costs. 

7.3.5. Renewable Hydrogen Supply Chain in Northwest Europe 

As mentioned in systems and scenarios subsection, road networks in NWE are used in 

the Geographic Information System (GIS) [128]. The primary and secondary roads form 

the transportation route between hydrogen sources, located at wind farms, and hydrogen 

demand, located in the major cities. The closest routes algorithm in GIS is used to obtain 

the shortest available transportation distance, which is used in Equation (6.8) to calculate 

the transportation cost. The techno-economic parameters for hydrogen transportation 

used in the model are given in Table 6.4.  

 

7.3.6. Overall algorithm 

The overall algorithm shown in Figure 7.3 performs the techno-economic calculations for 

hydrogen production for this study. The hydrogen production scenarios are: The 

electrolyser operation scenarios included in the model are (1) curtailed wind operation 

with high electricity price, (2) curtailed wind with low electricity price, (3) full time 

operation with high electricity price, (4) full time operation with low electricity price, (5) 

curtailed wind operation combined with solar with high electricity price, (6) curtailed wind 

operation combined with solar with low electricity price, (7) renewable intensification with 
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additional PV electricity with high electricity price, and (8) renewable intensification with 

additional PV electricity with low electricity price. The required electrolyser size for each 

wind farm is calculated using Equation (3.41) and is based on available statistics of 

curtailed electricity available at the farm. Overall system efficiency is calculated to find 

the quantity of hydrogen produced at each wind farm. It enables compressed gas storage 

to be sized and the frequency of delivery to city bus fleets to be determined. Capital and 

operating costs are applied to each component in the hydrogen production and delivery 

chain. Finally, the model also calculates the operational cost of running fuel cell buses 

powered by the hydrogen produced at the wind farms and compares this with running 

diesel buses. 

 

 

Figure 7.3. The overall algorithm in techno-economic modelling of hydrogen supply chain in 
Northwest Europe 

 

7.4. Results and discussion  

7.4.1. Renewable hydrogen production capacity for all wind farms 

The distributed curtailed wind energy at each wind farm in NWE is depicted in Figure 

7.4. It can be seen that western Ireland, western and northern United Kingdom and 
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northern Germany have the largest amounts of curtailed wind energy. Using this curtailed 

wind, the techno-economic model can calculate the optimum electrolyser size for each 

wind farm as depicted in Figure 7.5. Electrolysers with capacities of 10 MWe or less 

predominate. The potential annual hydrogen production capacity for all wind farms is 

shown in Figure 7.6. The results show that most wind farms can produce more than 100 

tonnes of hydrogen per year. It is important to note that the capacities of most wind farms 

in the eastern part of Ireland and the Netherlands are small which require relatively small 

electrolyser sizes. 

 

 

 

Figure 7.4. Annual wind curtailed energy at Northwest Europe’s wind farms 
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Figure 7.5. Optimum electrolyser size for wind curtailment-based hydrogen production at 
Northwest Europe’s wind farms 

 

 

Figure 7.6. Annual wind curtailment-based hydrogen production at Northwest Europe’s wind 
farms 

 

7.4.2. Renewable hydrogen supply chain network 

There are 46 cities with more than 400,000 people across the seven countries in the 

region. However, the region of NWE in this study, which coincides with the Interreg 

administrative region of Northwest Europe, covers only the northern part of France. 
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Therefore, only 37 cities are considered in the evaluation. Figure 7.7 shows the 

calculated transportation routes of hydrogen supplies to each wind farm’s nearest major 

cities, as shown in. Wind farms located on the Scottish islands and the south of France 

are not connected to any city.  

 

 

Figure 7.7. Supply routes of curtailment-based hydrogen to Northwest Europe’s big cities 

 

Figure 7.8 shows the distances from hydrogen sources to public city bus fleets in Dublin. 

The five horizontal bars indicate the percentages of hydrogen coming from different 

distance bands. The bands are 50 kilometres wide and go from 0 to 200+ kilometres. In 

the same figure, it can be seen that over 80% of the hydrogen available to fuel the city 

bus fleet must be transported over 200 kilometres. In many cases, this transport distance 

is considered too far. However, the results show that the wind resources for most of 

major cities are so favourable that this distance is practical. Similar results for the rest of 

the studied cities are provided in Appendix A. 
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Figure 7.8. Distances from hydrogen sources to city bus fleet in Dublin, Ireland 

 

7.4.3. City bus fuel displaceable by renewable hydrogen 

Figure 7.9 shows the modelled bus fleet sizes of the 37 cities studied. They vary from 

less than 500 to more than 2,000 buses. The diesel fuel capable of being displaced by 

renewable hydrogen can be calculated using the hydrogen capacity for the respective 

supply chain network shown in Section 6.3.4. 

 

 

Figure 7.9. Bus fleet sizes for Northwest Europe’s’ largest cities 
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Figure 7.10 shows the percentage of the Dublin city’s bus fleet fuel use that could be 

displaced by hydrogen produced by electrolysis at all nearby onshore wind farms. The 

left-hand bar shows the percentage of fuel that could be replaced if hydrogen is produced 

by curtailed electricity only. Since curtailment only happens a small portion of the time, 

the electrolysers would not operate to their full capacities. The right-hand bar shows the 

percentage of fuel that could be displaced if those same electrolysers are maximised 

their productivity to the fullest by using electricity from the grid so that they can operate 

full-time.  

 

 

Figure 7.10. The percentage of city bus fuel displaceable by renewable hydrogen in Dublin for 
different electrolyser operation modes by using a) wind electricity and b) wind and solar 

electricity 

  

In the same figure, results show that by using wind electricity, hydrogen would displace 

70% of bus fleet fuel use with the curtailed operation of the electrolyser or >100% with 

full time operation. In comparison, hydrogen would replace >100% of total fuel use with 

the curtailed operation of the electrolyser and additional solar power and battery. Similar 

results for the rest of the cities are provided in Appendix A. 
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7.4.4. Operational costs for hydrogen buses 

Figure 7.11 shows five bars that signify the operational cost per kilometre travelled of a 

fuel cell city bus powered by hydrogen produced under a range of scenarios relative to 

a diesel bus. The operating cost for a diesel bus is shown as 100% on the far right-hand 

side. The diesel costs do not account for planned rises in carbon taxes or for impending 

bans on diesel-fuelled vehicles in many European cities and countries. As shown in the 

same figure, by using wind electricity, a fuel cell city bus could operate with costs from 

26% higher than diesel (for full time electrolyser operation with low electricity price) to 

67% higher (for curtailed wind operation with high electricity price). In comparison, a fuel 

cell bus could operate with costs from 25% higher than diesel (renewable intensification 

with solar, with low electricity price) to 41% higher (curtailed wind combined with solar, 

with high electricity price). Similar results for the rest of the cities are provided in 

Appendix A. 

 

 

Figure 7.11. The percentage of operational costs for hydrogen buses in Dublin for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel  
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7.5. Conclusions 

This chapter presents techno-economic modelling of renewable hydrogen supply from 

existing wind farms with additional photovoltaic (PV) arrays and batteries in Northwest 

Europe (NWE) to decarbonise major city bus networks. The levelised cost of hydrogen 

fuel (LCOH) is used to evaluate the hydrogen production and transportation techno-

economic performances and calculate bus operational costs. The minimum LCOH 

indicates the optimum equipment sizes to produce hydrogen. In hydrogen transportation, 

the closest facility algorithm in a geographic information system (GIS) environment is 

applied to allocate hydrogen distribution from each hydrogen production site to a 

hypothetical hydrogen refuelling system (HRS) in the nearest major city. Finally, the 

operational costs of hydrogen-fuelled city buses throughout NWE are calculated using 

LCOH and compared to existing diesel-fuelled city buses.  

  

Results show that the additional lithium-ion batteries and PV arrays to the existing wind 

farms in NWE can produce 100% green hydrogen and meet the fuel demand for most 

cities in the region, except for London and Paris. These two largest cities modelled to 

operate more city buses than their relatively small existing onshore renewable sources 

could support. However, there is a potential for these two capital cities to source their 

hydrogen demand from offshore wind electricity, for instance, from the North Sea. In 

general, the transnational approach benefits the major cities where the nearby renewable 

sources are limited or even unavailable. The hydrogen can still be sourced from the 

nearby renewable sources in neighbour countries, particularly in the eastern countries of 

NWE. The operational costs of hydrogen-fuelled city buses for most of the cities in NWE 

are at least 25% higher than current conventional diesel-fuelled buses when electrolyser 

is operated at full capacity under the assumption of a low average electricity price.  
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The lack of publicly available data causes the limitation of modelling to use national 

average wind capacity factors. Some improvements can be performed for future study 

when the historical exported and curtailed wind electricity data for each wind farm and 

the number of public city buses in the region are available. The recommendations are to 

model the hydrogen supply chain regionally via hubs, compare FCEB to other zero- and 

low-emission buses, and the carbon abatement costs. Future studies can also 

investigate the impacts of the wind used to produce hydrogen rather than export to the 

grid. 

 

7.6. Final remarks 

This chapter presents the results of techno-economic modelling on hydrogen production 

and transportation from an integrated wind and solar electricity generation supported 

with the battery system for the transnational scope. Northwest Europe (NWE) is used as 

a case study to represent the transnational scale. Results show that hydrogen fuel 

demand to operate hydrogen-fuelled city buses for most major cities in the region can be 

met by wind and solar electricity.  

 

In Chapter 8, the developed techno-economic model is integrated with a GHG emissions 

model to perform full techno-econo-environmental modelling for heavy-duty truck fleets. 

Quarry trucks in Ireland are used as a case study to represent generic truck fleets in 

other countries. 
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8. Chapter 8. Hydrogen Production from 

Wind Electricity for Heavy-Duty Trucks  

 

 

 

 

 

 

8.1. Overview 

This chapter presents the results of techno-econo-environmental modelling of options to 

decarbonise fleets of four-axle trucks in the quarrying sector. The key parameter used to 

evaluate the performance of transitioning from diesel heavy-duty trucks (HDT) to zero- 

or low-emission heavy-duty trucks (ZLETs) is the total cost of carbon abatement (TCA). 

TCA is calculated by using the total cost of truck ownership on a discounted cost per km 

basis (TCO) and well-to-wheel (WTW) life-cycle greenhouse gas (GHG) emissions. TCO 

includes the costs of the vehicle, infrastructure, fuel, maintenance, and resale, and is 

evaluated for five different powertrain configurations: (1) battery electric heavy-duty truck 

(BET), (2) plug-in hybrid electric heavy-duty truck (PHET), (3) diesel internal combustion 

engine heavy-duty truck (ICET), (4) diesel-hydrogen dual-fuel engine heavy-duty truck 

(DFET), and (5) hydrogen fuel cell electric heavy-duty truck (FCET). Combinations of wind 

and/or grid electricity supply BETs and PHETs. Hydrogen is also produced from the 

same energy sources via electrolysis for DFETs and FCETs. Hourly electricity and 

hydrogen production and refuelling performance for each powertrain are assessed for on- 

and off-grid systems. The production capacity and costs can be optimally sized using the 
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total number of trucks, annual operational distance, and fuel economy to meet the annual 

fuel demand for each powertrain. Results show the fuel cost is the largest contributor to 

TCOs for all powertrains except the BET, which is dominated by vehicle and 

infrastructure costs. The TCOs for all powertrains in off-grid systems are higher 

compared to on-grid systems. This is because the required equipment sizes are smaller 

for on-grid systems compared to off-grid systems. In contrast, more WTW emissions for 

all powertrains can be abated by off-grid system compared to on-grid system. The 

minimum TCAs for fleets of 100 trucks in on- and off-grid systems are found for BETs 

and DFETs, respectively. The total number of trucks has a significant impact on the 

reduction of TCO and TCA. Higher carbon tax (€/ tonne of CO₂ emitted) in the future can 

also help the ZLETs to be more competitive.  

 

8.2. Introduction 

The heavy-duty truck (HDT) class is one of the harder-to-abate transportation sectors, 

together with shipping and aviation [4]. These sectors are classified as harder-to-abate 

due to their significant greenhouse gas (GHG) abatements cost compared to others [4]. 

HDTs contributed around 4% of global GHG emissions in 2018 [191]. At the current pace 

of growth, GHG emissions from HDTs can be doubled by 2050 [191]. Therefore, several 

countries began to tighten emission regulations to reduce GHG emissions from HDTs. 

For instance, India, Japan, China, and the United States target to tighten the mandatory 

CO2 emission standards per HDT by up to 5%, 10%, 25%, and 40% lower than 2010 by 

2025, respectively [192]. In the European Union, several HDT types must pay financial 

penalties if they fail to achieve 15% reductions in 2019 CO2 emissions per HDT by 2025 

[193]. This regulation also incentivises the transformation of diesel heavy-duty truck 

(DTs) to zero- and low-emission heavy-duty trucks (ZLETs). 
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The objectives of this chapter are to (1) model the techno-econo-environmental system 

and parameters of electricity and hydrogen supply to meet the energy demand of HDTs, 

(2) assess the life-cycle or well-to-wheel (WTW) or overall GHG emissions, and (3) 

evaluate TCA for all powertrain options using a novel approach based on TCO and WTW 

emissions. The techno-econo-environmental system is an arrangement of multiple types 

of equipment needed in the evaluation associated with the capital and operational costs 

and its overall GHG emission resulting during the system economic lifetime. Therefore, 

key parameters include the fuel production capacity (with units of kWh/year), fuel 

production cost (with units of €/kWh) and carbon abatement cost (with units of €/ tonne 

of CO₂ emitted). As a case study, this chapter evaluates the data for Ireland as a 

representative of similar quarry settings throughout the world. 

 

The following section describes the methods used to achieve these objectives. It covers 

the explanation of the energy systems, scenarios, modelling of fuel production, refuelling 

infrastructure and its performance, heavy-duty truck powertrain technologies and their 

costs, life-cycle emission for all scenarios and the overall model. Following that, the 

results and discussion section comprises the analysis of refuelling performance, truck 

ownership costs, carbon abatement costs, and sensitivity analysis. Finally, conclusions 

are drawn specifically for the case study of Ireland and more generally for any location 

in which similar fleets and energy systems operate. 

 

8.3. Methodology 

8.3.1. Systems and scenarios 

This study compares the techno-econo-environmental performance of five different 

powertrain configurations: (1) battery electric heavy-duty truck (BET), (2) plug-in hybrid 
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electric heavy-duty truck (PHET), (3) diesel internal combustion engine heavy-duty truck 

(ICET), (4) diesel-hydrogen dual-fuel engine heavy-duty truck (DFET), and (5) hydrogen 

fuel cell electric heavy-duty truck (FCET) in the setting of a quarry in Ireland. The fuel, 

energy storage and energy conversion technology for each powertrain is shown in Table 

8.1.This study uses the technologies in 2030 for all scenarios. The total cost of carbon 

emission abatement (TCA) is used as a parameter to compare the overall techno-econo-

environmental performance. TCA, which is expressed in Equation (8.1), represents the 

cost of moving from conventional diesel internal combustion engine heavy-duty trucks 

(ICET) to zero or low-emission heavy-duty trucks (ZLET) while still driving the same distance 

annually. It has units of €/kg of CO₂ eq. abated [194], [195]. The further descriptions to 

calculate TCO (with units of €/km) and operational distance (D) are explained in the next 

paragraph. Carbon emissions (MWTW, units of gCO₂ eq./kWh) for ICETs and ZLETs are 

described in the life-cycle emission subsection. 

 

( )

, ,

ZLET ICET

WTW ICET WTW ZLET

TCO TCO D
TCA

M M

− 
=

−
 

 

(8.1) 

 

Based on these fuels, production and refuelling infrastructure are defined as depicted in 

Figure 4.2. In scenario 1, diesel-fuelled ICETs are determined as the baseline scenario.  

In scenario 2, the electricity generated by wind turbines is converted via an energy 

management unit (EMU) and supplied to BETs via a 350 kW fast charger at refuelling 

time. When the wind electricity is not enough to satisfy the demand of HDTs, battery 

and/or grid electricity is supplied as a back-up. A battery is installed to store the surplus 

wind power when the demand is low. In scenario 3, the energy system is the same as 

scenario 2 but with additional diesel supplied to PHETs. In scenario 4, hydrogen is 

generated from water and wind electricity, compressed to 350 barg, stored when needed 
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and supplied to FCETs via a dispenser. In scenario 5, the system is the same as scenario 

4 but with diesel supplied to DFETs. 

 

Table 8.1. Onboard truck technology for each scenario 
 Powertrain scenarios 

 

1) ICET 

ZLET 

2) BET 3) PHET 4) FCET 5) DFET 

Energy source  

Diesel  ✓  ✓  ✓ 

Electricity  ✓ ✓   

Hydrogen    ✓ ✓ 

Energy storage 

Diesel fuel tank ✓  ✓  ✓ 

Battery  ✓ ✓   

Compressed H2 tank    ✓ ✓ 

Energy conversion 

Internal combustion engine ✓  ✓  ✓ 

Electrical motor  ✓ ✓ ✓  

Fuel cell    ✓  

 

 

 

Figure 8.1. Block diagram of equipment for each energy system scenario 

 

The equipment described above can be categorised into fuel production equipment, 

refuelling infrastructure equipment, and vehicle technology. These categories are used 

for the calculation of TCO, as shown in Equation (8.2) [90], [196], [197].  

(1) ICET 
  

Diesel supply 
 

Battery 

Scenarios: 
Charger 

Fuel Infrastructure Vehicle  

Water supply 
  

Electrolyser 
 

Compressor 
 

Storage 
 

Dispenser (4) FCET 
  

(2) BET 

(3) PHET 
  

(5) DFET 
  

on- or off-grid system 
Electricity (EL) or direct electrification route 

Hydrogen (H₂) or indirect electrification route 

(2) and 
(3) 

(4) and 
(5) 

(1), (3) and 
(5) 

Energy Management Unit 

Electricity grid 

Wind turbines 

: Supply 

: Equipment 

: Electricity route 

: Hydrogen route 

: Diesel route 

: Zero- or Low- Emission Heavy-

Duty Truck (ZLET) 

: Diesel Internal Combustion 

Engine Heavy-Duty Truck (ICET) 

: Electricity 

: Hydrogen 

: Diesel 

: Water 

: System boundary 



Hydrogen Production from Wind Electricity for Heavy-Duty Trucks 

149 
 

F V I M RC C C C C
TCO

D

+ + + − 
=  
 

 
(8.2) 

 

The fuel cost (CF) is calculated using Equation (8.3), where cF is the specific cost of fuel 

(€/kWh), Dn is the operational distance (km) in year n, d is fuel economy (km/kWh), r is 

the discount rate (%), T is economic lifetime, and n is the number of years. Further 

explanation of fuel production is given in more detail in the fuel supply subsection. The 

calculation of vehicle cost (CV) is described in the heavy-duty truck subsection. The total 

cost of infrastructure equipment (CI) is explained in the refuelling infrastructure 

subsection.  
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The maintenance cost (CM) can be calculated using Equation (8.4), where cM is the 

specific cost of maintenance (€/km), and NHDT is the number of HDTs (units). The 

economic parameters are given in the heavy-duty truck subsection. The resale (CR) value 

is assumed to be 38% of vehicle cost [90].  
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The operational distance (D) is calculated using Equation (8.5). The value of typical 

operational distance in quarry application is given in the heavy-duty subsection. 
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8.3.2. Fuel production 

The spatially averaged hourly wind capacity factor in Ireland is simulated at 

www.renewable.ninja. The wind electricity for scenarios 1 and 2 are directly supplied to 

the refuelling infrastructure. In scenarios 4 and 5, the wind electricity is converted to 

hydrogen by using the electrolyser. The total fuel specific costs (cF) of (1) electricity for 

BETs, (2) electricity and diesel for PHETs, (3) diesel for ICETs, (4) hydrogen and diesel 

for DFETs, and (5) hydrogen for FCETs are calculated using Equation (8.6). All the units 

of energy costs are set as €/kWh, so that the energy in the form of electricity, hydrogen 

and diesel can be equally calculated and compared. The total energy demand for HDTs 

(EHDT) is calculated by using Equation (8.7). Depending on the fuel ratio (R) for each 

scenario, EHDT from wind in the form of either electricity (EL) or hydrogen (H2), and EHDT 

from diesel fuel (DF) can be calculated using Equation (8.8), (8.9), and (8.10). The NHDT 

is calculated for the range of 10 to 1000 units, where the R, D and d are given in the 

heavy-duty truck subsection. 
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, / ,HDT HDT EL H2 HDT DFE E E+=  (8.8) 

/ 2, / HDT EHDT EL H2 L HE RE =  (8.9) 

, THDT DF HD DFEE R=  (8.10) 

 

In this study, the levelised cost of energy (LCOE) of diesel fuel after extracted, 

transported across oceans, refined, freighted to Ireland, stored, and delivered locally is 
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assumed at 0.6 €/litre, excluded all taxes [198]. The LCOE of electricity or hydrogen is 

calculated using Equation (8.11). The calculation of total capital expenditure (CCAPEX,EL) 

and its operation and maintenance expenditure (COPEX,EL) of providing electricity for HDTs 

are expressed in Equation (8.12) and (8.13), respectively. The calculation of total capital 

expenditure (CCAPEX,H2) and its operation and maintenance expenditure (COPEX,H2) of 

providing hydrogen for HDTs are expressed in Equation (8.14) and (8.15), respectively. 

All projected techno-economic parameters for the equipment for 2030 are given in Table 

8.2. The diesel cost is estimated at 0.8 €/litre after excluding all taxes except the 

projected carbon tax of 80 € per tonne of CO₂ emitted in 2030  [199]. The grid electricity 

price and discount rate are 0.13 €/kWh and 5%, respectively [200]. Installation, 

engineering, and other costs are set to 20%, 15%, 50% of total capital costs, respectively 

[98]. 
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(8.11) 

, EMU ICS ENG OHCAPEX EL WTC C C C C C= + + + +  (8.12) 

, ,  ,OPEX EL OM WT EL EGC C C= +  (8.13) 

, EC EMU ICS ENG OHCAPEX H2 WT WE CC CC C C CC+ + + += + +  (8.14) 

, ,  ,  , ,  OPEX H2 OM WT OM WE OM EC SR E E OL G H2C C C C C C C= ++ + + +  (8.15) 

 

For the hydrogen production, the water electrolyser size in kWe (PWE) can be calculated 

by using the required hydrogen fuel for HDTs (EHDT,H2), the maximum possible operational 

time of electrolyser (tWE) is 8,760 hours in a year, and the electrolyser efficiency (WE) as 

shown in Equation (8.16). The installed capacity of wind turbines (PWT) required to 
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provide electricity or hydrogen is calculated using Equation (8.17). The maximum 

possible operational time of the wind farm (tWF) is 8,760 hours, i.e. the number of hours 

in a year. When equipment sizes in off-grid system do not meet the electricity and 

hydrogen demands, the optimal equipment size is iteratively calculated with larger 

equipment sizes until the entire demand is met by the fuel supply at minimum TCO. 

 

,HDT H2

WE WE

WE

E
P

t
=  

(8.16) 

, /HDT EL H2

WT

WF WF

E
P

t 
=  

(8.17) 

 

Table 8.2. Techno-economic parameters of the equipment for fuel production 
Parameters, Symbol Value/ Unit/ Reference 

Equipment Water electrolyser (WE) Electric compressor (EC) 

Technology Alkaline water electrolyser Reciprocating 

Specific energy 

consumption, µ 

48 kWh/kg [140] 3.4 kWh/kg [55] 

Lifetime, τ 20 (system), 10 (stack) years [31] 10  years [115] 

Efficiency, η 69% (LHVH2) [140] 73% (isentr.) [46] 

Outlet pressure, p 30 barg [115] 350 barg [201] 

CAPEX, CWE/EC 1734 x PWE 
0.841 € [31], [98] 4785 x 

PWE 0.66 

€ [98] 

OPEX, COM,WE/EC 0.2011 PWE -0.23 x CCAPEX,WE € [115] 2% of CCAPEX  

Stack rep., CSR 353 x PWE 
0.929 €/ n [31], [98]    

Equipment Wind turbines (WT) Energy management unit 

(EMU) 

Technology Horizontal axis wind turbine Converter and controller 

Lifetime, τ 25 years [202] 15 years [42] 

Efficiency, η    90 % [42] 

CAPEX, CWT/EMU 840 x PWT  €/kW [202] 8% x CWT  € [203] 

OPEX, COM,WT 3% x CWT €/year [202]    
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8.3.3. Refuelling infrastructure 

There are several refuelling strategies for supplying electricity as fuel such as (1) fast 

charging using 350 kWe charger [66], (2) overnight charging using 50 kWe charger [66], 

(3) on-road charging using catenary wires [68], (4) dynamic induction grid [204] and (5) 

battery swapping [205]. Bünger et. al. found that the infrastructure cost can be 

significantly larger for deploying large electric fleets compared to hydrogen fleets [79]. 

The study suggests the detailed refuelling infrastructures for electricity charging and 

hydrogen refuelling have to be evaluated and compared in more detail. In this study, the 

fast-charging technology is considered as charging infrastructure for the BETs and 

PHETs. The hydrogen dispenser is used to refuel FCETs and DFETs. The daily refuelling 

and charging profile is illustrated in Figure 8.2. This profile is used to support the 

operational of HDTs during day, where 80% HDTs can be refuelled and charged from 10 

pm to 6 am. By distributing these activities in 8 hours, the peak hours can be minimised 

to reduce the required number of chargers and dispensers needed. The rest of refuelling 

and charging activities occur in the morning and afternoon during inactivity periods of 

several HDTs [78].  

 

Figure 8.2. Daily refuelling and charging profile for HDTs [78] 
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The refuelling infrastructure cost (CI) is calculated using Equation (8.18). The component 

costs included in the capital and operation costs for the battery energy storage 

subsystem (BESS) are expressed in Equation (8.19) and (8.20), respectively. The capital 

and operation costs for the hydrogen energy storage subsystem (HESS) are expressed 

in Equation (8.21) and (8.22), respectively.  
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(8.18) 

,CAPEX BESS EB CSC C C= +  (8.19) 

, , ,OPEX BESS OM EB OM CSC C C= +  (8.20) 

,CAPEX HESS BSV DSC C C= +  (8.21) 

, , ,OPEX HESS OM BSV OM DSC C C= +  (8.22) 

 

The required number of the charger or dispenser is estimated using Equation (8.23). 

Where the required capacity of battery in kWh (PEB) is calculated by using Equation 

(8.24). The lingering process time (tLP) is assumed to be 3 minutes to allow the truck's 

driver to conduct the refuelling process. The battery performance is modelled and 

evaluated by using state of charge (SOC) as described by Ma et. al. [144] and Song et 

al. [145]. The battery is assumed to be able to discharge power (tEB) for a maximum of 6 

hours [142]. Hydrogen production from wind is modelled using model explained by 

Gunawan et. al [143]. The techno-economic parameters for refuelling infrastructure are 

presented in Table 8.3. The costs of installation, engineering and other systems are 20%, 

15% and 50% of total capital costs, respectively [46], [177],[206]. 
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Table 8.3. Techno economic parameters for refuelling infrastructure 
Parameters, Symbol Value/ Unit/ Reference 

Equipment Electric battery (EB) Buffer storage vessel (BSV) 

Technology Lithium Nickel Manganese Cobalt Oxide Steel cylinder 

Lifetime, τ 20 years [33] 20 years [98] 

Efficiency, η 90 %  [207]    

DoD 80 % [207]    

Capital cost, C -37.59 x Ln(PEB) + 587 €/kWh [142] 300 x mH2 x T € [140] 

OandM cost, COM 2% x CEB €/ year [142] 2% x CBSV €/ year [98] 

Equipment Charging system (CS) Dispensing system (DS) 

Technology Fast charger Hydrogen dispenser 

Capacity 350 kWe [208] 2 kg/min [85] 

Lifetime, τ 10 years [208] 10 years [42] 

Capital cost, CCU/DU 451 €/kW [208] 67595 €/unit [177] 

OandM cost, COM 2% x CCS €/ year [78] 2% x CDS €/ year [46] 

  

8.3.4. Heavy-duty truck 

This study models heavy-duty trucks (HDTs) as four-axle rigid trucks, with weight of 32 

tonnes and power of 460 hp (345 kW) from a 12.8-litre in-line 6-cylinder engine [61]. The 

Volvo FMX 460 Tipper, specifically designed for quarry activity, is used as a reference 

model for ICETs [209]. In an evaluation of energy consumption for HDTs, Smallbone et. 

al. found the operational range is crucial for new powertrains like BETs and FCETs [69]. 
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The gravimetric (kg/km) and volumetric (l/km) energy densities of FCETs can 

significantly decrease for long working distances (km/day) compared to BETs. The 

current study applies the measured operational distance of HDTs performing quarry 

activities obtained from Robinson Quarry Masters Limited in Northern Ireland in 2019, 

as shown in Figure 8.3. The average annual distance and fuel economy are 54,229 km 

and 2.4 km/l, respectively. It is assumed that these numbers represent the annual quarry 

drive cycle that includes low speed driving and frequent idling during loading and 

unloading quarry in the rural or off-road zones [70], [210], [211]. The operational truck's 

weight is assumed to be limited to 80% of gross vehicle weight or equivalent to 25.6 

tonnes [212]. Considering the base kerb weight is 14.9 tonnes, the remaining capacity 

for the payload is 10.7 tonnes per vehicle or 42% of the limited weight [213]. The discount 

rate and truck lifetime in this model are 7% and 10 years, respectively [208]. The vehicle 

cost is calculated based on major powertrain component cost (CMPC) and retail price 

equivalent factor (FRPE) to obtain the final vehicle costs that are close to the market prices 

as shown in Equation (8.25). The FRPE for HDT applications is assumed to be 1.2 [214]–

[216]. The technical and economic details of the powertrain options are provided in Table 

8.4 and Table 8.5, respectively. 

 

 

Figure 8.3. Typical operational distance in an operating quarry in Northern Ireland 
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Fuel cell stacks are capable of operating with 50% efficiency [204]. They are more 

efficient than diesel engines, which typically have efficiency of 35% [217]. In this study, 

fuel economy (km/kWh) is used to calculate fuel demand (kWh) by HDTs to perform at 

typical operational distances (km). By considering the fuel economy as shown in Table 

8.4, the average daily fuel demand for quarry trucks can be calculated for each scenario. 

For a BET, dividing the daily distance of 150 km/day by fuel economy of 0.52 kWh/km 

results in a required battery capacity of nearly 300 kWh/BET. For recharging a BET, 

dividing the battery capacity of 300 kWh/BET by 350 kWe fast charger results in a 

charging time of around 50 minutes/charge. Dividing the battery size of 300 kWh by the 

battery pack energy density of 0.2 kWh/kg results in a battery weight of 1.5 tonnes [218]. 

Estimating the volumetric energy density of 94 kWh/m3, the size of battery is 

approximately 3 m3 [219]. Assuming the weight of the electrical motor, inverter, and 

gearbox is 0.88 kg/kWe, an additional weight of 0.35 tonnes is required for electrical 

motor rated power of 400 kWe [218]. The required power of an electric motor is typically 

larger than an engine [204]. Due to a large electric motor is needed to apply the torque 

in proportion to vehicle acceleration and deceleration [212]. The total weight for a BET 

powertrain is 1.85 tonnes or slightly lighter than the weight of an ICET powertrain, which 

a 345-kW powertrain is typically weighted 2 tonnes [212]. Likewise, the total weight of 

the powertrain for PHETs, FCETs, and DFETs are assumed to be the same as for ICET 

[208]. Thus, this study does not include penalties for the over an hour refuelling duration 

or overweight powertrains.  

 

V MPC RPEC C F=   
(8.25) 
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Table 8.4. Technical parameters for each powertrain/ scenario 
Parameter, 

Symbol 

 

Unit Values/ Reference 

BET PHET ICET DFET FCET 

Operational parameters 

Fuel economy km/kWh 0.52 [80] 0.41 [204] 0.40 [204] 0.40 [204] 0.47 [204] 

Diesel ratio, RDF % EHDT   60 [212] 100 [58] 70 [220]   

Electricity ratio, 

REL 

% EHDT 100 [58] 40 [212]       

Hydrogen ratio, 

RH2 

% EHDT       30 [220] 100 [58] 

Capacity of major powertrain components (MPCs) 

Engine kW   345 [204] 345 [204] 345 [204]   

Diesel fuel tank litres   270 [209] 270 [209] 270 [209]   

H₂ fuel tank (350 

barg) 

kg        15 [201] 30 [201] 

Battery kWh 300 [221] 25 [221]     12 [204] 

Electric motor kW 400 [70] 120 [70]     400 [204] 

Fuel Cell kW         350 [222] 

 

 

Table 8.5. Economic parameters for each powertrain/ scenario 
Parameter, 

Symbol 

Unit Values/ Reference 

BET PHET ICET DFET FCET 

Operational parameter 

Maintenance 

cost 

€/km 0.088 [208] 0.097 [208] 0.097 [208] 0.097 [208] 0.088 [208] 

Cost of major powertrain components (MPCs) 

Base truck 

(glider kit) 

k€/unit 78.3 [204] 78.3 [204] 78.3 [204] 78.3 [204] 78.3 [204] 

Engine €/kW   23 [70] 23 [70] 23 [70]   

Diesel fuel 

tank 

€/litres   2.1 [70] 2.1 [70] 2.1 [70]   

H₂ fuel tank  €/kg        500 [204] 500 [204] 

Battery €/kWh 75 [29] 75 [29]     75 [204] 

Electric motor €/kW 12 [204] 12 [204]     12 [204] 

Fuel Cell €/kW         48 [204] 
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8.3.5. Life-cycle emission 

This study also models the total life-cycle GHG emissions from well-to-wheel (WTW). 

WTW is the sum of well-to-tank (WTT) and tank-to-wheel (TTW) as illustrated in Figure 

8.4. Palencia et. al. found that more than half of TTW emissions can be reduced with the 

penetration of electric and hydrogen vehicles in Japan by 2050 [223]. In another study, 

Osorio-Tejada et. al. emphasised that the fuel production process (WTT) has a 

significant impact on reducing total WTW emission for HDTs [224]. The same argument 

was also put forward by Lee et. al., who evaluated hydrogen produced from renewables 

and found it can further reduce life-cycle emission for HDTs than hydrogen produced 

from solely grid electricity [225].  

 

Figure 8.4. Processes involved in the life-cycle emission of well-to-wheel, reproduced from [58], 
[69], [71], [226] 
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categorised as low-emission technologies. This study calculates the truck emission 

proportional to the diesel contribution of total energy demand for low emission 

technology. Particularly for DFETs, Liew et. al. found that adding a small amount of 

hydrogen results in a negligible effect on the combustion process and cylinder pressure 

in a spark-ignition (SI) engine [227]. In comparison, a compression-ignition (CI) engine 

enables a large share of hydrogen direct injection due to a higher limitation on 

compression ratio compared to SI engines [228]. The reduction of ten-fold in smoke and 

half of CO emission can be achieved at 30% hydrogen substitution ratio in a CI engine 

[229]. At idling and low load conditions, the addition of hydrogen can reduce nitrogen 

oxide (NOx) emissions but can increase at the high load conditions due to higher 

temperature [230]. NOx emitted from diesel engines consist of primarily nitric oxide (NO) 

and a small portion of nitrogen dioxide (NO2) [231]. Another study by Liu et. al. suggested 

using Selective Catalytic Reduction (SCR) with a diesel-hydrogen dual-fuel engine to 

maximise NOx reduction [231]. According to Monemian et. al., emissions from DFETs 

with a hydrogen ratio of 30% can meet Euro VI emission regulation after treatment [220]. 

The Volvo FMX reference ICET already implements Euro VI emission specification [232]. 

The emission in the Irish grid electricity is assumed to be reduced annually by 7% until 

2030 [199]. The emission of diesel is also assumed to be reduced by 12% by 2030 due 

to the mandatory blend of biodiesel [233]. The life-cycle emission for all powertrain 

scenarios are listed in Table 8.6. 
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Table 8.6. Environmental parameters, calculated from [58], [234], [225], [235] 
Emission, symbol, unit 1) ICET 2) BET 3) PHET 4) FCET 5) DFET 

On-grid system 

WTT, eWTT gCO₂ eq./kWh 46 37 46 36 47 

TTW, eTTW gCO₂ eq./kWh 239 0 109 0 82 

WTW, eWTW gCO₂ eq./kWh 285 37 155 36 129 

Off-grid system 

WTT, eWTT gCO₂ eq./kWh 46 0 31 0 36 

TTW, eTTW gCO₂ eq./kWh 239 0 109 0 82 

WTW, eWTW gCO₂ eq./kWh 285 0 140 0 118 

 

8.3.6. Overall model 

The integrated model of technical, economic and environmental models is summarised 

and illustrated in Figure 8.5. The overall model includes fuel production, required 

infrastructure, vehicle's powertrain, maintenance needed, and emission for each 

scenario. In the data preparation, the crucial data required are the hourly wind capacity 

factor, the total number of the truck, annual operational distance, and fuel economy for 

each powertrain. Electricity and hydrogen production can be theoretically calculated and 

sized to meet the annual energy demand from the HDTs. Based on its equipment size, 

the capital and operation costs of equipment and vehicle are calculated to obtain a total 
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cost of ownership (TCO). The TCO and well-to-wheel (WTW) emission is then used to 

calculate the total cost of carbon abatement (TCA). 

 

 

Figure 8.5. Overall algorithm to calculate the total cost of carbon abatement 
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BETs and PHETs. For hydrogen and DFETs, the hydrogen storage should be able to 

store hydrogen production up to 13 hours of the hourly average hydrogen demand for 

FCETs and DFETs. 

 

Refuelling performances from the same energy demand and equipment sizes in off-grid 

system are shown in Figure 8.7. Red colours indicate the supplies that are unable to 

meet the demand for HDTs. It can be analysed that the wind for BETs can meet only 

42% of annual electricity demand. It is because the wind electricity that can be stored is 

limited by battery size and the absence of grid electricity. On the other hand, the wind 

can only meet nearly 65% of the annual hydrogen demand for FCETs. This technical 

refuelling performance is an impact of the discontinuation of grid electricity supply and 

the size limitation of electrolyser to produce hydrogen during the available wind. Both 

systems are unable to supply the demand mostly during summer rather than winter due 

to insignificant wind occurrence.  
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Figure 8.6. Refuelling performance of three summer days for on-grid system 
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Figure 8.7. Refuelling performance of three summer days for off-grid system 
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or FCETs. As a consequence, fuel costs for off-grid systems are higher compared to on-

grid systems. 

 

Figure 8.8. Impact of equipment sizes to (a) electricity demand, (b) surplus electricity, and (c) 
total cost of BETs ownership in an off-grid system 

 

Figure 8.9. Impact of equipment sizes to (a) hydrogen demand, (b) surplus electricity, and (c) 
total cost of FCETs ownership in an off-grid system 
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8.4.3. Truck ownership costs for the on- and off-grid system 

The total costs of ownership for fleets of 100 HDTs for all powertrains and systems are 

shown in Figure 8.10 It can be analysed that fuel cost is the most significant contributor 

for all powertrains in on-grid system except BET, which also dominated by infrastructure 

cost. For on-grid system, the BET has the lowest TCO of 0.82 €/km among ZLETs. The 

PHETs also show relatively low TCOs. However, the battery and charger costs affect the 

significant increase in infrastructure cost for BETs and PHETs in off-grid system. In off-

grid system, DFETs shows better techno-economic performance than other powertrains 

even though the infrastructure cost also increases. The fuel cost for each powertrain is 

also shown in the same figure. The significant increase of fuel cost occurs on all ZLETs 

in off-grid system compared to on-grid system due to the escalation of required wind 

capacity and surplus wind energy. 

  

 

Figure 8.10. The total cost of ownership for on- and off-grid system 
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PHETs) require the least. In off-grid situations, zero-emissions vehicles (FCETs, BETs) 

require higher installed capacities than low-emissions vehicles (DFETs, PHETs).  

 

  

 Figure 8.11. Dependence of the total cost of ownership and the required wind capacity on the 
number of trucks for on- and off-grid system 
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result in lower WTT emission than on-grid systems. Depending on the diesel ratio, WTW 

emission varies from 0 to 29 kilotonnes. When all fuel is produced from renewables and 

zero-emission trucks such as BETs and FCETs are operated, zero WTW emissions can 

be achieved in off-grid systems. The results of total carbon abated and its costs for 

different number of HDTs are given in Figure 8.13. It can be seen that the more ICETs 

are replaced by ZLETs, the more carbon can be abated at lower costs. 

 

 

Figure 8.12. Emission level and total cost of carbon abatement for all scenarios 
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Figure 8.13. Dependence of the total cost of carbon abatement and the well-to-wheel emission 
on the number of trucks for on- and off-grid systems 
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Figure 8.14. Sensitivity analysis for technical, economic, and environmental parameters 
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factor, number of trucks, annual operational distance, and fuel economy for each 

powertrain. Thus, electricity and hydrogen production capacity and their costs can be 

calculated and sized to meet the annual energy demand from the HDTs.  

 

For on-grid systems, all ZLETs benefit from available and stable grid electricity. 

Equipment can be optimally sized based on energy demand with the availability of grid 

electricity. For off-grid systems, equipment to deliver the required electricity or hydrogen 

fuel must be enlarged to meet the entire HDTs' fuel demand. Otherwise, only 42% and 

62% of total fuel demand can be met for BETs and FCET, respectively. The significant 

increase of wind capacities and battery sizes, in the case of BETs, in off-grid systems 

requires significant additional electricity and infrastructure costs. The increase of wind 

and electrolyser capacities are relatively small to satisfy all demand from DFETs and 

FCETs in an off-grid system.  

 

TCO and TCA of all powertrains for on-grid systems are lower compared to those for off-

grid systems. In contrast, emissions for all powertrains are lower off-grid compared to 

on-grid due to the GHG intensity of grid electricity. For 100 HDTs operating for relatively 

short distances, the minimum TCO and TCA for on-grid systems are found for BETs. 

Even though DFETs are less efficient than BETs, they are more likely to be used due to 

the lower TCO in off-grid systems. The more ICETs that are replaced by ZLETs, the 

lower the TCO and TCA that can be achieved due to economies of scale.  

 

This study provides insight into direct coupling opportunities between wind energy and 

HDTs and challenges of harnessing variable power either with (i) batteries to supply 

BETs and PHETs continuously, or (ii) electrolysers to produce hydrogen for DFETs and 

FCETs. BETs require small wind capacity compared to FCETs in on-grid systems. 

However, BETs require much larger wind capacity and significant battery sizes in off-grid 
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systems. Therefore, BETs are more likely to be utilised by on-grid quarries, but not in off-

grid ones.  

 

Several areas can be further studied in the future, including (1) direct coupling between 

renewable power and heavy-duty transport for longer operational distance such as 

logistic or retail purposes, (2) additional renewable sources other than wind, and (3) 

hydrogen utilisation for other off-grid systems including isolated regions and islands.  

 

8.6. Final remarks 

This chapter presents the performances of full techno-econo-environmental modelling 

on hydrogen production from wind electricity and dispensing to hydrogen-fuelled trucks 

as well as comparison to the other trucks’ technologies which fuelled by electricity. The 

typical operational distance of quarry trucks is 150 km/day. For this reason, all the 

emerging powertrain in ZLTEs are able to complete the typical quarry missions. TCA 

supports the evaluation on performances of carbon abatement for each technology. On- 

or off-grid system has significant impact to the either TCO or TCA.   

In Chapter 9 the developed techno-econo-environmental model is assessed to the 

regional hydrogen hub for the wider applications on hydrogen vehicle types. Galway city 

in western Ireland is used as a case study to represent a typical small to medium size of 

European front city. 
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9. Chapter 9. Modelling a Regional Hydrogen 

Hub Incorporating Multiple Vehicle Fleets 

 

 

 

 

 

 

9.1. Overview 

This chapter presents the results of modelling of a regional hydrogen hub (RH2). Galway 

City and the renewable resources that surround it is taken as a case study of such an 

RH2. Hydrogen can be generated at one or more wind farms in the region to decarbonise 

multiple vehicle fleets that are currently fuelled by diesel. The hydrogen production 

capacity of an electrolyser size that meets the hydrogen demand is selected as the 

optimum size. The electrolyser operates by using (1) curtailed and (2) available wind. 

Three different scenarios are developed to evaluate the parameters, (I) scenario 1 

represents a small scale RH2 with hydrogen capacity of less than 100 tonnes per year, 

(II) scenario 2 represents a medium scale RH2 of less than 500 tonnes per year, and (III) 

scenario 3 represents a large scale RH2 of up to 1,000 tonnes per year. The key 

parameters to evaluate the decarbonisation costs of multiple vehicles are the levelised 

cost of hydrogen fuel (LCOHF), the total cost of ownership (TCO), and the total cost of 

carbon abatement (TCA). The TCOs (€/km) and TCAs (€/tCO₂) are calculated for 

hydrogen fuel cell electric buses (FCEBs), cars (FCECs) operating in taxi fleets, refuse 

collectors (FCERs), and a passenger ferry (FCEF). The methods used in this study can 

be applied in any comparable setting. Results show the calculated LCOHF for all 
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scenarios varies from 5 to 12 €/kg by 2030. At a large hydrogen hub, the TCOs of the 

multiple hydrogen fleets are found 14% to 50% more expensive than diesel fleets. The 

highest TCAs are found for hydrogen-fuelled taxis due to high operational cost while 

abating lower overall emissions than other vehicles. 

 

9.2. Introduction 

The objectives of this chapter are (1) to model a regional hydrogen hub (RH2) that 

consists of a wind-hydrogen system (WHS), hydrogen transportation by using tube 

trailer, and a hydrogen refuelling station (HRS), (2) to size the optimum electrolyser size 

for RH2 using the levelised costs of hydrogen (LCOH), and (3) to evaluate the total costs 

of vehicle ownership (TCO) and carbon abatement (TCA) for multiple hydrogen vehicles. 

The methodology in the following section gives a detailed description of the systems and 

scenarios, hydrogen supply, refuelling profile, hydrogen demand, greenhouse gas 

emission profile, and overall model. Afterwards, the results and discussion section 

covers electrolyser sizing for all scenarios of each electrolyser operation scenario, the 

capacity factor of each electrolyser operation scenario, the levelised cost of hydrogen 

fuel for all scenarios, and the total costs of vehicle and carbon abatement for all 

scenarios. Finally, the overall findings of the work are presented in the conclusions 

section. 

 

 

9.3. Methodology 

9.3.1. Systems and scenarios 

A regional hydrogen hub (RH2) is an integrated system of infrastructure to produce, 

transport, and dispense hydrogen for hydrogen vehicles. The scale of this infrastructure 
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depends on the regional potential of hydrogen production and consumption. An RH2 is 

modelled to produce hydrogen (I) from either using only curtailed or available wind, (II) 

at a wind farm or a hydrogen refuelling station (HRS) and (III) for one type of vehicle or 

multiple types of vehicles. The hydrogen vehicles in this study comprise (1) the hydrogen 

fuel cell electric buses (FCEBs) for the city bus network, (2) fuel cell electric cars (FCECs) 

for the taxi fleet, (3) fuel cell electric refuse collectors (FCERs) for municipal waste 

collection, and (4) fuel cell electric passenger ferries (FCEFs) connecting the city’s port 

and nearby islands. 

 

The region around Galway city in Ireland is used as a case study for RH2. The city has 

approximately 80,000 inhabitants, which represents a small to medium-sized European 

waterfront city. The RH2 is evaluated based on 3 scenarios of the scale of hydrogen 

production and consumption, which are summarised in Table 9.1. In Scenario 1 (small 

hub), hydrogen is produced at a wind farm and transported using tube trailers to a HRS 

to supply several public city bus fleets. Scenario 2 (medium hub) has the same 

production and transportation arrangements as Scenario 1 but fuels more buses. 

Scenario 3 is a large hub that generates hydrogen onsite at a HRS that fuels multiple 

vehicle fleets. In scenario 3, hydrogen is produced using wind electricity from all nearby 

wind farms connected to the same transmission substation of 110 kV, located 

approximately 2 km from the proposed HRS. 
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Table 9.1. Description of scenarios  
Scenario number 1 2 3 

Scenario name  Small hub Medium hub Large hub 

H₂ annual capacity 1 – 100 tonnes/year 100 – 500  500 – 1000 

H₂ production site Galway Wind Park Galway Wind Park A hypothetical HRS 

Wind electricity 

sources 

• Galway Wind 

Park 

• Galway Wind 

Park 

• Galway Wind Park 

• Lettergunnet 

• Knockalough 

• Letterpeck 

H₂ end-users • 5 FCEBs • 40 FCEBs 

• 50 FCEBs 

• 470 FCECs 

• 15 FCERs 

• 1 FCEF 

 

 

Figure 9.1 shows the distribution of existing wind farms, 110 kV transmission lines and 

substation, the hypothetical HRS, taxi rank, bus depot, city port, and recycling centres. 

The red line illustrates the shortest hydrogen transportation route of 36 km for scenario 

1 and 2 to connect the hydrogen production site at a wind farm and a HRS. A hypothetical 

HRS is intended to be built in the city centre nearby the bus depots, taxi rank, and city 

port. Thus, hydrogen can be supplied to the hydrogen-fuelled city buses, taxi fleets, 

refuse collectors, and a passenger ferry.  
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Figure 9.1. Regional power and transport infrastructures in Galway, Ireland 

 

Figure 9.2.a. shows the required equipment to produce hydrogen off-site of the HRS for 

scenarios 1 and 2. The route of hydrogen transportation by tube trailers is shown in the 

same figure. In comparison to scenario 3, RH2 excludes the transportation system since 

hydrogen is produced on-site at the HRS as shown in Figure 9.2.b. The detailed method 

to calculate hydrogen production from a wind farm or transmission substation is 

described in the following hydrogen supply subsection. For transportation, this study 

uses the model previously described in Section 6.3.3. Hydrogen dispensing to meet the 

hydrogen demand for each vehicle is described in the refuelling profile subsection. The 

hydrogen demand subsection covers how to model the hydrogen demand for these 

hydrogen vehicles. Afterwards, the emission model is explained in the greenhouse gas 

emission profile subsection. Finally, all the involved models in this study are given in 

overall model subsection. 
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Figure 9.2. Block diagram of equipment for (a) hydrogen production is off-site of hydrogen 
refuelling station (Scenario 1 & 2), and (b) hydrogen production is on-site of hydrogen refuelling 

station (Scenario 3) 

9.3.2. Hydrogen supply 

In this study, the levelised cost of hydrogen fuel (LCOHF) and production (LCOHP) are 

previously described in Section 6.3.1 and can be calculated using Equation (6.2) and 

(6.3), respectively. The method to calculate hydrogen production is also previously given 

in Section 6.3.2 and calculated using Equation (6.6). In terms of the electrolyser sizing, 

the hydrogen production of an electrolyser size that meets the hydrogen demand is 

selected as the optimum size in this study. The following paragraph describes the wind 

electricity for electrolyser in RH2.  
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Two 110 kV transmission lines connect four existing wind farms to a 110 kV substation. 

The capacities and number of turbines for these wind farms listed in Table 9.2. The 

historical data of hourly generated wind electricity from 01/01/2020 to 31/12/2020 is 

obtained from the Single Electricity Market Operator (SEMO) [236]. The required data 

are the daily meter data (metered generation by unit), dispatch quantity, and actual 

availability. The hourly curtailed (CW) and exportable wind (EW) then can be calculated 

by using these three types of data following the model described in Section 3.3.3. for all 

wind farms, except Letterpeck wind farm, which due to its relatively small size is not 

recorded by SEMO. The Letterpeck and Lettergunnet wind farms are only separated by 

1 km. The hourly curtailed and exportable wind electricity of Letterpeck (ECW/EW,W4) is 

therefore calculated using Equation (9.1). Where λCW/EW,W2 is Lettergunnet hourly curtailed 

or exportable wind capacity factor and PWF,W4 is the capacity of Letterpeck. The λCW/EW,W2 

is calculated using Equation (9.2). Where ECW/EW,W2 is curtailed and exportable wind 

electricity of Lettergunnet, PWF,W2 is wind farm capacity of Lettergunnet, and t is the 

operational hours.  

 

CW / EW,W4(t) WF,W4 CW / EW,W2(t)E P =   
(9.1) 

( )

CW / EW,W2(t)

CW / EW,W2(t)

WF,W2 t

E

P t
 =


 

(9.2) 

 

Table 9.2. Wind farms connected to 110 kV Salthill substation 

No. 
Name of 

wind farm 
Capacity (MWe) Turbines (unit) 

W1 Galway Wind Park 169.0 58 

W2 Lettergunnet 40.9 10 

W3 Knockalough  35.2 11 

W4 Letterpeck 16.1 7 
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In scenario 3, the hourly curtailed or exportable wind electricity delivered to the 

transmission substation (W5) is calculated using Equation (9.3). It represents the sum of 

all curtailed or all exportable electricity from all wind farms listed in Table 9.2.  

 

( )
n

CW / EW,W5(n) CW / EW,W1(n) CW / EW,W2(n) CW / EW,W3(n) CW / EW,W4(n)

t=n

E = E + E + E + E  
(9.3) 

 

The economic lifetime of the system for all three scenarios is 20 years, with a discount 

rate of 5%. The curtailed, exportable and grid electricity prices are 2.5, 4.5 and 13 c/kWh, 

respectively. The techno-economic parameters in 2020 for the model are given in Table 

9.3. The capital cost of a PEM electrolyser is expected to decrease by 51% to 2030 [140]. 

Additionally, the specific energy consumption of a PEM electrolyser is projected to 

improve by 9% in 2030, compared to 2020 [140]. The costs of high-pressure storage and 

precooling equipment are expected to decrease by 45% by 2030 [47]. Dispensers and 

compressors can even reduce 60% of the current cost [47].  

 

For transporting hydrogen, the method previously described in Section 6.3.3. is used to 

model the hydrogen transportation for scenario 1 and 2. For dispensing hydrogen, the 

modelling of the HRS for all scenarios uses the model described in Section 6.3.4. In this 

study, all the hydrogen multiple fleets use hydrogen with a pressure of 350 barg, except 

FCECs that use 700 barg. Therefore, an additional compressor is located at the HRS for 

scenario 3. The modelling of the pre-cooling unit is described in the following subsection 

of the refuelling profile. This study excludes the capital cost for the 2-km grid connection 

between the transmission substation and HRS due to a lack of available data. However, 

the cost to install a 1,000 kVA connection in the United Kingdom is approximately € 

335,000 [206].  
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Table 9.3. Techno-economic parameters of the hydrogen production site, transportation, and 
hydrogen refuelling station 

 Units Value Ref. 

Energy Management Unit (EMU)    

Technology  Converter and controller  

Efficiency  90% [42] 

CAPEX € 10% x (CWE + CEC) [98] 

Water electrolyser (WE)    

Technology  Proton exchange membrane  

Specific energy consumption, µ kWh/kg 55 [140] 

Stack replacement years 20 (system), 5 (stack) [31] 

CAPEX, CCAPEX € 2498 x PWE 
0.925 [98] 

OPEX, COPEX € 0.2011 PWE -0.23 x CCAPEX,WE [115] 

Electric compressor (EC)    

Technology  Reciprocating  

Specific energy consumption, µ kWh/kg 1.7 [115] 

Pressure, p barg 300 [47] 

CAPEX, CCAPEX € 4948 x PWE 0.66 [98] 

OPEX, COPEX € 2% of CCAPEX [47] 

Storage vessel (SV)    

Technology  Steel vessel  

Lifetime, τ years 20 [98] 

Working pressure, p barg 350 [98] 

CAPEX, CCAPEX € 350 x Ṁ H2  [140] 

OPEX, COPEX € 2% of CCAPEX [46] 

Metallic tube trailer (TT)    

Capacity, ṁTT kg 500 [125] 

Pressure, p barg 300 [125] 

CAPEX, CCAPEX, € 232,000 [103] 

OPEX, ĊOPEX €/km 2.03 [103] 

Retest cost, CR, TT € 30%xCTT [98] 

Refrigeration unit (RU)    

Technology  Air-cooled refrigerator  

Ambient temp., TAMB °C 20 [237] 

CAPEX, CCAPEX € -39.89MCU
2+5182 MCU +112523 [47] 

OPEX, COPEX % 2 [47] 

Heat exchanger (HX)    

Technology  Thermal mass  

CAPEX, CCAPEX € 5523 QHE + 60.078 [47] 

OPEX, COPEX % 2 [47] 

Dispenser unit (DU)    

Technology  Hydrogen dispenser  

Pressure, p barg 350/750 [177] 

Flow rate, m”H2 kg/min 2 [85] 

Dispensing temp., TDU °C -40 [177] 

CAPEX (hose), CCAPEX € 35,048 (1), 67,595 (2) [177] 

OPEX, COPEX % 2  [46] 
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9.3.3. Refuelling profile  

The HRS refuelling profile for FCECs are obtained from the modelling work of Reddi et. 

al. [47]. For FCEBs, a previous model described in Section 6.3.4. is also used. The profile 

for FCERs is assumed to be the same as the profile for the heavy-duty truck as reported 

by International Council on Clean Transportation [78]. Finally, a study by Pfeifer et. al. 

shows a refuelling profile for FCEFs [88]. These refuelling profiles are reproduced and 

illustrated in Figure 9.3.  

 

 

Figure 9.3. Daily refuelling profiles for all urban fleets 

 

It is assumed that the FCEBs, FCECs, and FCERs regularly operate every day 

throughout the year except for 7 days of maintenance and public holidays. However, 

FCEF shows a seasonal characteristic, specifically taking more trips in summer than in 

winter [238], as illustrated in Figure 9.4. At the peak season in July, FCEF operates nine 

trips per day, which the hydrogen storage must accommodate. FCEF travels 45 km from 
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the city port to Inishmore in the Aran Islands. The techno-economic parameters of FCEF 

by Aarskog et. al. [239] are used to model FCEF in this study.  

 

 

Figure 9.4. Monthly refuelling profile for hydrogen fuel cell electric ferry (FCEF) 

 

There are three different maximum refuelling speeds in the commonly used SAE protocol 

for hydrogen refuelling dispensers. They are slow fuelling (30 g/s or 1.8 kg H2/min) for 

FCEBs and FCERs, normal fuelling (60 g/s or 3.6 kg/min) for FCECs, and fast fuelling 

(120 g/s 7.2 kg/min) for FCEF [165]. The differences in refuelling speeds are defined 

based on the type and maximum temperature of onboard hydrogen tanks. In general, 

there are four types of onboard hydrogen tanks. However, only type III and type IV are 

suitable for vehicular use [240]. They both use full composite wrapping, with metal liner 

(type III) for FCEBs, FCERs and FCEFs, and plastic liner (type IV) for FCECs. The impact 

of the mass flow rate and the inlet hydrogen temperature on the final temperature and 

state-of-charge of hydrogen tanks are stronger for type IV tanks than for type III [241]. 

Therefore, cooling demand is assumed to be not required for type 3 at 350 barg in this 

study. Moreover, a new approach with the addition of a pause during hydrogen refuelling 

can maintain the increase of temperature [242]. However, it is necessary to cool down 

the hydrogen in the pre-cooling unit from the ambient temperature of 20°C (TAMB) to the 

dispensing temperature of -40°C (TDU) for FCECs with type IV tanks at 700 barg [237]. So 

that a normal fuelling time can be safely achieved and a high temperature at hydrogen 
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tank of 85°C can be avoided [141]. A pre-cooling unit consists of a refrigerator and heat 

exchanger [85]. Equation (9.4) shows how the required electricity for the refrigeration 

unit is calculated. The capacity of refrigeration is calculated using Equation (9.5). In this 

model, the coefficient of Performance (CoP), specific heat ratio (k), specific heat of 

hydrogen (CpH2), and gas constant (R) are 1.1, 1.41, 14.7 kJ/kg⋅K, and 8.314 J/K⋅mol, 

respectively [180]. The cooling capacity of the heat exchanger is calculated using 

Equation (9.6). 

 

,

1

1 3600 24

AMB DU
RU H2 D OTH

H2

T Tk R
E M t

k n CoP

−
=     

−
 (9.4)  

, ,

1 3412
( )

60 12000
RU H2 HD HA HRS H2 AMB DUM m N Cp T T=    −    

(9.5)  

, ( )HX H2 HD H2 AMB DUQ m Cp T T=   −  (9.6)  

 

9.3.4. Hydrogen demand 

In this study, the total cost of vehicle ownership (TCO) is calculated using Equation (8.2) 

as described in Section 8.3.1. The operation of each FCEV is modelled using the 

available literature and listed in Table 9.4.  The number of vehicles for each scenario is 

also given in the same table. The techno-economic parameters shown in Table 9.4 are 

for technology in the year 2020. The capital costs of hydrogen vehicles are projected to 

be reduced 14%-22% by 2030, compared to 2020 [88], [239].  
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Table 9.4. Technoeconomic parameters of the vehicle 
 Units FCEB FCEC FCER FCEF 

Reference   [200] [50] [243] [88], [239] 

Operational parameters per unit     

Utilisation rate km/day 250 279 125 45 

Operational day/year 358 358 358 362 

Distance, D km/year 89,500 100,000 44,750 16,308 

H₂ vehicles  per unit     

Fuel economy₂, ďH2 km/kg 10.0 109.0 9.0 1.1 

CAPEX of H₂ vehicle  m€ 0.60 0.07 0.30 5.12 

OPEX of H₂ vehicle (annual) % CAPEX 2% 2% 2% 2% 

Diesel vehicles per unit     

Fuel economy, ďHC km/l 2.0 13.6 1.8 0.2 

CAPEX of diesel vehicle  m€ 0.20 0.02 0.18 3.96 

OPEX of diesel vehicle (annual) % CAPEX 2% 2% 2% 2% 

 

9.3.5. Emission profile 

The total cost of carbon abatement (TCA) is calculated using Equation (8.1) as described 

in Section 8.3.1. Greenhouse gas (GHG) emission modelling uses the well-to-wheel 

(MWTW) approach in tCO₂/km as shown in Equation (9.7). MWTW is the sum of well-to-tank 

(MWTT) emission, and tank-to-wheel (MTTW), both of which are calculated using Equation 

(9.8). The specific WTT GHG emission (δWTT,HC) for diesel is assumed at 52 gCO₂/kWh 

with specific energy (É) of 10.18 kWh/l. The theoretical TTW emission from diesel 

combustion (ɣTTW,HC) is 2,640 gCO₂/l, or (δTTW,HC) 264 gCO₂/kWh.  

 

The average GHG intensity of electricity generation in Ireland (δGE) is 146 gCO₂/kWh. It 

is assumed that the maximum share of grid electricity in hydrogen production (xWE,GE) is 

to 25%. Electrolyser efficiency (WE) is assumed at 69%. Specific fuel economy of 

hydrogen in km/kWh (dH2) can be calculated by dividing fuel economy in km/kg (ďH2) by 

the lower heating value of hydrogen (LHVH2 = 33.33 kWh/kg). The calculated specific 

emissions (e) in gCO₂/km for both diesel and hydrogen are given in Table 9.5. 
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Table 9.5. Specific emission of each vehicle 
Emission Well-to-tank (WTT) Tank-to-wheel (TTW) 

Fuel 
Diesel  

(eWTT,HC) 

Hydrogen  

(eWTT,H2) 

Diesel  

(eTTW,HC) 

Hydrogen 

(eTTW,H2) 

Unit (gCO₂/km) (gCO₂/km) (gCO₂/km) (gCO₂/km) 

Formula eWTT,HC = δWTT,HC / ď / É eWTT,H2 = δGE x xWE,GE /WE / d eTTW,HC = ɣTTW,HC / ď - 

FCEB 265 176 1,320 0 

FCEC 39 16 194 0 

FCER 291 197 1,451 0 

FCEF 2,229 1,655 11,114 0 

 

9.3.6. Overall model 

The techno-economic and GHG emission performances of the regional hydrogen hub 

(RH2) are modelled in this study. The model uses the levelised cost of hydrogen fuel 

(LCOHF), total capital expenditure (CAPEX), operational & maintenance expenditure 

(OPEX), the total cost of ownership (TCO), and total cost of carbon abatement (TCA) to 

evaluate the decarbonisation costs of multiple fleets. As shown in Figure 4.4, data 

preparation is needed for technical, economic, and emission models. These models are 

classified into two categories, supply and demand, as illustrated in the same figure. 
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Figure 9.5. Overall model to calculate the total costs of carbon abatement 

 

 

9.4. Results and discussion  

9.4.1. Electrolyser sizing for all scenarios of each electrolyser operation 
scenario 

Annual hydrogen production and LCOHP vary depending on electricity sources of RH2, 

as shown in Figure 9.6. The blue and red line colour represents the techno-economic 

performance of a wind farm and multiple wind farms, respectively. As shown in Figure 

9.6.a, the optimum electrolyser sizes to meet the hydrogen demand in scenarios 1, 2 

and 3 using curtailed wind are 0.7 MWe, 6.5 MWe, and 18 MWe, respectively. In 

comparison, the optimum electrolyser to meet the same amount of hydrogen demand for 
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scenarios 1, 2 and 3 using available wind are 0.3 MWe, 2.5 MWe, and 6.5 MWe, 

respectively, as shown in Figure 9.6.b.  

 

 

Figure 9.6. Impact of electrolyser size on LCOHF using a) curtailed wind operation and b) 
available wind (curtailed wind + exportable wind) for all scenarios 
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9.4.2. Capacity factor of each electrolyser operation scenario 

At an optimum electrolyser size for scenario 2 using available wind, a 2.5-MWe 

electrolyser can achieve a capacity factor of nearly 40% when operated by using 

curtailed wind only as shown in Figure 9.7.a. The input electricity comes from curtailed 

(92%) and grid (8%, to maintain minimum electrolyser operation) electricity. In contrast, 

the capacity factor of the electrolyser reaches 92% with available wind, as shown in 

Figure 9.7.b. Exportable wind replaces most grid electricity to maintain a minimum 5% 

of electrolyser nominal power. The shares of electricity using available wind operation 

are 37% for curtailed, 63% for exportable, and less than 1% for grid electricity.  
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Figure 9.7. Share of electricity at a 2.5 MWe electrolyser of a sample wind farm by using a) 
curtailed wind operation and b) available wind operation (curtailed wind + exportable wind) 

9.4.3. Levelised cost of hydrogen fuel for all scenarios 
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the dispenser for FCEF due to its relative underutilisation. The addition of more 

hydrogen-fuelled ships would help to address this. 

 

Figure 9.8. Levelised hydrogen fuel (LCOHF) for all multiple vehicles in all scenarios by 2030 

 

If newly developed glass-fibre tube trailers, which are capable of carrying 800 kg of 

hydrogen at a cost of 300,000 €/unit, are used [245], the LCOHT for scenario 1 increases 

by 19% and scenario 2 decreases by 33%. Thus, due to higher investment costs, the 

glass-fibre tube trailers are not suitable for delivering hydrogen of less than 50 

tonnes/day, but are highly suitable for capacities larger than 300 tonnes/day.  
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scenario 3, the TCOs of all hydrogen vehicles are 14% to 50% more expensive than 

diesel vehicles.   

 

 

Figure 9.9. Total costs of vehicle ownership (TCO) and carbon abatement (TCA) for all 
scenarios by 2030 

 

The costs of transitioning diesel to hydrogen fuel for city buses for all scenarios are 

between 263 and 1089 €/tCO₂. The TCAs for FCERs are 352 €/tCO₂ and 171 €/tCO₂ if 

using curtailed and available wind, respectively. The results also show that the most 

significant TCAs are for FCECs in scenario 3 due to it operates with high LCOHF while 

abating lower total emission than other vehicles. Finally, the TCAs for FCEF vary in the 

range of 119 to 151 €/tCO₂. 
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9.6. Conclusions 

This study presents the results of modelling for a regional hydrogen hub (RH2). An RH2 

is modelled to produce hydrogen (I) either from using only curtailed wind or the available 

wind, (II) at a wind farm or a hydrogen refuelling station (HRS) and (III) for one type of 

vehicle or multiple vehicles. The hydrogen vehicles in this study include hydrogen fuel 

cell electric buses (FCEBs), fuel cell electric taxi cars (FCECs), fuel cell electric refuse 

collectors (FCERs), and a fuel cell electric passenger ferry (FCEF). The key parameters 

of the levelised cost of hydrogen fuel (LCOHF), the total cost of ownership (TCO), and 

the total cost of carbon abatement (TCA) are used to evaluate three different sizes of 

RH2 (small, medium, and large) in Galway city.  

 

Results show that the capacity factors of the electrolysers are 40% and 92% if operated 

with curtailed wind only and available wind, respectively. The low capacity factor for 

curtailed wind operation affects the need to have large electrolyser sizes to meet the 

hydrogen demand for the respective scenario. The optimum electrolyser sizes to meet 

the demand in scenarios 1, 2 and 3 using curtailed wind are 0.7 MWe, 6.5 MWe, and 18 

MWe, respectively. In contrast, the optimum electrolyser sizes using available wind for 

scenarios 1, 2 and 3 are 0.3 MWe, 2.5 MWe, and 6.5 MWe, respectively. The LCOHF for 

all scenarios varies from 5 to 12 €/kg by 2030. Even though the total capital, operation, 

and maintenance expenditures of small RH2 are the lowest compared to the rest of the 

scenarios, it results in high LCOHF due to a lack of economies of scale. Moreover, the 

significant LCOHF can burden the TCOs. TCOs of scenario 1 are the highest among the 

evaluated scenarios. In scenario 3, the results show that the most significant TCAs are 

for FCECs due to high cost in operation while abating lower overall emission than other 

vehicles.  
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Future studies could explore new methods to reduce dispensing cost for 700 barg 

hydrogen. An international safety standard for hydrogen refuelling protocols for extra-

large vehicles like maritime crafts is required, particularly for fast refuelling of 7.2 kg/min 

for a large onboard storage tank of more than 300 kg. The existing standards cover only 

limited vehicles, mainly road based. An improved algorithm for energy management to 

capture low wind electricity prices can potentially be investigated to obtain more cost 

reductions. In addition, a hydrogen-fuelled truck to haul tube trailer can also be evaluated 

to replace the diesel-fuelled trucks used in this study. An additional cost of a grid 

connection from transmission substation to HRS of approximately 2 km is also essential 

for future study. Different incentives or subsidies mechanism can also be explored to 

support the policymakers in providing a stimulating policy for renewable hydrogen. 

 

9.7. Final remarks 

This chapter presents the performances of techno-econo-environmental modelling on 

the regional hydrogen hub for the broader applications on multiple hydrogen vehicles. 

The Galway city in the west of Ireland is used as a case study to represent a typical small 

to medium sizes of European front city. According to the capacity scales of hydrogen 

production and consumption, scenarios are developed to evaluate the overall costs of 

hydrogen production, transportation, dispensing and consumption.  

 

In Chapter 10, all the significant findings of the entire previous chapters and suggestions 

for future work are summarised in the conclusion. 
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10. Chapter 10. Conclusions 

 

 

 

 

 

 

10.1.  Overview 

This chapter summarises all the significant contributions, the findings in the previous 

chapters, and the future studies. The essential contributions of the studies are listed in 

the contribution section. The overall conclusions are explained in the conclusion section. 

Finally, suggestions for future studies related to this research are provided in the future 

works section. 

 

10.2. Contributions 

The essential contributions of the research include: 

1) An integrated model of renewable hydrogen supply chains that includes 

hydrogen production, transportation, dispensing and consumption. 

2) Optimisation techniques for renewable hydrogen production from various 

renewable electricity sources, transportation using multiple distribution 

options, dispensing via various parameters, and consumption to a wide range 

of vehicle types.  

3) A comprehensive modelling framework that includes technical, economic, and 

environmental aspects of the renewable hydrogen supply chain. 



Chapter 10 

198 
 

4) Assessment of the modelling framework for multiple configurations of 

equipment and value chains, technologies, time frames, capacities, and 

locations. 

 

10.3.  Conclusions 

The significant findings in this thesis are classified into (1) hydrogen production, (2) 

hydrogen transportation, (3) hydrogen dispensing, (4) hydrogen consumption, (5) 

hydrogen costs, and (6) hydrogen demand. Each of these classifications is explained in 

the following paragraphs.  

10.3.1. Hydrogen production 

In terms of hydrogen production, the modelling works in this thesis find that wind and 

solar can produce 100% green hydrogen. The levelised costs of hydrogen (LCOH) is an 

essential parameter for equipment sizing in hydrogen production systems. For curtailed 

wind operation, the value of LCOH is mainly driven by the capital cost of electrolyser, 

which depends on the electrolyser size. Therefore, large hydrogen demand can lead to 

the use of a large electrolyser, which reduces the specific electrolyser cost. The optimum 

equipment sizes for producing hydrogen are selected at the minimum LCOH. Even 

though at its minimum LCOH, most of the hydrogen production costs are still expensive 

if current technologies are used, particularly for small wind and solar farms. Therefore, 

for small farms (< 5 MWe), it is important to consider increasing the capacity factor of 

electrolyser to full capacity. It is also clear that electricity price and capital costs of 

electrolyser contribute to the large share of hydrogen production costs. The expected 

reduction of these parameters in the next decade will significantly reduce hydrogen 

production cost.  
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10.3.2. Hydrogen transportation 

Renewable electricity generators like wind and solar farms are well distributed across 

the EU. By producing hydrogen at renewable generation sites, hydrogen can be 

transported to the nearest hydrogen refuelling station. Tube trailers with capacity of 500 

to 1,000 kg are sufficient for this purpose, depending on the scale of HRS. The optimum 

supply chain for this value chain can be investigated and modelled spatially. Additionally, 

a Geographic Information System can also optimise the costs of transporting hydrogen 

from production sites to consumption locations. 

10.3.3. Hydrogen dispensing 

Similar to production, the costs of hydrogen dispensing at a hydrogen refuelling station 

(HRS) also benefit from economies of scale. The larger the capacity of a HRS, the 

greater the cost reduction of dispensing each kilogram of hydrogen. Because most of 

the costs for HRS are invested in the equipment that can benefit from the economies of 

scale. The HRS equipment can be sized using the equivalent hydrogen demand from 

various types of hydrogen vehicles. However, the safety standards of dispensing 

hydrogen are still limited for several types of road vehicles. The standards should also 

include the dispensing criteria for maritime craft. 

10.3.4. Hydrogen consumption 

The modelling works in this thesis have shown that the potential of renewable energy is 

sufficient to meet demand from hydrogen blending, heating, and transportation. For 

hydrogen blending into the gas transmission network, the ability of the current gas 

network to receive such a large share of hydrogen is important. Also, insight into 

technical aspects like large storage for hydrogen is required to maintain the flow rate to 

exactly meet demand. When hydrogen production from onshore wind for hydrogen 
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blending does not meet the significant demand in a specific country, hydrogen for this 

purpose should also be produced using offshore wind. For transport, hydrogen can be 

an option to fuel heavy-duty transport and ferries, particularly in working environments 

where the electricity grid is unavailable. The total cost of vehicle ownership (TCO) is 

helpful for investigating the competitiveness between hydrogen-fuelled vehicles and 

other technologies. A competitive TCO of hydrogen vehicles is required for adoption of 

more hydrogen vehicles, leading to more hydrogen supply and demand capacities. 

10.3.5. Hydrogen costs 

The CAPEX and OPEX of hydrogen production, transportation, dispensing and vehicles 

can be significantly reduced in the next decade. Most of the CAPEX cost reduction will 

be due to the impact of mass production of the equipment. Therefore, more hydrogen 

projects and investments are required to achieve the substantial costs reduction of this 

hydrogen-related equipment. These projects must be supported by a wide range of 

research, including developing renewable hydrogen supply chains. Concerning the 

environment, the energy transition should be achieved with minimum costs. The costs of 

carbon abatement (TCA) can be used as a key parameter to evaluate the costs of 

transitioning from fossil fuel-based technology to zero- and -clean technologies. For 

example, TCAs for hydrogen-fuelled cars are relatively high due to high operational 

costs, while abating lower total emissions than other vehicles. Therefore, techno-

economic modelling alone is not sufficient to investigate the decarbonisation 

performance by a specific technology. Energy transition-related modelling and research 

must always consider the techno-econo-environmental aspects. 
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10.3.6. Hydrogen demand 

Hydrogen demand must also be continuously studied, developed, and supported. 

Otherwise, hydrogen supply will be challenging due to a lack of demand. Regional 

approaches are crucial to integrate multiple electricity sources with multiple vehicle types 

and fleets. This helps to increase the overall capacity of hydrogen demand rather than 

targeting a specific type of vehicle. Regional approaches like hydrogen hubs are vital to 

integrating multiple electricity sources for multiple vehicles at a large capacity.  

 

10.4.  Future works 

Several suggestions for the improvement, addition, or extension of the current study in 

the future are described according to the category of (1) hydrogen production, (2) 

hydrogen transportation and storage, (3) hydrogen dispensing, and (4) hydrogen value 

chains. Each category is explained in each of the following paragraphs.  

 

The opportunities for future studies in hydrogen production are: 

• A combination of multiple electrolyser sizes in a hydrogen production system can 

be investigated to increase the overall capacity factor of electrolyser. 

• Other renewable resources for hydrogen production can be investigated. These 

include electricity from offshore wind, floating PV, and bioenergy from 

biochemical or thermochemical processes. 

• An improved algorithm for energy management to capture low wind electricity 

prices can potentially be investigated to obtain more cost reductions.  

The opportunities for future studies in hydrogen transportation and storage are: 
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• Hydrogen-fuelled trucks to haul tube trailers can also be studied to replace the 

diesel-fuelled trucks.  

• Alternative hydrogen transportation mechanisms such as transporting liquid 

hydrogen via trucks or ships, and hydrogen gas via dedicated pipelines are also 

necessary to be technically and economically compared to this study.  

• The potential options for hydrogen storage to be studied are salt caverns to store 

hydrogen gas, hydrogen liquefaction, and liquid organic hydrogen carriers 

(LOHC). 

The opportunities for future studies in hydrogen dispensing are: 

• The HRSs equipped with PV arrays, batteries and/or fuel cells can also be studied 

to reduce carbon emissions from the operation of HRS.  

• An additional cost of a grid connection from transmission substation to HRS is 

essential to be investigated, particularly for regional hydrogen hubs.  

• Future studies can explore new methods or technologies to reduce dispensing 

cost at 700 barg hydrogen.  

• A study on safety standards of hydrogen refuelling for extra-large vehicles like 

maritime crafts is required, particularly for fast refuelling of 7.2 kg/min for a large 

onboard storage tank of more than 300 kg.  

The opportunities for future studies on hydrogen value chains are: 

• Details of the required equipment and installation of hydrogen injection to the gas 

network are necessary to be investigated for a secure and stable hydrogen 

supply. 

• Direct sector coupling between renewable power and heavy-duty transport for 

longer operational distance, such as logistics or retail purposes. 
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• Detailed techno-economic parameters of heating provided by hydrogen can be 

calculated and compared with fossil fuel-based technologies.  

• Oxygen as a by-product of water electrolysis process may be evaluated for 

utilisation and value for multiple purposes in a future study, which may also reduce 

overall costs. 
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APPENDIX A 

The Decision Support Tool (DST) of Community Hydrogen Forum (CH2F) 

A.1. Antwerpen, Belgium 

The estimated number of buses is 424 units. 

  

Figure A.0.1. The percentage of city bus fuel in Antwerpen displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

  
Figure A.0.2. The percentage of operational costs for hydrogen buses in Antwerpen for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

Figure A.0.3. Distances from hydrogen sources to city bus fleet in Antwerpen 
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A.2. Brussel, Belgium 

The estimated number of buses is 235 units. 

 

Figure A.0.4. The percentage of city bus fuel in Brussel displaceable by renewable hydrogen in 
Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.5. The percentage of operational costs for hydrogen buses in Brussel for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.6. Distances from hydrogen sources to city bus fleet in Brussel 
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A.3. Berlin, Germany 

The estimated number of buses is 1,357 units. 

 

Figure A.0.7. The percentage of city bus fuel in Berlin displaceable by renewable hydrogen in 
Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.8. The percentage of operational costs for hydrogen buses in Berlin for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.9. Distances from hydrogen sources to city bus fleet in Berlin 
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A.4. Bremen, Germany 

The estimated number of buses is 430 units. 

 

Figure A.0.10. The percentage of city bus fuel in Bremen displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.11. The percentage of operational costs for hydrogen buses in Bremen for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.12. Distances from hydrogen sources to city bus fleet in Bremen 
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A.5. Dortmund, Germany 

The estimated number of buses is 435 units. 

 

Figure A.0.13. The percentage of city bus fuel in Dortmund displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.14. The percentage of operational costs for hydrogen buses in Dortmund for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.15. Distances from hydrogen sources to city bus fleet in Dortmund 
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A.6. Dresden, Germany 

The estimated number of buses is 427 units. 

 

Figure A.0.16. The percentage of city bus fuel in Dresden displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.17. The percentage of operational costs for hydrogen buses in Dresden for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.18. Distances from hydrogen sources to city bus fleet in Dresden 
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A.7. Duisburg, Germany 

The estimated number of buses is 420 units. 

 

Figure A.0.19. The percentage of city bus fuel in Duisburg displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.20. The percentage of operational costs for hydrogen buses in Duisburg for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.21. Distances from hydrogen sources to city bus fleet in Duisburg 
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A.8. Düsseldorf, Germany 

The estimated number of buses is 439 units. 

 

Figure A.0.22. The percentage of city bus fuel in Düsseldorf displaceable by renewable 
hydrogen in Dublin for different electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity 

 

 

Figure A.0.23. The percentage of operational costs for hydrogen buses in Düsseldorf for 
different electricity prices and electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity, relative to diesel 

 

 

Figure A.0.24. Distances from hydrogen sources to city bus fleet in Düsseldorf 
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A.9. Essen, Germany 

The estimated number of buses is 434 units. 

 

Figure A.0.25. The percentage of city bus fuel in Essen displaceable by renewable hydrogen in 
Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.26. The percentage of operational costs for hydrogen buses in Essen for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.27. Distances from hydrogen sources to city bus fleet in Essen 
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A.10. Frankfurt, Germany 

The estimated number of buses is 457 units. 

 

 

Figure A.0.28. The percentage of city bus fuel in Frankfurt displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.29. The percentage of operational costs for hydrogen buses in Frankfurt for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.30. Distances from hydrogen sources to city bus fleet in Frankfurt 

0%

20%

40%

60%

80%

100%

Curtailed operation Full time operation

0%

20%

40%

60%

80%

100%

Curtailed operation Full time operation

0%

50%

100%

150%

200%

250%

300%

Curtailed
operation,
expensive
electricity

Curtailed
operation,

cheap
electricity

Full time
operation,
expensive
electricity

Full time
operation,

cheap
electricity

Diesel
bus

0%

50%

100%

150%

200%

250%

300%

Curtailed
operation,
expensive
electricity

Curtailed
operation,

cheap
electricity

Full time
operation,
expensive
electricity

Full time
operation,

cheap
electricity

Diesel
bus

0% 20% 40% 60% 80% 100%

< 50

50 - 100

100 - 150

150 - 200

> 200

D
is

ta
n
c
e
 (

k
m

)



 

247 
 

A.11. Hamburg, Germany 

The estimated number of buses is 457 units. 

 

Figure A.0.31. The percentage of city bus fuel in Hamburg displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.32. The percentage of operational costs for hydrogen buses in Hamburg for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.33. Distances from hydrogen sources to city bus fleet in Hamburg 
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A.12. Hannover, Germany 

The estimated number of buses is 425 units. 

 

Figure A.0.34. The percentage of city bus fuel in Hannover displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.35. The percentage of operational costs for hydrogen buses in Hannover for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.36. Distances from hydrogen sources to city bus fleet in Hannover 
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A.13. Köln, Germany 

The estimated number of buses is 522 units. 

 

Figure A.0.37. The percentage of city bus fuel in Köln displaceable by renewable hydrogen in 
Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.38. The percentage of operational costs for hydrogen buses in Köln for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.39. Distances from hydrogen sources to city bus fleet in Köln 
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A.14. Leipzig, Germany 

The estimated number of buses is 427 units. 

 

 

Figure A.0.40. The percentage of city bus fuel in Leipzig displaceable by renewable hydrogen in 
Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.41. The percentage of operational costs for hydrogen buses in Leipzig for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.42. Distances from hydrogen sources to city bus fleet in Leipzig 
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A.15. München, Germany 

The estimated number of buses is 606 units. 

 

 

Figure A.0.43. The percentage of city bus fuel in München displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

Figure A.0.44. The percentage of operational costs for hydrogen buses in München for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.45. Distances from hydrogen sources to city bus fleet in München 
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A.16. Nürnberg, Germany 

The estimated number of buses is 422 units. 

 

Figure A.0.46. The percentage of city bus fuel in Nürnberg displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.47. The percentage of operational costs for hydrogen buses in Nürnberg for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.48. Distances from hydrogen sources to city bus fleet in Nürnberg 
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A.17. Lille, France 

The estimated number of buses is 495 units. 

 

Figure A.0.49. The percentage of city bus fuel in Lille displaceable by renewable hydrogen in 
Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.50. The percentage of operational costs for hydrogen buses in Lille for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.51. Distances from hydrogen sources to city bus fleet in Lille 
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A.18. Paris, France 

The estimated number of buses is 5,147 units. 

 

Figure A.0.52. The percentage of city bus fuel in Paris displaceable by renewable hydrogen in 
Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.53. The percentage of operational costs for hydrogen buses in Paris for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.54. Distances from hydrogen sources to city bus fleet in Paris 
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A.19. Strasbourg, France 

The estimated number of buses is 405 units. 

 

Figure A.0.55. The percentage of city bus fuel in Strasbourg displaceable by renewable 
hydrogen in Dublin for different electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity 

 

 

Figure A.0.56. The percentage of operational costs for hydrogen buses in Strasbourg for 
different electricity prices and electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity, relative to diesel 

 

 

Figure A.0.57. Distances from hydrogen sources to city bus fleet in Strasbourg 
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A.20. Bradford, United Kingdom 

The estimated number of buses is 426 units. 

 

Figure A.0.58. The percentage of city bus fuel in Bradford displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.59. The percentage of operational costs for hydrogen buses in Bradford for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.60. Distances from hydrogen sources to city bus fleet in Bradford 
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A.21. Bristol, United Kingdom 

The estimated number of buses is 412 units. 

 

Figure A.0.61. The percentage of city bus fuel in Bristol displaceable by renewable hydrogen in 
Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.62. The percentage of operational costs for hydrogen buses in Bristol for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.63. Distances from hydrogen sources to city bus fleet in Bristol 
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A.22. Edinburgh, United Kingdom 

The estimated number of buses is 420 units. 

 

Figure A.0.64. The percentage of city bus fuel in Edinburgh displaceable by renewable 
hydrogen in Dublin for different electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity 

 

 

Figure A.0.65. The percentage of operational costs for hydrogen buses in Edinburgh for 
different electricity prices and electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity, relative to diesel 

 

 

Figure A.0.66. Distances from hydrogen sources to city bus fleet in Edinburgh 
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A.23. Glasgow, United Kingdom 

The estimated number of buses is 439 units. 

 

Figure A.0.67. The percentage of city bus fuel in Glasgow displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.68. The percentage of operational costs for hydrogen buses in Glasgow for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.69. Distances from hydrogen sources to city bus fleet in Glasgow 

0%

20%

40%

60%

80%

100%

Curtailed operation Full time operation
0%

20%

40%

60%

80%

100%

Curtailed operation Full time operation

0%

50%

100%

150%

200%

250%

300%

Curtailed
operation,
expensive
electricity

Curtailed
operation,

cheap
electricity

Full time
operation,
expensive
electricity

Full time
operation,

cheap
electricity

Diesel
bus

0%

50%

100%

150%

200%

250%

300%

Curtailed
operation,
expensive
electricity

Curtailed
operation,

cheap
electricity

Full time
operation,
expensive
electricity

Full time
operation,

cheap
electricity

Diesel
bus

0% 20% 40% 60% 80% 100%

< 50

50 - 100

100 - 150

150 - 200

> 200

D
is

ta
n
c
e
 (

k
m

)



 

260 
 

A.24. Belfast, United Kingdom 

The estimated number of buses is 1,000 units. 

 

Figure A.0.70. The percentage of city bus fuel in Belfast displaceable by renewable hydrogen in 
Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.71. The percentage of operational costs for hydrogen buses in Belfast for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.72. Distances from hydrogen sources to city bus fleet in Belfast 
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A.25. Nottingham, United Kingdom 

The estimated number of buses is 448 units. 

 

Figure A.0.73. The percentage of city bus fuel in Nottingham displaceable by renewable 
hydrogen in Dublin for different electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity 

 

 

Figure A.0.74. The percentage of operational costs for hydrogen buses in Nottingham for 
different electricity prices and electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity, relative to diesel 

 

 

Figure A.0.75. Distances from hydrogen sources to city bus fleet in Nottingham 
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A.26. Kirklees, United Kingdom 

The estimated number of buses is 410 units. 

 

Figure A.0.76. The percentage of city bus fuel in Kirklees displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.77. The percentage of operational costs for hydrogen buses in Kirklees for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.78. Distances from hydrogen sources to city bus fleet in Kirklees 
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A.27. Leeds, United Kingdom 

The estimated number of buses is 469 units. 

 

Figure A.0.79. The percentage of city bus fuel in Leeds displaceable by renewable hydrogen in 
Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.80. The percentage of operational costs for hydrogen buses in Leeds for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.81. Distances from hydrogen sources to city bus fleet in Leeds 
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A.28. Leicester, United Kingdom 

420 

 

Figure A.0.82. The percentage of city bus fuel in Leicester displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.83. The percentage of operational costs for hydrogen buses in Leicester for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.84. Distances from hydrogen sources to city bus fleet in Leicester 
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A.29. Liverpool, United Kingdom 

The estimated number of buses is 529 units. 

 

Figure A.0.85. The percentage of city bus fuel in Liverpool displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.86. The percentage of operational costs for hydrogen buses in Liverpool for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.87. Distances from hydrogen sources to city bus fleet in Liverpool 
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A.30. London, United Kingdom 

The estimated number of buses is 8,000 units. 

 

Figure A.0.88. The percentage of city bus fuel in London displaceable by renewable hydrogen in 
Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.89. The percentage of operational costs for hydrogen buses in London for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.90. Distances from hydrogen sources to city bus fleet in London 
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A.31. Portsmouth, United Kingdom 

The estimated number of buses is 427 units. 

 

Figure A.0.91. The percentage of city bus fuel in Portsmouth displaceable by renewable 
hydrogen in Dublin for different electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity 

 

 

Figure A.0.92. The percentage of operational costs for hydrogen buses in Portsmouth for 
different electricity prices and electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity, relative to diesel 

 

 

Figure A.0.93. Distances from hydrogen sources to city bus fleet in Portsmouth 
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A.32. Sheffield, United Kingdom 

The estimated number of buses is 432 units. 

 

Figure A.0.94. The percentage of city bus fuel in Sheffield displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.95. The percentage of operational costs for hydrogen buses in Sheffield for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.96. Distances from hydrogen sources to city bus fleet in Sheffield 
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A.33. Tyneside, United Kingdom 

The estimated number of buses is 483 units. 

 

Figure A.0.97. The percentage of city bus fuel in Tyneside displaceable by renewable hydrogen 
in Dublin for different electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity 

 

 

Figure A.0.98. The percentage of operational costs for hydrogen buses in Tyneside for different 
electricity prices and electrolyser operation modes by using a) wind electricity and b) wind and 

solar electricity, relative to diesel 

 

 

Figure A.0.99. Distances from hydrogen sources to city bus fleet in Tyneside 
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A.34. Luxembourg, Luxembourg 

The estimated number of buses is 360 units. 

 

 

Figure A.0.100. The percentage of city bus fuel in Luxembourg displaceable by renewable 
hydrogen in Dublin for different electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity 

 

Figure A.0.101. The percentage of operational costs for hydrogen buses in Luxembourg for 
different electricity prices and electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity, relative to diesel 

 

 

Figure A.0.102.Distances from hydrogen sources to city bus fleet in Luxembourg 
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A.35. Amsterdam, Netherland 

The estimated number of buses is 478 units. 

 

Figure A.0.103. The percentage of city bus fuel in Amsterdam displaceable by renewable 
hydrogen in Dublin for different electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity 

 

 

Figure A.0.104. The percentage of operational costs for hydrogen buses in Amsterdam for 
different electricity prices and electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity, relative to diesel 

 

 

Figure A.0.105. Distances from hydrogen sources to city bus fleet in Amsterdam 
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A.36. Rotterdam, Netherland 

The estimated number of buses is 442 units. 

 

Figure A.0.106. The percentage of city bus fuel in Rotterdam displaceable by renewable 
hydrogen in Dublin for different electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity 

 

 

Figure A.0.107. The percentage of operational costs for hydrogen buses in Rotterdam for 
different electricity prices and electrolyser operation modes by using a) wind electricity and b) 

wind and solar electricity, relative to diesel 

 

 

Figure A.0.108. Distances from hydrogen sources to city bus fleet in Rotterdam 
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