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INTRODUCTORY NOTE 

 

Hydrogen – the future energy carrier for the Alps? 

Against the background of the climate policy objectives of the "Green Deal" for a climate-

neutral Europe by 2050, the topic of hydrogen is currently receiving renewed attention. The 

EU aims to develop and harness the potential of hydrogen for decarbonising our economies 

through investment, market creation, research and innovation in the coming years. 

Today, hydrogen is mainly used in industry and is produced almost exclusively by steam 

reforming of natural gas ("grey" H2). If the CO2 produced in the process is captured and 

stored, we speak of "blue" H2. With the electrolysis process, water can be split into hydrogen 

and oxygen. If renewable electricity is used for this process, we get “green” hydrogen. 

In order for hydrogen to contribute to climate protection, it must be produced exclusively from 

renewable sources. However, this raises some fundamental questions. Electrolysis, as well as 

the processes for compressed storage, or liquefaction by cooling to -253 °C and transport, 

require a lot of energy. If the energy carrier H2 is then converted back into electricity in a 

hydrogen vehicle with the help of a fuel cell, then more than three quarters of the energy is 

lost over the entire chain of action (well-to-wheel). This energy could instead be used largely 

without loss via the electrical grid infrastructure. It is therefore important to avoid such 

conflicts of use and first electrify those areas in which renewable electricity can be used most 

efficiently.  

In 2020, renewable energy sources made up 37% of gross electricity consumption in the EU. 

If part of this is used for the production of H2, it would currently be replaced by fossil energy 

on the electricity market, and in total even more greenhouse gas emissions would be 

produced. Therefore, only renewable electricity from additional capacities or the "surplus 

electricity" of the production peaks should be used for H2 production. 

On the other hand, the development of storage capacities is a basic prerequisite for the further 

expansion of volatile renewable energies, especially from wind power and photovoltaics. This 

storage and control function of "power-to-gas" processes allows a sensible utilization of 

surplus electricity and contributes to grid stabilization. In addition, it can be used to bridge 

the temporally staggered hydrographs of supply and demand. The hydrogen produced in this 

way can then be used in “hard-to-abate” sectors that are difficult to electrify, where the 

technology is competitive and the contribution to decarbonization is greatest. 

In heavy goods transport, shipping and aviation, H2 is an interesting energy carrier due to its 

high energy density compared to battery storage. In the field of passenger car transport, it 

currently looks like battery-electric drives will be ahead for the time being, although the 
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considerable ecological footprint of batteries must also be taken into account here. In the field 

of public transport, buses, long-distance and freight transport, however, hydrogen and fuel 

cells can be a complementary and interesting alternative to battery-electric drives, which in 

these fields of application are still somewhat limited by the required battery capacities and 

long charging times. 

Today, "green" hydrogen is not yet competitive in price and we have a "chicken and egg" 

problem. Due to the lack of applications, there is a lack of incentives for the development of 

a hydrogen infrastructure, which in turn is the prerequisite for the development of a 

corresponding demand. The European course set and the funds made available should provide 

important impulses here. In addition, with the integration of the European electricity grids, 

access to cheap electricity, which is in low demand at certain times, will become much easier 

in the future. However, it can be assumed that in the medium and long term the potential of 

renewable energies that can still be tapped in Europe will not be sufficient to cover the need 

for a massive conversion to a "green hydrogen economy". Therefore, energy partnerships 

with third countries will be necessary to meet the demand in Europe. Hydrogen will definitely 

play a stronger role in our future energy system, but which applications will ultimately be the 

most promising remains to be seen. Basically, however, it is not a question of an "either-or" 

and a commitment to the "best technology", but rather which combination of measures in the 

respective sectors will deliver the best overall result, both economically and ecologically. 

This study, developed in the frame of EUSALP Action Group 9, attempts to explore the above 

mentioned opportunities and challenges, and is intended as guidance document for policy 

makers in the Alpine Region. 
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1 The European hydrogen strategy and the related hydrogen 

application categories 

1.1 European Hydrogen Strategy 
The latest European Hydrogen Strategy refers to the development of hydrogen infrastructure 

and its integration into several sectors of the economy, according to application groups that 

are promoted at European Commission level. The key document describing the underlying 

vision is the Communication delivered to the European Parliament by the European 

Commission in July 2020 [1] and titled A hydrogen strategy for a climate-neutral Europe. The 

Hydrogen Strategy sees hydrogen as “a key priority to achieve the European Green Deal and 

Europe’s clean energy transition” and identifies its role in addressing the shortcomings of 

renewable electricity. According to the Commissions’ Communication, the key features of 

hydrogen as a complementary solution to electrification involve its capacity to act as an energy 

storage vector in response to seasonal variation and to transmit energy to locations far from 

the generation points. Moreover, the Strategy identifies hydrogen as a technology capable to 

decarbonize specific industrial sectors. 

The Communication points to several groups of applications that include industrial uses, 

transportation, electricity storage and grid balancing, and residential heat. Some of these 

categories further articulate into several technological domains and use cases. 

The following sections aim to provide a comprehensive picture of the possible hydrogen 

applications partly mentioned by in the Communication to the Parliament and to describe 

concisely their context, maturity, potential, barriers, and techno-economic characteristics by 

drawing on the available scientific literature and previous internal research. 

1.2 Transportation applications 

The development of clean and energy efficient vehicles, that respect the EU policy objectives 

of reducing energy consumption, CO2, and pollutant emissions, represents a key aspect of the 

road towards the decarbonization of the transportation sector. The Clean Vehicles Directive 

[2] adopted by the European Parliament & Council in June 2019 divides the transportation 

sector into light-duty (cars and vans) and heavy-duty (trucks and buses) vehicles and gives a 

definition to “clean vehicle”. A light-duty clean vehicle must accomplish the goal of zero-

emissions from January 1st, 2026, on the other hand, a heavy-duty clean vehicle should be 

powered by one of the alternative fuels listed in the Alternative Fuels Infrastructure Directive 

(Directive 2014/95), i.e., hydrogen, battery electric (including plug-in hybrids), natural gas 

(both CNG and LNG, including biomethane), liquid biofuels, synthetic and paraffinic fuels, LPG. 

Currently, the European commission is supporting three types of fuels and propulsions, which 

are considered the green solutions for the transportation sector and are also included in the 

Green Cars Initiative, which is part of the European Next Generation plan. These include: 
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• Liquid or gaseous biofuels;  

• Hydrogen and fuel cells;  

• Battery electric and hybrid electric vehicles with plug-in. 

In this section of the report, we will focus on hydrogen and fuel cells for the transportation 

sector, which is identified as one of the technologies that could help achieve a reduction of 

60% − 80% in greenhouse gas emission by 2050 [3]. A fuel cell is an electrochemical device 

that converts chemical potential into electrical energy. Differently from batteries, fuel cells do 

not consume themselves during operation and require to be fed by a continuous flow of fuel. 

More details on fuel cell will be provided further below. 

Hydrogen Fuel Cells Electric Vehicles (FCEVs) may include light-duty vehicles (cars and vans), 

public transport vehicles (train and buses), heavy-duty vehicles (trucks) and industrial vehicles 

(forklifts, snowcats). A list of the key components of a FCEV follows (Fig. 1.1 and Fig. 1.2). 

• Fuel cell: it converts the hydrogen chemical energy into electrical energy; 

• Hydrogen storage: hydrogen can be stored in different ways (as discussed in section 

1.10), however, nowadays FCEVs store hydrogen as pressurized gas at 350 or 700 

bar in gas cylinders; 

• Electric traction motor: it converts electrical energy into mechanical energy that 

moves the vehicle; 

• Battery pack: it provides electricity to start the vehicle, it powers vehicle accessories, 

and, in some cases, it is used to store energy generated from regenerative braking. 

 

Fig. 1.1. Schematic of the main components of a simple fuel cell electric vehicle. From ref. [4] 
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Fig. 1.2. Schematic of the main components of a hybrid fuel cell electric vehicle. From ref. [4] 

Among the different types of FCEVs, there are several companies on the market who have 

developed commercial light-duty vehicles, including Toyota, Honda, Hyundai (which is 

producing hydrogen trucks and buses as well). Similarly, a set of companies have developed 

hydrogen fueled buses, which are currently used in some cities around the world, and in two 

cities of the EUSALP area, i.e. Bolzano and Milano [5]. Rails are already mostly electrified, 

however there are regions around the world, where building a power line is considered to 

have limited financial viability, that are still using diesel powered trains. For this reason, 

hydrogen trains become an interesting solution for decarbonizing this mode of transportation. 

In November 2018, the world's 1st hydrogen powered passenger train, developed by Alstom 

(Coradia iLint), has been put in commercial operation in Lower Saxony in Germany [6].  

The public's perception of hydrogen is one of the obstacles that must be addressed to increase 

the share of FCEVs. Nevertheless, it was demonstrated that hydrogen may be safer than 

conventional fossil fuels, i.e., gasoline or methane [7]. Several parameters should be 

considered to determine the safety factor of a fuel, and the analysis reported by Nejat et al. 

[7] showed that hydrogen could be considered the most safe fuel with a safety factor of 1.00 

and gasoline the least safe fuel with a value of 0.53. The main drawbacks of hydrogen as a 
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fuel in FCEVs are associated to the wide ignition limit in air and the low ignition energy, which 

increase the limit it takes for a fire to start. On the other hand, parameters such has the 

specific heat, the flame temperature, the explosion energy, and the flame emissivity make 

hydrogen a much safer fuel, since they highlight the lower damaging power of a hydrogen 

explosion [8]. 

1.3 Energy storage and the Power-to-Gas concept 

In the perspective of energy systems with high levels of electrification sustained by major 

shares of intermittent renewable energy sources, the presence of time periods in which 

electrical power generation surpasses consumption in electrical grids has prompted the two 

key questions of 1) how to avoid grid load imbalances, and 2) how to best store the available 

surplus energy (Kumar and Singh, 2014). In this context, a widely discussed option to store 

renewable energy involves the Power-to-Gas concept. Power-to-Gas (PtG or P2G) foresees 

the transfer of electrical energy to hydrogen gas by means of water electrolysis, powered by 

renewable electricity (Lehner et al., 2014). Under the PtG perspective, the production of 

hydrogen through electrolysis represents a strategy to store surplus energy into a 

transportable, storable gas, that can hold its energy content until it is required for a particular 

use. The basic flowsheet of a PtG system includes the conversion of water and electricity into 

hydrogen and oxygen as a first step. Hydrogen as a standalone energy carrier can then be 

stored, transported to specific locations, injected into existing natura gas (NG) grids as a 

hydrogen-natural gas blend, or injected into ad-hoc hydrogen grids. When combined with an 

available carbon stream, instead, the hydrogen stream can be exploited in the synthesis of 

methane through catalytic of biological methanation (Götz et al., 2016). 

While the prominent context for the envisioned PtG infrastructure is the local, national, or 

transnational grid scale, an architecture based on power-to-hydrogen storage has been 

hypothesized for residential applications too, in combination with battery storage and fuel cell 

power generation. However, the economics of the system have been identified as 

uncompetitive with conventional grid electricity purchasing (den Balvert and Smit, 2020). 

While substantial attention is currently being placed on the PtG concept and the expected 

potential of e-fuels and electrolytic hydrogen (e-hydrogen) to cover a major share of future 

renewable fuels demand, recent research has suggested that additional wind and solar 

generation installations in excess of 1,600 GW would be needed to meet the projected 

European hydrogen demand by 2050, thus constraining the potential for a fast large-scale 

development of e-fuels and e-hydrogen (Lux and Pfluger, 2020). 

1.4 Electricity generation 

In principle, hydrogen can be used in electricity generation by means of fuel cell technologies 

or conventional thermal technologies such as gas turbines and steam cycles, by replacing the 

role of natural gas. The following two sections provide an overview of both. It should be noted 
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that in most propositions, power generation from hydrogen is seen in complementarity with 

energy storage in the form of hydrogen as discussed in the previous section. 

1.4.1 Combined cycles and turbo engines 

Hydrogen has been suggested as a possible fuel in steam combined cycle power plants, in 

substitution to or in complementarity with natural gas, under the perspective of fuel flexibility 

and power provision in periods of low renewable supply capacity. The use of hydrogen in 

premixed combustion in turbine combined cycles could take place either in a hydrogen-rich 

syngas or as a pure feed, although substantial incurred operability changes have been 

reported by the literature (Taamallah et al., 2015). High flame speed and the related risks of 

backfire particularly represent an important risk in the use of hydrogen-rich combustion 

mixtures in turbines and, while substantial efficiency gains relatively to conventional firing 

would be possible by increasing steam inlet temperature to the turbine through supplementary 

H2/O2 firing, these would require substantial technical developments (den Balvert and Smit, 

2020). 

1.4.2 Fuel cells for power generation 

Fuel cell technologies have attracted substantial attention in the last decades, due to their 

potential to generate electricity from fuels without the need for large-scale evaporation-

expansion cycles, which has linked them to the potential to electrify mobile devices or to 

supply electrical power to individual small scale consumption points. 

Fuel cell technologies rely on reduction reactions between fuels and oxidants, whereby the 

electron transfer between molecules is intercepted through an electrical circuit connected to 

a load, thanks to the redox potential supplied by the R. 1 reaction. 

R. 1 expressed in redox form (R. 1) indicates the transfer of electrons from the hydrogen 

molecule to the oxygen molecule that brings the formation of water. 

𝐻2 ↔ 2𝐻+ + 2 𝑒− 

2𝐻+ + 2 𝑒− +
1

2
𝑂2 ↔ 2 𝐻2𝑂 

R. 1 

The general working principle of a fuel cell resides in the separate transport of protons H+ and 

electrons that generate in R.2, through a permeable membrane (or a proton transfer solution) 

and an electric circuit, respectively (Fig. 1.3). Electrical power can be exploited by applying an 

electrical load on the electric circuit. 
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Fig. 1.3. Schematic of a PEM fuel cell. Reproduced from Weber and Lipman (2019). 

While hydrogen flows on the anode side of the permeable membrane of a fuel cell, the oxidant 

flows on the cathode side of the cell and protons are transported across the permeable 

membrane in direction of the oxidant, hence from anode to cathode, following a proton 

concentration gradient. 

Five fundamental families of fuel cells group the majority of designs and operating principles 

available. These technology families include proton exchange membranes, solid oxides, 

alkaline solutions, acid solutions, molten carbonate fuel cells and biological cells. Each of these 

categories presents specific challenges and advantages, although a common limitation in 

electrochemical cells consists in the catalyst materials required, that often carry high costs 

and proneness to inactivation [9–13]. Biological cells would present higher tolerance to feed 

contamination but are constrained by very low efficiencies and current densities compared to 

electrochemical technologies [13]. 

1.5 Residential heat generation  

Hydrogen has applicability to CO2-free heat generation in buildings, including the provision of 

heat, both from hydrogen combustion in boilers in substitution or as a blend with other species 

and from combined heat and power (CHP) production through micro-CHP fuel cell systems 

(Boait and Greenough, 2019; Nuttall and Bakenne, 2020; Slorach and Stamford, 2021)(Boait 

and Greenough, 2019). Standalone heat provision as ambient heat and hot water in buildings 

can also be generated from hydrogen in conventional gas boilers, where flames are used to 

heat water in a circuit. Alternative relevant heat technologies include catalytic boilers and gas-

fueled heat pumps. In catalytic boilers, exothermic reactions are generated on metal catalysts 

to heat water in the absence of flames, while in gas fueled heat pumps, a phase-change fluid 
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is pre-heated with available low-temperature heat and is then evaporated by supplying heat 

from hydrogen combustion rather than through electric compression (Dodds et al., 2015). 

1.6 Indirect energy applications: renewable fuels synthesis  

Hydrogen covers a fundamental role in indirect energy applications in the production of 

biofuels and so-called e-fuels, where it is involved as a reagent in several fuel synthesis 

processes. 

Such role of hydrogen is often classified under the title of “Power-to-X” processes, where it is 

implicitly assumed that the hydrogen production route involved is water electrolysis sustained 

by electrical power. Electrolytic hydrogen is then employed in a variety of chemical synthesis 

or biosynthesis processes that yield a product “X”, represented by a fuel (thus “electro-fuel” 

or “e-fuel”) or a chemical component (“e-chemical”), or further, heat or power. When such 

fuels also contain chemical components derived from biogenic sources, the same products 

alternatively take the name of “biofuels” or “biochemicals” indistinctively. 

However, it is noteworthy that the use of hydrogen as an intermediate reagent in the 

production of fuels does not necessarily imply the use of electrolysis as the upstream 

production technology, and therefore, the prefixes “Power-to” and “e-“, or “electro-“ are 

strictly used in the context of electrolysis-derived hydrogen. 

1.6.1 Methane 

The definition of renewable methane refers to a gas mixture composed prevailingly of 

renewable methane, that resembles natural gas in composition, heating value and physical 

properties. Renewable methane can be defined as biomethane when it is partly biomass-

derived or e-methane when it is derived from a strict Power-to-Methane process. The terms 

biomethane or methane will be used here. Alternative definitions include “renewable natural 

gas” and “substitute natural gas”.  

Hydrogen is employed in the synthesis of methane through the methanation process, that can 

be accomplished by means of thermochemical (or “catalytic”) or biochemical reactions. The 

process entails the conversion of carbon dioxide and carbon monoxide to methane by means 

of hydrogenation. 

Catalytic methanation is a thermochemical process taking place in catalytic reactors typically 

at temperatures between 200 and 550 °C and pressures between 1 and 100 bar, on catalysts 

containing metals such as Ni, Ru, Rh, and Co [14]. Several methanation reactor designs have 

been tested at research level and in particular the fixed-bed design already counts at least 

eight established commercial systems developed in the past, while fluidized bed and three-

phase reactors have been developed into fewer industrial designs [15]. 
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The overall methanation process can be described through the three following overall 

reactions, namely the methanation of carbon monoxide (R. 2), and carbon dioxide (R. 3). 

𝐶𝑂 + 3 𝐻2 ↔ 𝐶𝐻4 + 𝐻2𝑂 

R. 2 

𝐶𝑂2 + 4 𝐻2 ↔ 𝐶𝐻4 + 2 𝐻2𝑂 

R. 3 

Methanation of pure CO2 can be accomplished through catalytic or biological methanation 

processes, by supplying an external source of pure hydrogen (Fig. 1.4). Such hydrogen is 

typically produced through electrolysis powered by renewable energy and mixed with pure 

CO2 upstream of a methanation subprocess, according to the Power-to-Gas concept. The 

European Store&Go project implemented in Germany, Switzerland and Italy provided a 

demonstrative scale application of such concepts, whereby pure CO2 was converted to 

renewable methane by addition of electrolytic hydrogen, through either catalytic or biological 

methanation technologies [16]. 

 

Fig. 1.4. Schematic of methanation process applied on a pure CO2  feed 

The methanation of the CO2 stream contained in biogas derived from anaerobic digestion is 

recognized as a biogas upgrading technology enabling the production of pure biomethane 

[17]. As a fundamental benefit with respect to biogas upgrading strategies based on CO2 

separation and rejection processes, biogas upgrading via methanation (biogas methanation) 

allows converting nearly 100% of the available carbon into renewable fuel, thus delaying its 

partial emission into the atmosphere, while substituting an additional portion of fossil natural 

gas in the energy mix. Both catalytic and biological methanation can be employed in biogas 

methanation. In particular biological methanation of biogas can take place in two forms: as 

an ex-situ process, where biogas exiting the main reactor is mixed with pure hydrogen and 

converted to additional biomethane in a separate bioreactor, and as an in-situ process, where 

hydrogen is injected into the main reactor and is directly converted to additional biomethane 
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by the available microbial community [18]. The Renovagas and BioPower2Gas projects are 

early examples of ex-situ biogas methanation demonstration European projects based on 

catalytic and biological methanation, respectively [19].   

 

Fig. 1.5. Schematic of a methanation process applied on a biogas feed 

Methanation of biomass-derived syngas can be carried out through catalytic or biological 

methanation to synthesize methane from a renewable gas mixture rich in H2, CO2 and CO. As 

opposite to biogas, biomass-derived syngas already contains a mixture of the required 

methanation reactants, although these do not occur in the relative concentrations required to 

achieve full carbon conversion. In fact, the hydrogen concentration in syngas is always 

deficient with respect to CO and CO2. Therefore, syngas methanation processes require 

separation of part of the carbon stream (normally in the form of CO2) either upstream or 

downstream methanation [20], and/or the provision of supplemental hydrogen upstream of 

the methanation subprocess [21]. For these reasons, research level interest has emerged in 

integrated gasification-electrolysis-methanation concepts. However, the worlds’ largest state-

of-the-art demonstrative project to date is represented by the Gobigas plant in Sweden, a 20 

MWth standalone syngas methanation plant based on fluidized bed gasification and catalytic 

methanation, operated between 2014 and 2018 [22]. 

 

Fig. 1.6. Schematic of a methanation process applied on a biogenic syngas feed 
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Key techno-economic barriers to the implementation of large-scale methanation include, but 

are not limited to 1) the high cost of biomass fuels and/or hydrogen, 2) the complexity of 

catalytic processes with high upstream gas purity requirements, 3) the large scales required 

for product unit cost reduction, often incompatible with the sizes of biomass feeds available. 

1.6.2 Methanol and dimethyl ether 

The hydrogenation of carbon streams can also be exploited to synthesize liquid fuels that do 

not require compression to be displaced. Methanol represents another possible product of CO 

and CO2 hydrogenation that has been attributed a relevant role as a transition fuel exploitable 

either as pure in internal combustion engines or fuel cells, or as a blend component for 

gasoline or other hydrocarbons [23]. Moreover, a fundamental space is attributed to methanol 

in the perspective of renewable chemicals synthesis, because it represents one of the most 

versatile platform molecules in the contemporary chemical industry [24]. CO2-to-Methanol, 

Power-to-Methanol and Syngas-to-Methanol processes have thus seen relevant research and 

pilot-scale development in recent years, including the startup of two direct catalytic CO2 

hydrogenation pilot plants in Europe, namely the George Olah pilot plant, a CO2 hydrogenation 

process with a production capacity of 11 t MeOH/day [25], and the MefCO2 pilot plant, with 

a capacity of 1 t MeOH/day [26]. 

 

𝐶𝑂2 + 3 𝐻2 ↔ 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 

R. 4 

𝐶𝑂2 + 𝐻2 ↔ 𝐶𝑂 + 𝐻2𝑂 

R. 5 

𝐶𝑂 + 2 𝐻2 ↔ 𝐶𝐻3𝑂𝐻 

R. 6 

The possible process layouts related to the synthesis of renewable methanol do not 

fundamentally differ from the concepts previously listed for the synthesis of methane. In 

particular, three key process integration opportunities can be identified (Fig. 1.7): 

1. The hydrogenation of a pure CO2 stream by means of a pure source of H2. 

2. The conversion of CO2-rich biogas by means of an external source of pure H2. 

3. The conversion of hydrogen-rich biomass-derived syngas to methanol. 
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Fig. 1.7. Schematic of a methanol synthesis process applied on a pure CO2 feed (top), a biogas feed (middle) or a 

biogenic syngas feed (bottom). 

The same conceptual process frameworks as well as similar conversion technologies can be 

exploited for the synthesis of dimethyl ether (DME), another organic liquid fuel with promising 

potential for the transportation sector [27]. 

1.6.3 Ethanol 

Hydrogen-rich gas mixtures can serve renewable ethanol synthesis through both 

thermochemical and biochemical routes. Due to the molecular composition of ethanol 

(C2H5OH), the stoichiometric hydrogen requirements of its synthesis are lower compared to 

methane and methanol. 

In a similar way to methanol, the thermochemical synthesis of ethanol can be accomplished 

via CO or CO2 hydrogenation, according to R. 7 and R. 8, respectively [28]. 

2 𝐶𝑂 + 4 𝐻2 ↔ 𝐶2𝐻5𝑂𝐻 + 𝐻2𝑂 

R. 7 

Renewable H2 source

H2

Pure CO2

Methanol 
synthesis Methanol 

purification

Methanol

Industrial 
process

Renewable H2 source

H2

Biogas

Gas cleaning 
processes

Anaerobic 
digestion

Methanation 
processes

Renewable H2 source

H2

Syngas

Gas cleaning 
processes

Biomass 
gasification

Methanation 
processesSyngas reforming 

processes

Methanol 
purification

Methanol

Methanol 
purification

Methanol



 
 
  

    
 

 

 

Facoltà di Scienze e Tecnologie  NOI Techpark Südtirol / Alto Adige 
Libera Università di Bolzano   via Alessandro Volta 13, 39100 Bolzano 
Piazza Università 1, 39100 Bolzano Laboratori A2 – 4.09 / B5             19/93 

2 𝐶𝑂2 + 6 𝐻2 ↔ 𝐶2𝐻5𝑂𝐻 + 3 𝐻2𝑂 

R. 8 

Alternatively, ethanol can be produced through syngas-to-methanol (R. 6) with subsequent 

homologation reaction (R. 9). 

𝐶𝐻3𝑂𝐻 + 𝐶𝑂 + 2 𝐻2 ↔ 𝐶2𝐻5𝑂𝐻 + 𝐻2𝑂 

R. 9 

The exploitation of hydrogen in renewable ethanol synthesis can take place via direct 

hydrogenation of pure CO2 streams by means of external hydrogen provision, as well as 

through the conversion of gas mixtures containing CO2, CO and H2, with or without the need 

for external hydrogen provision. A relevant example, due to its existing industrial applications, 

is the conversion of CO-containing off-gases from iron ore reduction operations in steelmaking. 

1.6.4 Higher alcohols 

Higher alcohols can also be obtained by thermochemical synthesis or fermentation of CO2-CO-

H2 gas streams, starting from the raw gas feed, or by exploiting ethanol as an intermediate. 

1.6.5 Ammonia 

Hydrogen is required in the synthesis of ammonia, employed today as an essential chemical 

platform to produce plant fertilizers sustaining global food supply. In 2008, 80% of global 

ammonia production was estimated to be destined to fertilizer manufacturing [29]. In 2020, 

global ammonia production consumed 8.6 EJ of final energy (more than 95% of which in the 

form of fossil fuels) and generated approximately 35% of the total CO2 emissions of the 

chemical sector alone [30]. The IEA states that “if the ammonia industry were a country, it 

would be the 16th largest emitter in the world, between South Africa and Australia” [30]. 

Currently, approximately 200 Mt/y of ammonia is produced worldwide, 85% of which is 

synthesized via the Haber-Bosch process, according to R. 10 [31]. A further 5% of ammonia 

is oxidized to nitric acid, 5% is used in polyamides production and 5% elsewhere [32]. 

However, ammonia has recently attracted major attention with respect to its potential to act 

as a hydrogen carrier in energy applications [33]. 

3 𝐻2 + 𝑁2 ↔ 2 𝑁𝐻3 

R. 10 

The role of ammonia as a hydrogen consumer globally is primary, with an estimated 

consumption of 42% of total pure hydrogen and 27% of total hydrogen overall [6]. 
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Due to the large-scale impacts of ammonia production, the scientific community has 

highlighted the urgency to substitute fossil hydrogen with renewable hydrogen in ammonia 

synthesis [34]. Key opportunities for substitution entail the use of pure renewable hydrogen 

in electrochemical or thermochemical processes, or the use of biogenic hydrogen-rich syngas 

as a substitute for fossil-derived syngas [35,36] (R. 5). Under a net-zero scenario, the IEA 

further estimated that a 95% reduction of 2020 emissions by 2050 could be obtained with a 

technological pathway that sees electrolysis covering 41% of ammonia production and 50% 

of the fossil-based capacity equipped with carbon capture and storage [30]. 

 

Fig. 1.8. Schematic of 1) an Haber-Bosch ammonia synthesis process fed with biogenic syngas (top), 2) an Haber-

Bosch process fed with pure hydrogen (middle), and 3) an electrochemical ammonia synthesis process fed with 

pure hydrogen (bottom). 

1.6.6 Hydrotreated biogenic oils and fats 

Hydrodeoxygenated vegetable oils or animal fats, more often defined as hydrotreated bio-oils, 

are a mixture of aliphatic and aromatic hydrocarbons that can be employed as substitutes to 
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several petroleum-derived fuels, including jet fuels and diesel. In the case of renewable diesel 

(biodiesel) in particular, hydrotreated oils represent an alternative to the conventional fatty 

acid methyl esters (FAMEs), the first large-scale for biodiesel constituents [37]. 

Vegetable oil hydrogenation is employed to carry out hydrodeoxygenation (R. 11 – R. 13) 

before the subsequent isomerization of triglycerides to n-paraffins and iso-paraffins with a 

higher cetane number, higher heating value and higher stability to oxidation compared to 

FAMEs [38].  

𝐶51𝐻98−2𝑥𝑂6 + (12 + 𝑥)𝐻2 → 3 𝐶16𝐻34 + 𝐶3𝐻8 + 6 𝐻2𝑂 

R. 11. Hydrodeoxygenation 

𝐶51𝐻98−2𝑥𝑂6 + (9 + 𝑥)𝐻2 → 3 𝐶15𝐻32 + 𝐶3𝐻8 + 3 𝐶𝑂 + 3 𝐻2𝑂 

R. 12. Decarbonylation 

𝐶51𝐻98−2𝑥𝑂6 + (3 + 𝑥)𝐻2 → 3 𝐶15𝐻32 + 𝐶3𝐻8 + 3 𝐶𝑂2 

R. 13. Decarboxylation 

 

Fig. 1.9. Schematic of an hydrotreatment process applied to renewable oils. Adapted from [39], already an 
adaptation of the UOP process. 

1.6.7 Hydrogenation of hydrocarbons for jet fuel 

Another promising pathway towards sustainable aviation (jet) fuel involves the conversion of 

alcohols to saturated hydrocarbons (alkanes) through subsequent dehydration, 

oligomerization, and hydrogenation [40]. Such general pathway already counts several 

patented industrial processes that are attributed significant scalability, such as the Lanzatech 

process [41]. Further potentially scalable solutions for the production of drop-in renewable 

fuels for aviation include Fischer-Tropsch synthesis followed by hydrocracking [41], the 

hydrogenation of thermochemically derived oils, such as pyrolysis oil [42] or hydrothermal 
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liquefaction oil [43]. While investigation into the optimization and scale-up of these pathways 

is ongoing, it can easily be concluded that all of them will require some degree of hydrogen 

processing, hence representing a source of renewable hydrogen demand themselves. 

1.7 Indirect energy applications: petroleum refining 

Hydrogen is required in conventional petroleum refining for a large number of hydrotreating 

and hydrocracking processes, to remove sulfur, nitrogen, and other impurities down to fuel 

specification compliant concentrations [44]. Oil refining requires vast amounts of hydrogen, 

corresponding to approximately 31 – 33% of global production [6,45], and while oil 

consumption is expected to decrease as decarbonization progresses, the current trend in the 

production of heavier (unconventional) oil sources with higher hydrogenation requirements 

[46] implies a considerable hydrogen demand in the petrochemical sector in the coming years. 

To mention a relevant figure, an assessment of the upgrading of unconventional Canadian oil 

sands (the third largest proven reserve in the world [47]) indicated that 54% of the emissions 

related to the conversion of bitumen to synthetic crude oil through hydrotreating come from 

in-plant hydrogen production [48]. The integration of renewable hydrogen production 

processes into conventional oil refining in its simplest form foresees the inclusion of alternative 

processes to generate hydrogen and its substitution for fossil hydrogen in the same process 

feed streams, namely in the hydrotreating and hydrocracking units (Fig. 1.10). 

 

Fig. 1.10. Simplified representation of a crude oil refining process involving hydrotreating and hydrocracking 
subprocesses. Adapted from [49]. 

1.8 Reagent in industrial uses 

Hydrogen finds a set of established applications in different industrial sectors where it is 

utilized as a reductant for the processing of other materials. The predominant applications by 
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size of the outputs generated include the reduction of metals in the metallurgical industry and 

in the reduction of silicon salts to silicon in electronics manufacturing [50]. Metallurgical 

applications include primarily the reduction of iron ores to metallic iron in the production of 

steel and other iron-carbon alloys, in substitution to the use of carbon monoxide or syngas 

derived from coke, particularly in direct iron reduction processes [51]. The use of hydrogen in 

semiconductors manufacturing for electronic components similarly involves the reduction of 

silicon for the growth of epitaxial silicon as well as protective purposes [52]. Hydrogen finds 

further uses in flat glass manufacturing, hydrochloric acid synthesis and oxide peroxide 

synthesis [53]. 

The impacts of the steel industry are particularly relevant to the global emission balance, part 

because the steel industry is a large energy consumer (8% of total final energy use, 7% of 

global emissions in 2019), and part because the predominant process employed in iron ore 

reduction for the production of virgin steel involves the use of coal-derived coke as a 

reductant. In 2019, coal consumption in steelmaking accounted for 19% of global 

consumption [54]. The technology outlook proposed by the IEA in this space involves a 

combination of various fuels with carbon capture and storage, and hydrogen technologies for 

the direct reduction of iron in substitution to coking. The estimates based on a Sustainable 

Development Scenario point to a required 17 mega tonnes of hydrogen by 2050. Such volume 

of hydrogen would be produced through electrolysis for 70% and would correspond to an 

electrical consumption of 720 TWh, with the rest being produced from fossil fuels with carbon 

capture, utilization and storage [54]. 

1.9 Reagent in chemical synthesis 

The chemical sector is the one that employs the largest amount of hydrogen (approx. 40 %). 

The compounds, produced by the chemical sector, that require the largest quantity of 

hydrogen are ammonia (31 MtH2/year) and methanol (12 MtH2/year) [6]. Moreover, it is 

expected that the needs of ammonia and methanol and thus of hydrogen will increase by 15 

% and 50 %, respectively, between 2018 and 2030 and it will continue to rise afterwards 

[55].  

Ammonia is mostly used in the production of nitrogen fertilizers (approx. 80 %), including 

urea and ammonium nitrate, and some other compounds, such as explosives for the 

demolition and mining industries or various synthetic materials, such as nylon, acrylic fibers, 

and nitrile rubber. Ammonia is typically produced through the Haber-Bosch process (patented 

by Haber and Bosch in 1916), which makes nitrogen, separated from air, and hydrogen, 

produced from fossil fuels, react on a catalyst at high pressure and temperature (150-250 bar 

and 300-550 °C). 77 % of the ammonia produced uses natural gas as fuel and steam methane 

reforming for the production of hydrogen. Even though this process has been discovered more 

than 100 years ago, only little improvements on the catalyst used have been made, which is 

made from iron oxide with small amounts of other oxides added as promoters to enhance 
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activity and stability. The choice of the operating conditions (temperature and pressure) is a 

trade-off between energetic consumptions and ammonia yields, i.e., higher pressure results 

in a high ammonia yield due to the favorable equilibrium reaction, temperature control is also 

strongly affecting the reaction rate. Another typical parameter affecting this type of catalyst 

process is the stoichiometric ratio between H2 and N2; the optimum ratio typically adopted on 

the industrial scale is approx. 2. This process is usually carried out in recycle loops, since 

typical once-through conversion are around 25-35 %. For this reason, ammonia is first 

separated and then the reagents are recycled back in the reactor [56]. Ammonia synthesis 

represents one of the typical applications for the PtX scenario, in which electricity is used to 

drive an Air Separation Unit (ASU) to produce nitrogen and an electrolyzer to produce green 

hydrogen. The rest of the process is as described earlier, with all the units (compressor, pre-

heater and reactor) potentially powered by renewable electricity. 

1.10 Storage of hydrogen: an overview of options and challenges 

Cost-effective storage is a prerequisite for most applications in which a time lag or a 

geographical distance between generation and use exist. Hydrogen storage is indeed one of 

the greatest technical challenges related to its exploitation, which has typically restrained its 

uses to contexts in which the distances between point of generation and use can be minimized. 

Such limitation is in fact witnessed by the historical development of the contemporary 

hydrogen market, where large consumers own and operate hydrogen production facilities on 

the same site where this is consumed, and merchant hydrogen exported to other customers 

is only available if recovered as a by-product of other processes [57,58]. 

There are four fundamental options to store hydrogen: compression, liquefaction, and 

chemical and physical adsorption storage [59]. These technologies can be classified as 

‘reversible on-board’ or ‘regenerable off-board’ as shown in Fig. 1.11. 

Fig. 1.11. Classification of hydrogen storage methods. Reproduced from Ref. [60]. 
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1.10.1 Compressed hydrogen 

In the field of pressure vessels and pipelines, the mechanical performance of structural 

materials varies depending on material formulations, subject load, working environment and 

required service life [61]. The material selection is influenced by the mechanical efficiency in 

hydrogen-rich environments on the one hand and the installation cost on the other. Due to 

their relatively low prices and high strength, low-carbon and high-strength low-alloy steels 

have been commonly used in the construction of structural pipelines and pressure vessels for 

many decades [62]. Composite materials are used to minimize tank weight. Composites are 

fiber-reinforced polymer-matrix structures, also known as fiber-reinforced polymers. In 

hydrogen gas pressure systems, carbon fibers are the preferred structural fiber choice. 

However, due to their high cost less expensive fibers, such as glass, are often used to make 

composite pressure vessels [63]. Provides a summary of hydrogen gas storage tank types. 

Table 1.1. Usual classification of compressed hydrogen storage tanks [64]. 

Type Structure Material 
Pressure 

(bar) 

I Metal tank 
Aluminium 

Steel 

175 

200 

II Metal tank + filament windings  
 

Aluminium/glass fiber 

Steel/carbon fiber 

Steel/aramid 

260 

300 

300 

III Composite material fibre glass + metal 

liner 
Aluminium/glass 

Aluminium/aramid 

  

 

300 

450 

IV Composite material fibre + polymer liner Carbon/polyeth 800 

 

Currently all road vehicle manufacturers utilize composite storage tanks (Type III and IV) to 

store compressed hydrogen at 350 bar or 700 bar. In specific, 350 bar pressures (storage 

capacity between 40-80 kg) are used for buses and 700 bar (storage capacity 5-13 kg) 

pressures for cars, where the available space is restricted [65,66]. The size of the storage 

vessel on vehicles is determined by a variety of factors, one of which is based on refilling rates 

of less than 10 minutes [67]. 

Hydrogen storage in gas phase can be adopted also in a large-scale and long-term storage 

options. Several studies have investigated underground storage options including salt caverns, 

disuse mine working, deep aquifer, depleted gas field, depleted oil field and porous rock 

reservoirs as hydrogen storage [68–70]. This perspective emerges as attractive particularly in 

relation to the retrofit of existing natural gas infrastructure into hydrogen delivery and storage 
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infrastructure. In this case, the hydrogen storage pressure depends on many aspects cavern’s 

location, geology and so on [71]. 

1.10.2 Liquefied hydrogen 

Hydrogen can be also stored in liquid phase to increase its low volumetric energy density. In 

this option, hydrogen is stored in well-insulated tanks at –253°C and atmospheric pressure. 

In the liquid form (LH2), hydrogen contains three times the energy of the equal weight of 

petrol but requires a volume 2.7 times as large to deliver the same amount of energy [72]. A 

fundamental drawback related to LH2 is that containing vessels necessitate a volume larger 

than the effective liquid volume stored, because LH2 can vaporize resulting in hydrogen loss 

as well as safety concerns [73]. Research into physical hydrogen storage has moved to cryo-

compressed H2, which incorporates compression and cryogenic storage. As a results of the 

process, the volumetric density of hydrogen can be increased by pressurizing LH2 at 20 K from 

70 g/L at 1 bar to 87 g/L at 240 bar with advantages on storage costs [60]. 

1.10.3 Chemical adsorption 

While compressed and liquefied hydrogen are considered physical storage methods, hydrogen 

can also be stored chemically. Metal hydrides, complex hydrides, borohydrides, alanes and 

alanates, and nitrides, imides, and amides are the main materials and compounds that can be 

used for hydrogen chemical storage [64].  

A chemical reaction with a hydrogen-absorbing alloy produces a solid metal hydride, which 

can be held at low pressure. Metal hydrides are composed of metal atoms with lattice 

imperfections. Hydrogen atoms can be trapped in lattice cavities' interstices by a reversible 

reaction between hydrogen and metals. Palladium is perhaps the most-cited and studied 

elemental metal, though other metals such as zirconium, titanium, and others present similar 

properties [64].  

As reported by Abdin and Khalilpour, complex hydrides are metal salts that usually contain 

more than one metal or metalloid, with the anion comprising the hydride. These complex 

metal hydrides normally have higher hydrogen gravimetric storage capacities and volumetric 

densities than simple hydrides [74]. Borohydride are compounds containing the BH4
− complex. 

While these compounds have high gravimetric hydrogen densities in theory, they could only 

be used in a few niche applications in the field of hydrogen storage in practice [75]. AlH3 

(Alane) also has a potential hydrogen storage capacity, but it cannot be re-hydrogenated 

under conditions that are appropriate for on-board vehicle hydrogen storage, for instance. An 

alternative solution could be to use a fuel tank filled with an Alane slurry that can be removed 

and regenerated off-board [76]. The AlH4
− complex (Alanates) added with small amount of Ti 

make reversible the hydriding reaction as showed by Bogdanovic and Schwickardi [77]. The 

same behavior of Alanates compounds can be achieved using more efficient catalyst or 
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dopants (Ti, Zr, Fe) or co-dopants (Ti, Zr, Fe combinations) [78]. In addition to hydrides, 

alanes and alanates, nitrides, imides and amides have been investigated as possible hydrogen 

storage matrices [60]. 

1.10.4 Physical adsorption 

Non-dissociative surface interactions (van der Waals forces) between gaseous hydrogen 

molecules and a solid surface are referred to as physical adsorption mechanisms, where the 

storage capacity of a material is proportional to its specific surface area [79]. Carbon 

nanostructures (graphitic nanofibres, multi-wall or single-wall carbon nanotubes, etc.) are 

theoretically appealing candidates for H2 storage applications due to their wide surface areas 

(typically 1000 to 3000 m2/g), sufficient micro-porosity, low specific mass, and good 

adsorption capability. Physical adsorption rates, on the other hand, are very low at room 

temperature. Better results could be achieved at low temperature (77 K) and medium pressure 

(up to 20 bars) [80]. A promising alternative for hydrogen physical adsorption is represented 

by metal-organic frameworks (MOFs), which are crystalline materials with high porosity and 

surface area. Metal ions can be added to MOFs to increase their hydrogen storage capacity, 

for instance the Li-doped borophene presented a maximum gravimetric hydrogen capacity 

approximately 14.21 wt% at 77K-82 bar [81]. 

Table 1.2 provides a summary of the mentioned storage options and related performances. 

Table 1.2. Performance estimates for various hydrogen storage approaches [60,82] 

H2 storage 

system 

Gravimetric 

weight 

percentage 

[wt%] 

Volumetric 

capacity 

[g/L] 

Energy storage 

per kg 

[kwh/kg 

system] 

Energy storage 

per liter 

[kwh/L system] 

Compressed H2 

700 bar (type 

IV) 

5.2 27.7 1.7 0.9 

Compressed H2 

350 bar (type 

IV) 

5.5 18.5 1.8 0.6 

Cryo-

compressed 

276 bar 

5.8 43.1 1.9 1.4 

Metal hydrate 

(NaAlH4) 
1.2 12.3 0.4 0.4 

Chemical 

hydrate 
4.0 33.8 1.3 1.1 
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(NH3BH3-liquid) 

Sorbent (AX-21 

carbon, 200 bar) 
4.0 24.6 1.3 33.8 

 

1.11 Qualitative ranking of hydrogen uses 
By evaluating the unavailability of feasible alternatives (unavoidability) and the unit cost per 

unit of GHG emission averted for several hydrogen use cases, it is possible to develop a 

qualitative matrix of the kind displayed in Fig. 1.12.  

The selection of applications reported in the graph is the result of previous research, internal 

experience, and previous consultations with experts. The rationale behind the choices made 

can be partly traced in the sections above. 

 

  

 

 

(*) When pumped hydropower is not a feasible option. 

Fig. 1.12. Simplified matrix of hydrogen use cases based on a qualitative ranking of their unavoidability and cost-

effective decarbonization potential. 

Seasonal energy 
storage(*)

Ammonia synthesis

Petroleum refining

Biofuels synthesis

Steelmaking

Residential or 
industrial heat heat

Grid injection

Light-duty road  
transportation

Heavy-duty road 
transportation

Heavy-duty non-
road transportation

District-level CHP

Residential CHP

Unavoidable, priority  

High-cost, wasteful Suboptimal, site-specific   

High-cost, critical 

Likely replaceable by 

alternatives 

Low-efficiency, 

high cost  

High 

decarbonization 

potential, 

moderate cost 

No feasible alternatives available 
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The top right quadrant includes all those applications for which feasible alternatives are 

practically not available and that, at the same time, represent large-scale decarbonization 

issues. In this quadrant, there is practically no alternative to the use of renewable hydrogen, 

implying that these applications represent the top priorities in hydrogen development. 

The top left quadrant refers to uses of hydrogen that may be required irrespective of efficiency 

or cost, for instance because of energy security constraints. If higher-efficiency alternatives 

are insufficient or inadequate to specific geographical contexts, hydrogen represents a solution 

in this space, but its use should be carefully evaluated in comparative assessments. 

The bottom right quadrant includes applications that have a relatively large decarbonization 

potential, but that, in general terms, are likely to be addressed through higher-efficiency, 

more feasible alternatives. In this case, higher efficiency solutions should be sought first, and 

hydrogen should only be considered if the spectrum of alternatives is proven inapplicable. 

The bottom left quadrant reports all those use cases that have efficiencies lower than other 

low-carbon state-of-the-art electric technologies and that, taken on a large scale, are not 

expected to generate substantial emission savings. These applications should be generally 

disregarded tout court since they entail an inefficient investment of resources with negligible 

decarbonization potential. 
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2 Review of hydrogen production and utilization models: a 

focus on the techno-economic and environmental 

performance 

2.1 Methodological notes 

The performance of hydrogen production and utilization systems has been widely analyzed by 

the scientific literature, international research centers and private consulting groups, with an 

inevitable variability in the results reported. In this section we will discuss the results emerged 

from a review of previous studies, that were selected based on the three criteria: 1) the 

soundness of techno-economic and environmental modeling methodologies, 2) the 

applicability of the economic assumptions made in comparison with currently valid economic 

conditions, 3) the technology readiness level (TRL) of the technologies in question. 

While a thorough modeling methodology is required to substantiate the results with a strong 

physical basis, the application of cost and price assumptions that are currently valid in a given 

geographical context is fundamental to provide a realistic picture of the economic potential of 

each technology. Finally, it is preferable that the TRL of a given process be as high as possible 

since this generally implies the availability of a larger number of studies and therefore a 

stronger technical evidence base. 

Nevertheless, a substantial variability across available estimates is expected due to differences 

in a set of assumptions required in the estimate of levelized costs and emissions. Cost related 

variability arises mainly from differences in 1) financial assumptions, including capital costs 

compositions and structure, cash flow discounting methodologies, applied interest rates, etc., 

and 2) economic assumptions, including direct and indirect costs related to plant equipment, 

installation, maintenance, raw materials and utilities and labor, etc., 3) technical assumptions, 

including operating hours, process design and efficiencies. Emissions related variability, 

instead, arises mainly from differences in 1) specific emission factors, 2) the width of system 

boundaries and 3) emission allocation methods. 

Results standardization is possible through re-calculation procedures that make use of the 

available data while applying uniform financial and economic assumptions and life cycle 

assessment methods. However, such task is out of the scope of this study. 

2.2 Production 

According to IRENA [57], currently 48% of global hydrogen supply is produced via steam 

reforming of natural gas, 30% from gasification of coal, 18% from fossil oil gasification, while 

a mere 4% is covered by electrolysis. In other words, currently 96% of global hydrogen 

production is associated with large-scale non-renewable CO2 emissions. Such evidence clearly 
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demonstrates the urgency to shift towards renewable hydrogen production technologies, that 

has stimulated the scientific and industrial community to test and assess a variety of potential 

candidate processes. The key hydrogen production processes on which contemporary 

research and development has focus on in recent years broadly belong to the following 

categories: 1) electrolysis technologies, 2) gasification technologies, 3) other thermochemical 

technologies including biofuels reforming, high temperature thermochemical cycles and 

photoelectrochemical cycles, and 4) biological technologies. 

2.2.1 Natural gas steam reforming as a benchmark 

Despite being a non-renewable hydrogen production source, natural gas steam reforming or 

steam methane reforming (SMR) currently represents the most common hydrogen production 

method, and it generally stands as a performance benchmark for all other production 

pathways. Despite some variability, there is a limited spread in the levelized cost of hydrogen 

(LCOH) values provided by the International Energy Agency (IEA) and dedicated studies in 

the scientific literature, due to the high technological maturity and extensive application of the 

technology and due to the relative homogeneity of natural gas feedstock costs. In particular, 

the IEA provided a 0.7 – 1.6 $/kg window in 2020 [83], while Dagougui et al. [84] reported a 

hydrogen production cost of down to 1.25 $/kg at the large scale and up to 3.5 $/kg at the 

small scale, assuming a natural gas cost of 0.3 $/kg (approx. 0.23 $/Nm3 of natural gas, 

assumed density: 0.75 kg/Nm3). Keipi et al. [85] estimated SMR-derived levelized hydrogen 

costs of 3.9 €/kg at the small scale (50–5,000 Nm3/h) and 1.47 €/kg at the large scale 

(50,000–100,000 Nm3/h) specifically for Europe. 

According to a National Renewable Energy Laboratory study released in 2003 [86], a state-

of-the-art large-scale natural gas reforming plant producing 1.5 Nm3/day emits 11.9 kg or CO2 

equivalents per kg of H2 produced. The figure is in line with more recent assessments that 

determined the emissions of a SMR processes at 10 kg CO2-eq/kg H2 [87,88]. 

2.2.2 Electrolysis 

In 2020, the IEA indicated a levelized cost of hydrogen (LCOH) produced from electrolysis 

technologies in a window between 3.2 and 7.7 $/kg, based on a 2019 electrolysis CAPEX of 

872 $/kWe, without specific mention to the reference technology [83]. However, in 2019, the 

IEA also reported a LCOH slightly above 2 $/kg, hypothesizing an equipment cost of 640 

$/kWe, an optimistic assumptions of 8,000 full-load hours and an electricity cost of 40 €/MWh 

[6]. A multi-variable economic model by Christensen [89] returned a 2020 median European 

hydrogen cost of 13.11 $/kg and a minimum of 4.38 $/kg across AE, PEMEL and SOEL, 

considering grid connection across a range of cost conditions. The corresponding values were 

19.23 $/kg and 4.06 $/kg, respectively, for direct connection to combinations of wind and 

solar generation plants. 



 
 
  

    
 

 

 

Facoltà di Scienze e Tecnologie  NOI Techpark Südtirol / Alto Adige 
Libera Università di Bolzano   via Alessandro Volta 13, 39100 Bolzano 
Piazza Università 1, 39100 Bolzano Laboratori A2 – 4.09 / B5             32/93 

2.2.2.1 Alkaline electrolysis 

As the most mature technology available, alkaline electrolysis (AE) currently sits in the lower 

hydrogen production cost range among electrolysis pathways. For AE, IRENA reported a 2018 

LCOH of 3.53 $/kg and 2.51 $/kg for electricity costs of 40 and 20 $/MWh, respectively. The 

scientific literature has also provided reviews of previously estimated economic performances. 

According to Mohammadi and Mehrpooya [90], coupling of wind energy and AE could yield a 

cost as low as 2.33 €/kg, while AE with solar PV was reported at 6.6 €/kg. The inflation-

adjusted LCOHs reported by El-Emam and Özcan in 2019 [91] see AE at 8.01 – 9.01 $/kg 

when coupled with wind generation and 5.73 $/kg when powered by grid electricity. Nguyen 

et al. [92] estimated LCOHs in the range of 3.38 – 6.02 $/kg for AE powered by grid electricity 

available at wholesale costs. 

2.2.2.2 Proton exchange membrane electrolysis 

Proton exchange membrane electrolysis (PEMEL) represents another strong candidate 

technology of lower maturity compared to AE, but with the potential to outcompete AE under 

technical aspects that include power density, cell efficiency, output pressure and operational 

flexibility [93]. Mohammadi and Mehrpooya [90] reported 7.32 and 6.1 €/kg for PEMEL 

powered by PV and combined PV and grid electricity. Estimates by El-Emam and Özcan [91] 

indicated LCOHs ranges of 5.27 − 9.37 $/kg, 11.96 – 12.6 $/kg, 3.56 –5.46 $/kg and 5.73 – 

8.54 $/kg for PEM coupled with wind, solar PV, nuclear and grid electricity, respectively, while 

Nguyen et al. [92] provided a cost range of 3.12 − 6.23 $/kg for grid-connected PEMEL. 

2.2.2.3 Solid oxide electrolysis 

In 2011, Manage et al. [94] indicated that solid oxide electrolysis (SOEL) technology with an 

efficiency of up to 90% could compete with SMR when using electricity coming from nuclear 

or gas combined cycles, at hydrogen costs of 2.72 and 1.94 $/kg, respectively. However, the 

study preceded the sharp reductions in the costs of renewable electricity generation in recent 

years [95]. Seitz et al. [96] more recently reported LCOH estimates of 4.28 − 6.22 €/kg for 

SOEL powered by solar steam, with and without thermal energy storage, respectively. 

Mastropasqua et al. [97] estimate LCOHs between 5.9 and 9.1 €/kg for a SOEL supported by 

a hybrid solar dish and natural gas cycle. In the same study, the authors reviewed estimates 

from previous integrated SOEL-based concepts, with LCOH figures in the range of 5.23 − 8.2 

$/kg. 

Fig. 2.1 provides a graphical representation of the median and uncertainty related to the LCOH 

values reported in the sourced literature per electrolysis technology type. All values were 

converted to EUR currency, based on an exchange rate of 0.88 EUR/USD (January 2022). 
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Fig. 2.1. Box plots relative to the spreads of the reported levelized costs of hydrogen per electrolysis type. 

2.2.3 Global warming potential of hydrogen production from electrolysis 

Recent lifecycle assessment studies estimated the global warming potential emissions of 

electrolysis pathways considering various sources of electricity, although they often assume 

comparable environmental performances across electrolysis technologies [98]. The review 

published by Bhandari et al. [98] indicates emission values abundantly below 5 kg CO2-eq/kg 

H2 across all electrolysis options unless 2010 German grid electricity is considered (> 30 kg 

CO2-eq/kg H2 in the latter case). 

Suleman et al. [99] estimated the global warming potential of hydrogen derived from alkaline 

electrolysis at 0.03 kg CO2-eq/kg H2 and 0.37 kg CO2-eq/kg H2 for a wind powered and a 

photovoltaic option, respectively. According to Hake et al. [100], alkaline electrolysis powered 

with grid electricity in Germany, Austria and Spain would generated hydrogen with global 

warming impacts of 23.68, 7.52 and 13.08 kg CO2-eq/kg H2, respectively. 

Considering Danish wind power as the energy source, Zhao et al. [101] reported GWP values 

of 0.55, 0.55 and 0.39 kg CO2-eq/kg H2 for alkaline, PEM and solid oxide electrolysis 

technologies, respectively. 

Under a 2050 Dutch scenario with nationwide deployment of hydrogen technologies, Delpierre 

et al. [102] attributed wind-powered alkaline and PEM electrolysis emission factors of 0.74 

and 0.73 kg CO2-eq/kg H2, respectively. 
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Mehmeti et al. [103] compared a range of renewable hydrogen production pathways and 

found GWP factors of 29.54 and 23.32 kg CO2-eq/kg H2 for PEM and solid oxide electrolysis, 

respectively, when fed with grid electricity, and 2.21 and 5.10 for PEM and solid oxide 

electrolysis, respectively, when fed with wind power. 

Mehmeti et al. [104] also compared the GWP of hydrogen production through solid oxide 

electrolysis from several power sources estimating emission factors (kg CO2-eq/kg H2) of 25.64 

for Italian grid electricity, 2.26 for wind, 4,63 for solar and 0.72 for hydropower. 

2.2.4 Gasification 

The scientific literature has attributed biomass gasification a strong cost competitiveness 

potential when compared with other renewable hydrogen production pathways [105]. Such 

expectation is supported by the promising results of the National Renewable Energy 

Laboratory, that in 2005 estimated a LCOH as low as 1.38 $/kg for the steam gasification of 

woodchips in an indirectly heated steam gasifier, considering a feedstock cost of 

approximately 66 $/t as received [106]. However, in the following years several other 

assessments have determined variable LCOHs based on several gasification setups fed by 

fuel-grade biomass (i.e., wood pellets or woodchips). Some of these include steam-oxygen 

blown gasification at 3.71 €/kg (1 SEK = 0.1 EUR, biomass cost approx. 49 €/tdry) [107], 

steam gasification at 12.75 €/kg [108] and 2.5 – 4.3 $/kg [88,109], air gasification co-fed with 

methane or steam at 2.69 $/kg [110], and standalone air gasification at 2.23 $/kg [111]. In 

a 2020 review of previous techno-economic assessments, Shahabuddin et al. [109] 

determined that the levelized cost of biomass-derived hydrogen sits in ranges of approximately 

2.3 – 5.2 $/kg for a scale of 10 MWth as biomass input and approximately 2.8 – 3.4 $/kg at 

scales above 250 MWth input. While several gasification concepts, including downdraft and 

updraft air gasification [112] as well as dual fluidized bed steam gasification [113], have 

already reached commercial maturity and generated a record of thousands of operating hours, 

the projected hydrogen production costs achievable in these systems are largely influenced 

by the available cost of biomass. 

The evaluation of the global warming performance of biomass gasification for hydrogen 

production is affected by methodological lifecycle assessment assumptions as well as by 

differences in the system boundaries considered. However, a selection of relevant studies is 

reported here. Salkuyeh et al. [88] estimated direct CO2 emissions of approximately 21 and 

27 kg CO2-eq/kg H2 for entrained flow and fluidized bed biomass gasification. However, 

according to Mehmeti et al. [104], hydrogen GWP from biomass gasification totals 2.67 kg 

CO2-eq/kg H2, while Susmozas et al. [114] and Iribarren et al. [115] estimated a GWP factor 

of 0.39 and 1.44 kg CO2-eq/kg H2, respectively. From the harmonization of results collected 

from nine previous studies reviewed by Valente et al. [116], an average 0.73 value can be 
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calculated, while Moreno and Dufour [117] estimated values consistently below 8 kg CO2-

eq/kg H2 across four biomass types in the Spanish context. 

2.2.5 Biofuels reforming 

2.2.5.1 Biogas reforming 

Steam reforming of biogas derived from the anaerobic digestion of renewable biomass is seen 

as a direct alternative to fossil SMR, due to the high concentration of methane in biogas or 

purified biomethane [118]. Based on a proprietary autothermal reforming design, Montenegro 

Camacho et al. [119] reported projected hydrogen production costs between 4.30 €/kg and 6 

€/kg. Bollini Braga et al. [120], instead, reported an estimated 9 $/kg levelized cost, while 

Madeira et al. [121], Yao et al. [122] and Di Marcoberardino et al. [123] estimated LCOHs of 

4.67 $/kg, 5.07 €/kg, and 5 €/kg, respectively. 

Regarding the GWP of hydrogen derived from biogas reforming, Hajjaji et al. [124] estimated 

a value of 5.59 kg CO2-eq/kg H2 considering dedicated crops, while Antonini et al. [125] 

reported a negative emission factor of approximately – 0.09 kg CO2-eq/kg H2 considering 

municipal organic waste. 

2.2.5.2 Pyrolysis bio-oil reforming 

Pyrolysis bio-oil reforming consists of catalytic processes entailing reactions between steam 

and mixtures of hydrocarbons contained in the bio-oil. Such processes rely on pyrolysis as a 

promising precursor process for conversion of lignocellulosic biomass to liquid fuels and 

intermediates [126]. A few studies in the scientific literature have assessed the expected 

techno-economic performance of integrated biomass pyrolysis and steam reforming for 

hydrogen production. For this type of systems, Brown et al. [127] estimated a LCOH of 3.25 

$/kg, while Sarkar and Kumar [128] reported costs between 2.4 and 4.55 $/kg at a scale of 

2,000 tonnes/day dry biomass. Through estimates of plant net present values (NPVs), Zhang 

et al. [129] estimated an internal rate of return (IRR) of 18.6% for pyrolysis integrated with 

bio-oil steam reforming when the hydrogen price is 3.33 $/kg, and an IRR of 8.9% when the 

hydrogen price of 2.33 $/kg.  

Heng et al. [130] reported a GWP emission factor of 6 kg CO2-eq/kg H2 relatively to a process 

with biomass fast pyrolysis followed by iron-based chemical looping, while Dang et al. [131] 

estimated a factor of 9.66 kg CO2-eq/kg H2 for a corn stover fast pyrolysis process followed 

by bio-oil reforming, and Susmozas et al. [132] reported a 3.79 kg CO2-eq/kg H2 figure for 

poplar biomass fast pyrolysis and bio-oil reforming. 

2.2.5.3 Glycerol reforming 

The large availability of glycerol as a by-product of industrial biodiesel production has 

stimulated interest into its use as a low-cost hydrogen feedstock that can be treated through 
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catalytic steam reforming [133]. For hydrogen produced from glycerol by-product, Cormos 

and Cormos [134] estimated a minimum LCOH as low as 1.05 €/kg for a 100,000 Nm3/h 

concept plant. Khodabandehloo et al. [135], instead, estimated a LCOH of 7.49 $/kg for a 80 

kg/h (approx. 900 Nm3/h) plant. In the assessment of glycerol steam reforming for distributed 

refueling stations, Lee et al. [136] estimated a LCOH of 4.46 $/kg (plant capacity: 700 Nm3/h), 

while Heo and Lim [137] provided a figure of 5.10 $/kg (capacity: 300 Nm3/h). 

Relevant environmental assessments related to the production of hydrogen from glycerol 

reforming include the evaluation of a supercritical water reforming process, with an estimated 

GWP of 2.94 kg CO2-eq/kg H2 [138], an aqueous phase reforming process, with GWP factors 

of 51.9 – 51.5 kg CO2-eq/kg H2 [139], and 12.65 kg CO2-eq/kg H2 for a glycerol reforming 

process integrated into a biodiesel facility [132]. 

2.2.6 High temperature thermochemical and photocatalytic water splitting 

Concepts related to the exploitation of high temperature thermochemical technologies 

typically rely on concentrated solar energy as a source of high temperature heat and often 

take the name of “solar hydrogen” technologies [140]. These technologies include 

thermochemical cycles as well as photocatalytic (or photoelectrochemical) cycles. Scientific 

data on the expected techno-economic performance of high temperature thermochemical or 

photocatalytic processes are limited. Estimates available in the literature include a 

thermochemical cycle integrated with a Rankine steam cycle, with a LCOH of 4.55 $/kg [141], 

a cerium oxide thermochemical cycle, with a LCOH of 13.06 €/kg [142] and two studies on 

photoelectrochemical cycles, estimating LCOHs of 11.4 $/kg [143] and 8.43 $/kg [144]. 

Similarly, global warming potential assessments of hydrogen from thermochemical cycles is 

rather limited. Two relevant studies could be sourced in the literature: one is related to water 

desalination and subsequent splitting (1.44 kg CO2-eq/kg H2) [145] and the other is a review 

and harmonization study already cited above (6.69 – 6.81 kg CO2-eq/kg H2) [116]. 

2.2.7 Biological processes 

The application of biochemical hydrogen synthesis from biomass follows two families of 

technologies: dark fermentation, where anaerobic conversion of the substrates takes place in 

the absence of light [146], and photo-fermentation, where photosynthetic microorganisms 

synthesize hydrogen from water and CO2 under solar irradiation [118]. Techno-economic 

assessments of fermentation technologies for hydrogen are rather limited in the literature but 

they suggest that these biotechnologies could carry relatively high production costs, partly 

due to the low hydrogen yields achievable [147]. For instance, the LCOH related to the dark 

fermentation of wheat straw was reported at 26.72 $/kg [148], while the LCOHs of integrated 

dark fermentation and photo-fermentation of potato peels and sugar beet molasses were 

reported at 19.93 €/kg [149] and nearly 32 €/kg [150], respectively. However, in a review of 
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dark fermentation LCOHs, Yukesh Kannah et al. [151] reported a range of values between 

1.07 and 3.20 $/kg, derived from a review of previous studies. Similarly, Lepage et al. [152] 

reviewed previous assessments indicating a LCOH range of 2.57 – 2.80 $/kg for dark 

fermentation and 2.83 – 3.89 $/kg for photo-fermentation, and 1.7 – 4.51 $/kg for microbial 

electrolysis cells. 

In the review by Mehmeti et al. [103] the combination of dark fermentation and microbial 

electrolysis cell technology is reported to generate CO2 equivalent emissions in the range of 

6.60 – 16.29 kg/kg H2, while a review by Tian et al.  [153] indicated emissions in the following 

approximate ranges for dark fermentation on biomass and microalgal feed (in kg CO2-eq/kg 

H2): 5.18 – 5.60, 0.6 – 80.4. Finally, an assessment of a pilot-scale MEC fed on municipal 

wastewater reported an emission range of 18.8 – 52.8 kg CO2-eq/kg H2 [154]. 
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3 EUSALP hydrogen strategies 
The present chapter describes and discusses existing development strategies for hydrogen in 

the EUSALP region based on indications provided by key stakeholders working in relevant 

institutions throughout the area. These stakeholders were engaged through active 

participation activities that included both a questionnaire and face-to-face online interviews 

[155]. The former aimed to determine the relative frequency of pre-defined answers regarding 

hydrogen feasibility and policy goals, while surveying the technological choices and application 

types that the stakeholders were spontaneously suggesting. The latter, instead, aimed to 

understand the diversity and complexity of the points of view related to different geographical 

locations, national jurisdictions, and personal background. The following sections detail the 

methods applied and the results obtained for each. 

3.1 Questionnaire 

3.1.1 Methods 

A standardized list of questions was proposed and agreed with the Client, who also forwarded 

the questionnaire file to a mailing list comprising contacts primarily employed in regional 

energy agency and previously involved in European projects on hydrogen. The initial 

communication provided instructions and a deadline for response. The Client later followed 

up to the initial communication with several reminders. 

3.1.1.1 Question list 

The question list comprised a first section that surveyed the existence and characteristics of 

possible hydrogen development projects already underway in the geographical area of interest 

of the interviewee. A second part prompted the formulation of rankings relatively to policy 

objectives, feasibility topics and technological alternatives. The questionnaire in its integral 

form follows below. The questionnaire text is highlighted in italic. 
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Local hydrogen development strategies in the 

EUSALP region – Expert survey 

 

GENERAL INFORMATION 

First name: 

Last name: 

Affiliation: 

Location: 

Main activities of your organization: 

 

SURVEY 

Are you aware of a formal strategy related to the development of hydrogen in place in your 

territory? 

☐ YES 

☐ NO 

If you selected YES, on which part of the supply chain is the strategy focused on? 

If you selected NO, which part of the supply chain should a strategy focus on according to 

you? Please select one or more. 

☐ Production 

☐ Storage 

☐ Distribution 

☐ Utilization 

☐ All of the above 

Are you aware of any planned or ongoing development projects in any part of the supply chain 

in your territory? 



 
 
  

    
 

 

 

Facoltà di Scienze e Tecnologie  NOI Techpark Südtirol / Alto Adige 
Libera Università di Bolzano   via Alessandro Volta 13, 39100 Bolzano 
Piazza Università 1, 39100 Bolzano Laboratori A2 – 4.09 / B5             40/93 

☐ YES 

☐ NO 

If yes, please provide a brief description of the project below. 

 

How would you rank the following objectives in relation to the implementation of your local 

hydrogen strategy? If a hydrogen strategy is not in place yet, please make use of your expert 

judgment. Number 1 indicates the most important objective. 

Job creation and local economic development 

Better equality in access to energy on your territory 

Decarbonization of the energy system and industry 

Energy security and independence, de-risking, and decentralization of energy supply 

Compliance with European guidelines 

Stimulation of innovation processes 

Other (please specify)  

According to you, what is the most promising hydrogen production pathway? Please skip if 

you do not have an opinion on this yet. 

 

Why? 

 

According to you, what is the most promising hydrogen utilization pathway? Please skip if you 

do not have an opinion on this yet. 

 

Why? 

 

How would you rank the following barriers to public and private investment in relation to the 

implementation of your local hydrogen strategy? If a hydrogen strategy is not in place yet, 

please make use of your expert judgment. Number 1 indicates the greatest barrier. 
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Technological uncertainty and risk 

Policy uncertainty and risk 

Lack of cross-border infrastructural integration 

Lack of cross-border policy uniformity and clarity 

Insufficient fiscal incentives 

Insufficient competitiveness when compared to other established energy supply chains 

Lack of sectorial expertise 

Limited public acceptance 

Other (please specify)  

How would you rank the following opportunities to facilitate the implementation of your local 

hydrogen strategy? If a hydrogen strategy is not in place yet, please make use of your expert 

judgment. Number 1 indicates the greatest opportunity. 

Large availability of private investment seeking new projects 

Public awareness and pressure towards decarbonization 

Perspective of fiscal incentives on hydrogen projects 

Perspective of future decarbonization obligations set at the European or national level 

Absence of reliable technological alternatives in clean energy production, storage, and/or 

distribution 

Pressures from the public, the civil sector, and/or the business sector to de-risk local energy 

supply 

Other (please specify)  

 

Many thanks for finding the time to fill in the survey. We look forward to meeting you in 

person to discuss the topic further. 
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3.1.1.2 Multiple choice questions scoring 

The score totaled by each answer category in multiple choice questions was calculated as the 

total number of answer categories multiplied by the number of respondents minus the sum of 

individual scores given by each respondent (Eq. 1). This methodology allowed viewing higher 

priorities at higher scores, in contrast with the ranking approach prompted in the 

questionnaire, i.e., highest priority at number 1. 

𝑠𝑡,𝑖 = 𝑠𝑗,𝑖 × 𝑛𝑗 − ∑ 𝑠𝑗,𝑖 

Eq. 1 

𝑠𝑡,𝑖: total score attributed to answer category i, 𝑛𝑗: number of respondents, 𝑠𝑗,𝑖: score attributed to answer category 

i by respondent j. 

3.1.2 Results and discussion 

Ten EUSALP stakeholders replied to the authors engagement invites and they are 

anonymously reported in Table 3.1.  

 

Table 3.1. EUSALP stakeholders involved in questionnaire and interviews. 

Location Affiliation Questionnaire Interviews 

Baden-Württemberg (DE) e-mobil BW X X 

Carinthia (AT) 
Environment, Energy and Nature 

protection Agency 
X - 

Carinthia (AT) Carinthian Government X - 

Carinthia (AT) Regional Minister X - 

Friuli Venezia Giulia (IT) Energy Agency X X 

Lower Austria (AT) Energy and Environment Agency X X 

Piemonte (IT) Environment Park SPA X X 

Rhône Alpes (FR) Regional council X X 

Trentino (IT) 
Provincial Agency for Water 

Resources and Energy 
X X 

Valle d'Aosta (IT) Energy Agency X X 

 

3.1.2.1 Part I: existing hydrogen development projects 

The first part of the survey indicated an overall predominance of transportation applications 

in the vision held by the institutional stakeholders. A total of ten responses were collected 
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across the EUSALP region. Only six interviewees were aware of formally available hydrogen 

projects in their region. 

According to nine interviewees out of ten, all the segments of the hydrogen supply chain 

should represent the focus of future development projects. Only one respondent, instead, 

indicated that storage, distribution, and utilization should be the three segments capturing 

most attention. 

Hydrogen utilization in transportation emerged in six out of ten answers provided, while other 

answers mentioned general industrial uses and cross-sector feasibility studies. 

3.1.2.2 Part II: policy objectives, feasibility, and technology 

Ten responses were obtained for the ranking of both strategic objectives and opportunities to 

accelerate, while only nine responses were collected for the assessment of the barriers to 

implementation. 

Fig. 3.1 displays the total scores obtained per answer category regarding the strategic 

objectives that interviewees attributed to the development of hydrogen strategies.  

 

Fig. 3.1. Strategic objectives, total score per answer category. 

Decarbonization emerged as the most cited priority objective across, followed by the 

development of jobs and local economies and, thirdly, by industrial innovation. The results 

indicate that a low-carbon energy system is seen universally as the core goal of hydrogen 

development policies, although right after decarbonization, priority is given to the impacts of 
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these actions on local economies, employment, and technological competitiveness in local 

industries. 

Fig. 3.2 displays the total scores per answer category attributed to the expected barriers 

towards the implementation of hydrogen projects. 

 

Fig. 3.2. Barriers to implementation. Total score per answer category. 

An insufficient cost competitiveness with other established energy vectors is seen as the 

greatest risk related to hydrogen, while technological risk follows second. In third position, 

the lack of cross-border infrastructural integration is seen as a fundamental barrier towards 

the implementation of hydrogen projects. 

Fig. 3.3 displays the total scores attributed to the opportunities to accelerate a transition to 

hydrogen by the interviewees. 
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Fig. 3.3. Opportunities to accelerate the transition towards hydrogen, total scores per answer category. 

The respondents focused on the perspective of future decarbonization targets set at European 

level as the greatest opportunity to accelerate the transition towards hydrogen, while they 

considered the perspective of fiscal incentives and the absence of technically reliable 

decarbonized alternatives as the second, equally important opportunities. The interviewees 

put in third position the role of public pressure towards decarbonization. 

3.2 Interviews 

3.2.1 Methods 

The questionnaire previously described contained an invitation to provide availability for a 

face-to-face only meeting. Each of the respondents to the questionnaire previously described 

was nevertheless reiterated the invitation when submitting the filled-in questionnaires. 

The interviews did not follow a standardized procedure and were aimed at further exploring 

the information that the respondents had provided in the questionnaire stage. These included: 

1. Specific projects under development or operation in their region. 

2. Personal views on the feasibility of hydrogen. 

3. Available information on the local projected demand and supply capacity for hydrogen. 

4. Fields of application for hydrogen technologies. 

Each interview had an overall duration between 30 and 50 minutes. Two of the authors were 

the interviewers while the interviewees were free to attend the meeting in any number, 

although only one person was present in most cases. 
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The answers obtained were collected in anonymous form and clustered into groups of 

predominant topics that were deemed most relevant in the context of the present study. 

3.2.2 Results 

A total of seven interviews (Table 1.1) could be held in the period in which the study was 

conducted. Several clusters of topics could be later identified and summarized by the authors 

as follows. 

3.2.2.1 Expected cross-sector benefits of hydrogen 

A horizontal view among the interviewees pointed repeatedly to three cross-sector benefits 

expected to be delivered by the deployment of hydrogen infrastructure. These include 

decarbonization, the improvement of local air quality and the enhancement of industrial 

competitiveness. An improvement of air quality was especially mentioned in relation to areas 

with high transit of heavy-duty vehicles. The enhancement of industrial competitiveness was 

primarily meant as the development of a market for innovative technologies that local 

industrial actors would have the capabilities to produce, thus gaining a competitive advantage 

over competitors. 

3.2.2.2 Focus on road infrastructure 

The identification of road infrastructure as the core area of action for hydrogen policy was 

common in the feedback given by many interviewees. In this respect, several interviewees 

identified the lack of international infrastructural development and planning coordination as a 

fundamental risk and barrier towards a successful deployment of hydrogen in transportation. 

In these responses, attention was posed on the need for a coordinated planning of refueling 

stations, necessary to achieve serviceability of the key transportation routes. Such attention 

to road infrastructure came especially from regions whose territories are crossed by large 

European road arteries (Ljubljana-Lyon, Genoa-Rotterdam, Verona-Munich) affected by 

intensive movements of goods. Interviewees from these regions saw as fundamental a 

coordination with other areas that share the same arteries. 

3.2.2.3 Electrolysis as the dominant technology 

Discussions of the availability and potential of different hydrogen production technologies 

clearly demonstrated that electrolysis, in its various types, was seen as the most promising 

technology for fully renewable hydrogen. In parallel to that, on several occasions, attention 

was posed on the need to deploy blue hydrogen production technology (i.e., natural gas 

reforming), as a necessary bridge technology towards fully renewable hydrogen. Such need 

was though accompanied by concerns that blue hydrogen may hinder the decarbonization 

process or may pose threats in terms of security of supply. 
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Other technologies mentioned as secondary included biogas reforming and biomass 

conversion through gasification, although the availability of little techno-economic information 

on these alternatives seemed very limited. Biomass gasification is seen as a competitor to the 

wood industry for some regions and as a promising hydrogen production pathway for others.  

Disagreement on the role of electrolysis as a promising technology in energy storage also 

emerged in some cases. The stakeholders who showed disagreement in this respect argued 

technical and economic inefficiency for electrolysis as a solution and indicated skepticism 

relatively to the large-scale deployment of the technology for energy storage purposes. 

3.2.2.4 Industry as a frontrunner in the adoption of hydrogen technologies 

In most cases, the local industry in its various sectorial specializations was mentioned as the 

expected frontrunner in the adoption of hydrogen technologies. Overall, industrial use cases 

were expected to prevail over single user or family level applications. Other possible users 

such as governmental and public institutions were also generally neglected. More in specific 

these comprised especially heavy-duty transportation and movement of appliance, while 

hydrogen use as a heat source was dismissed as little effective. On the other hand, in some 

cases, attention was posed on the potential competition for energy or resources hydrogen 

production may trigger to the detriment of other local industrial activities. 

3.2.2.5 Lack of information on expected demand and supply capacity 

During several of the conversations held with the stakeholders, a clear lack of information 

emerged relatively to the assessment and planning of the local supply capacity of energy 

and/or material resources necessary to cover the expected hydrogen demands. On the one 

hand, there seemed to be an absence of internal studies, or internally reviewed external 

studies, that quantified the projected hydrogen demand under a set of defined future 

scenarios. On the other hand, the institutions that the interviewees were part of did not hold 

a comprehension of the capacity that their territory would have to sustain an expected 

hydrogen demand, both in terms of resources and facilities. 

3.2.2.6 Common policy priority areas 

During verbal interviews, the interviewers asked what areas of policy action the interlocutors 

saw as a priority. Common answers given to the former question across cases include the 

following. 

1. An expansion of renewable electricity generation capacity. 

2. Transnational co-investment and infrastructural coordination. 

3. The development of platforms functional to share knowledge and information on 

existing or previous case studies. 
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4. The initiation of transnational industrial partnerships for the development of hydrogen 

technology. 

5. The deployment of blue hydrogen at scale. 

6. Planning and implementation of dedicated infrastructure for electricity transmission 

and distribution across regions. 

7. Planning and implementation of dedicated infrastructure for hydrogen transmission 

and distribution across regions. 

3.3 Conclusions 

The present chapter involved the assessment of existing policy strategies and plans in the 

EUSALP region, through an active stakeholder engagement approach. The stakeholders 

engaged were members of institutional bodies in charge of the assessment, development or 

management of energy and transportation policy at a regional level. They were engaged in a 

two-stage process through a questionnaire and a face-to-face online interview. 

The evidence collected from the two stages of the engagement process revealed that 

decarbonization and the enhancement of local industrial and economic competitiveness 

occupy the top priorities in terms of strategic objectives related to hydrogen development 

policy. The respondents generally identified the insufficient competitiveness of hydrogen when 

compared to other established energy carriers as well as its inherent technological risk as the 

two main barriers towards the implementation of hydrogen projects. On the other hand, the 

perspective of decarbonization obligations, fiscal incentives and the absence of reliable 

alternatives were deemed the greatest opportunities to accelerate the uptake of hydrogen 

technologies. 

Both the response to the questionnaire and the individual interviews held highlighted that 

heavy-duty transportation is seen as the predominant field of application for hydrogen by the 

regional stakeholders. Thus, the focus of policy action is primarily on road infrastructure and 

coordination of infrastructural planning among regions that share common long-haul 

transportation arteries. While partial skepticism was registered with respect to electrolysis as 

an efficient technological solution in energy storage, a nearly universal consensus was found 

on its role as the predominant technology for the future production of hydrogen, followed by 

biomass gasification, which was mentioned by some interviewees. The use of natural gas 

steam reforming with carbon capture (blue hydrogen), as a bridge technology, was mentioned 

on occasion, though with a partial recognition of the threat it poses to a fast decarbonization 

goal. 

In the predominant vision outlined by the interviewees, the local industry is seen as the 

frontrunner of a possible transition towards hydrogen, while induvial users, families, and 

governmental bodies do not seem to play a relevant role in this space. 
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Along with the identification of several territorial criticalities related to the deployment of 

hydrogen infrastructure, a deep lack of information emerged from the interviews held 

relatively to the projected size of hydrogen demand and the estimated supply capacity of each 

territory, which represents a strong limitation with respect to planning capabilities at the 

regional level. 

Recurring recommendations made by the interviewees on priority policy actions included the 

expansion of renewable electricity generation capacity, a stronger coordination approach 

relatively to infrastructural investment and planning and industrial partnership, as well as soft 

solutions aimed at enabling the sharing of knowledge and strategic information drawn from 

local experiences. 
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4 Opportunities for cooperation in the EUSALP region: a case 

study on road infrastructure development 

4.1 Case study rationale 

The identification of priority policy actions for the development of a hydrogen economy in the 

EUSALP region requires the development of adequate case study assessment tools capable to 

measure the expected economic and decarbonization potential of a given infrastructural model 

against the objectives set out by the institutions. 

Such tools need to enable the comparison of alternative infrastructural and policy development 

options and identify the most adequate options on an evidence base. 

The insights and perspectives gathered in the previous part of this study demonstrated that 

the use of hydrogen as a fuel in heavy road transportation represents a common element 

across the EUSALP space. Therefore, a detailed assessment of infrastructural development 

options related to this field of application will emerge as fundamental in future planning 

activities in the area. 

In this section of the work, we thus present a simple case study assessment of the expected 

performance of a hydrogen-based road transportation system that can serve as a basis for 

the future development of more detailed and complex studies. In particular, based on the 

response received in the earlier phases, we look at a heavy-duty transportation infrastructure 

ideally spanning over more than one region to identify the expected costs, efficiencies and 

emission savings of the proposed model in comparison to a more mature alternative, such as 

battery electric heavy-duty transportation. 

The present methodology draws on data available in the scientific peer-reviewed literature 

and does not provide universally valid results and it is thus inadequate to serve as a basis for 

policy planning. However, it does provide a reference methodology that can be applied to 

localized case studies with more accurate, case-specific techno-economic data of adequacy 

for policy planning purposes. 

More specifically, the study aims to enable a comparison between a hydrogen-fueled heavy 

duty transportation solution and a fully electric solution, by including infrastructural costs and 

embedded emissions as key performance indicators.  

4.1.1 Objectives and indicators 

The objectives of the study were to estimate the total cost of ownership and decarbonization 

potential of each solution, by quantifying the performance of a heavy-duty vehicle traveling 

on the selected infrastructure, according to three indicators: 1) cost per kilometer travelled, 
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2) specific energy requirements per km traveled, and 3) CO2 equivalent emissions per 

kilometer traveled. The following sections detailed the applied methodology. 

4.2 Case study description and system boundaries 

The proposed case study involves an investigation scenario consisting of a hydrogen-based 

system and a reference scenario, consisting of a battery electric system as a direct 

technological alternative used for comparison. 

The system considered comprises a 100 km stretch of a high-capacity road artery spanning 

over two unspecified jurisdictions in the EUSALP where a heavy-duty tractor-and-trailer truck 

travels between two refueling points located one in each region. The expected techno-

economic-environmental performance of the investigation scenario (hydrogen) and the 

reference scenario (electric) were projected on such system. 

Fig. 4.1 provides a graphical description of the two options considered. 

 

Fig. 4.1. Graphical representation of hydrogen-based scenario (top) and battery-based alternative (bottom). 

The boundaries of the system considered varied when considering the three selected 

indicators, due to the different level of uncertainty related to each, which was deemed 

excessive for the purpose of this study in some cases. The system boundaries for each of the 

three indicators were defined as follows. 

H2H2 H2 H2

EUSALP Region A EUSALP Region B

EUSALP Region A EUSALP Region B
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4.2.1.1 Cost per kilometer travelled 

To obtain a comprehensive comparison on the cost-effectiveness of the two options under 

consideration based on an equal goal of displacing the truck over the same distance, the 

investigated system comprised both the truck itself and the refueling (or recharging) 

infrastructure required at the two points. This enabled estimating the total cost of ownership 

of the means plus the total cost of the required accessory infrastructure per km. 

4.2.1.2 Energy efficiency 

The analysis of the global energy efficiency in terms of work required (primary energy per 

km) comprised only the delivery of the energy carrier to the means and the energy 

consumption of the means itself. In the hydrogen-based scenario, this thus included the 

conversion of electrical energy to hydrogen lower heating value, the electricity consumption 

of the refueling station, neglecting any transmission and distribution losses from generation 

to electrolyzer, and, finally, the specific energy consumption of the truck. In the case of a 

battery-based system, the inventory included the parasitic energy consumption of the 

charging station and the specific energy consumption of the truck, still neglecting the 

transmission and distribution losses from the point of generation to the charging point, or 

station level losses, for which clear documentation could not be sourced. 

4.2.1.3 CO2 equivalents emissions per kilometer traveled 

The evaluation of CO2 equivalents emissions considered only the installation 

refueling/recharging infrastructure and the emissions generated in traction. However, based 

on the assumption of fully renewable electricity during the operational lifetime of the system, 

the emissions related to the means traction equal zero. Therefore, in practical terms, the only 

emissions considered for comparison are the ones caused by the installation of the accessory 

infrastructure, as documented by the sources cited further below. 

4.3 Methods 

4.3.1 System components description and overall assumptions 

4.3.1.1 Vehicle characteristics 

The selected vehicle models refer to two heavy-duty vehicles of equal payload and involve a 

plug-in battery electric drivetrain (battery electric or BE hereafter) and a parallel hybrid 

hydrogen fuel cell without plug-in (hydrogen fuel cell hereafter). The battery electric drive 

train comprises a chargeable battery that is supplying the entire traction power to the wheels. 

The parallel hybrid hydrogen fuel cell, instead, comprises a fuel cell and a battery, both 

independently connected to the wheels. During drive, the fuel cell will supply traction at higher 

power loads, where it achieves higher efficiency, while at the lower loads the battery will 

supply traction power. When the power generated by the fuel cell exceeds the motive power 

required, surplus power will be diverted to battery recharging by means of a power distribution 
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control. Regenerative breaking will also contribute to recharging the battery in the parallel 

configuration. According to the literature, the parallel hybrid concept allows achieving an 

overall smaller battery and motor size, thus reducing the gross weight of the truck [156]. 

4.3.1.2 Vehicle drive cycle 

The energy performance estimated in a previous study as an average between flat hill and 

two different hill climb drive cycles by Lajevardi et al. [156] was taken as an adequate 

reference performance for an unspecified road stretch in the EUSALP region. The specific 

energy consumption estimated by the authors is the result of a statistical selection applied to 

the drive cycles undertaken by 1,616 class 8 trucks (equivalent to European Class CE) over 

an entire month, according to the GPS coordinates registered by the Vancouver Fraser Port 

Authority. The result of the statistical filtering process allowed the authors to draw a selection 

of six different drive cycle types, of which three for the short haul and three for the long haul. 

The long-haul drive cycle “Hill Climb 2” was also selected in this study for the estimation of 

well-to-wheel CO2 equivalent emissions as described further on.  

4.3.1.3 Infrastructure size 

While the present assessment is based on a functional unit of 1 km travelled by a tractor and 

trailer according to the conditions specified above, it is necessary to select a realistic size for 

the related refueling/recharging infrastructure. Based on a comparison between the capacity 

assumptions made by Mayer et al. [157] for hydrogen refueling and by Speth and Funke [158] 

for electric systems, the reference capacity of the refueling or recharging stations was fixed 

at 8 vehicle equivalents, defined here as a maximum of 8 vehicles idling at the station over a 

period of one hour and driving a total of 120,000 km per year. 

4.3.1.4 Economic and financial assumptions 

Table 4.1 displays the fundamental economic and financial assumptions applied in this study. 

The selected parameters are the result of a review of relevant studies in the literature along 

with assumptions made based on previous experience. Two different interest rates were 

applied to vehicle assets and infrastructure, hypothesizing a lower overall interest rate for 

large-scale public infrastructure. Due to the commercial immaturity of fuel cell technology for 

road applications sourcing reliable vehicle cost information was difficult and the total capital 

cost of the vehicle was estimated by applying a cost markup on the cost of a conventional 

diesel truck, according to the method suggested by Liu et al. [159]. More reliable cost 

information could instead be found for battery electric vehicles, thanks to a published report 

of recent German pilot projects by Speth and Funke [158]. 

Table 4.1. Summary of fundamental economic and financial assumptions 

Parameter Symbol Unit Value  
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Vehicle 

Interest rate on vehicle 𝐼𝑣 % 15 [156] 

Vehicle lifetime 𝑛𝑣 years 10 [158] 

Yearly mileage 𝑀 km 120,000 [158] 

Purchase cost for 

conventional diesel 

𝐼𝑛𝑣𝑣,𝑑𝑖𝑒𝑠𝑒𝑙 

EUR 112,574 [66] 

Purchase cost markup for 

fuel cell 

𝐼𝑛𝑣𝑣,𝐹𝐶𝐻 

EUR 70,926 [159] 

Purchase cost for battery 

electric 

𝐼𝑛𝑣𝑣,𝐵𝐸 

EUR 175,240 [158] 

Maintenance cost for fuel 

cell 

𝑂𝑃𝐸𝑋𝑣,𝐹𝐶𝐻 

EUR/km 0.05 [156] 

Maintenance cost for 

battery electric 

𝑂𝑃𝐸𝑋𝑣,𝐵𝐸 

EUR/km 0.04 [158] 

Refueling or recharging infrastructure 

Interest rate on 

infrastructure 

𝐼𝑖𝑛𝑓 

% 6.3 [157] 

Infrastructure lifetime 𝑛𝑖𝑛𝑓 years 20 [157] 

Hydrogen refueling 

station 

 

   

Installation cost 𝐼𝑛𝑣𝑖𝑛𝑓,𝐹𝐶𝐻 EUR 994,064 [157] 

Maintenance cost 𝑂𝑃𝐸𝑋𝑖𝑛𝑓,𝐹𝐶𝐻 EUR/year 19,881 [157] 

Alkaline electrolyzer     

Installation cost(a) 𝐼𝑛𝑣𝑖𝑛𝑓,𝐴𝐸 EUR 1,757,094 [157] 

Maintenance cost 𝑂𝑃𝐸𝑋𝑖𝑛𝑓,𝐴𝐸 EUR/year 30,558 [157] 

Recharging station cost     

Installation cost 𝐼𝑛𝑣𝑖𝑛𝑓,𝐵𝐸 EUR 295,581 [158] 

Maintenance cost 𝑂𝑃𝐸𝑋𝑖𝑛𝑓,𝐵𝐸 EUR/year 24,000 [158] 

Utilities 

Electricity cost(b) 𝑐𝑒𝑙 EUR/MWh 40 [95] 

Water cost 𝑐𝑤 EUR/m3 2 Assumption 
(a) Includes equipment and installation 
(b) Equal to the levelized cost of energy of the Italian renewable energy mix at an interest rate of 3%. 

4.3.1.5 Technical assumptions 

Among the fundamental technical assumptions applied (Table 4.2), the high selected payload 

of 16.5 tonnes should be noted, which represents a higher range mass for road freight. 

Table 4.2. Summary of fundamental technical assumptions applied to the estimation of vehicle performance. 

Parameter Symbol Unit Value  

Vehicle 
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Vehicle payload 𝑊𝑣 Kg 16,500 [156] 

Alkaline electrolysis 

efficiency 

𝜂𝐴𝐸 

kWh/kg 53.4 [160] 

Power losses over 

recharging station 

lifetime(c) 

𝐸𝑙𝑜𝑠𝑠,𝑖𝑛𝑓 

kWh 330,000 [161] 
(c) Charger lifetime assumed in reference of 12 years [161]. 

 

Table 4.3 also displays a summary of the selected specific CO2 equivalents emission factors 

for the drivetrains assessed. Such specific emission factors were estimated considering the 

incremental mass generated by components substitution in the two vehicles for the selected 

hill climb drive cycle relatively to a conventional diesel drivetrain. 

Table 4.3. Specific vehicle emission factors applied and implicit incremental vehicle mass for the selected drive 

cycle. 

Item  Value Unit Reference 

 Specific emissions 

Battery electric 𝑒𝑊𝑇𝑊,𝑠𝑝,𝐵𝐸 7.8 g CO2-eq/t/km [156] 

Hydrogen fuel cell 𝑒𝑊𝑇𝑊,𝑠𝑝,𝐻𝐹𝐶 9.7 g CO2-eq/t/km [156] 

Conventional 

diesel 

𝑒𝑊𝑇𝑊,𝑠𝑝,𝐷 

93.2 

g CO2-eq/t/km 

[156] 

 Vehicle incremental mass on hill climb drive cycle 

Battery electric Δm𝑠𝑝,𝐵𝐸 18,574 kg [156] 

Hydrogen fuel cell Δm𝑠𝑝,𝐻𝐹𝐶 1,373 kg [156] 

 

4.3.1.6 Hydrogen production and refueling station 

The selected refueling station is a compressed hydrogen gas refueling station that can serve 

both light vehicles and heavy-duty vehicles, supported by hydrogen produced on site through 

alkaline electrolysis. The selected station layout is an adaptation of the system analyzed by 

Mayer et al. [157] in a previous techno-economic optimization study and is represented in Fig. 

4.2. 
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Fig. 4.2. Refueling station layout (adapted from Mayer et al. [157]). 

The layout includes hydrogen production in the electrolyzer, storage at low pressure, 

compression to three cascading high-pressure levels, pre-cooling and dispensing to the 

vehicle. 

4.3.1.7 Battery recharging station 

The battery recharging station modeled in the present assessment comprises five direct 

current (DC) cabled recharging outlet with a total rated power of 450 kW, as indicated in a 

report of German pilot projects [158]. 

4.3.2 Techno-economic-environmental assessment 

The following sections provide a description of the modeling methodologies applied in the 

present simplified estimation of vehicle techno-economic-environmental performance. 

4.3.2.1 Total per kilometer cost 

The capital cost of each component per-km (𝐴𝐶𝐶𝑖) was calculated according to the annuity 

method (Eq. 2), applying the project lifetimes and interest rates indicated in Table 4.1 and 

neglecting any tax on earnings due to the uncertainty related to future renewable energy 

enterprise taxation schemes. Straight-line depreciation over each asset lifetime with zero 

salvage value was assumed. 

𝐴𝐶𝐶𝑖 = 𝐼𝑛𝑣𝑖

𝐼 (1 + 𝐼𝑖)𝑛𝑖

(1 + 𝐼𝑖)𝑛𝑖 − 1
 

Eq. 2. 
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𝐼𝑛𝑣𝑖: investment cost of item i, 𝑛𝑖: lifetime of item i, 𝐼𝑖: interest rate of item i. 

Vehicle fuel cost was calculated based on its specific energy consumption multiplied by the 

cost of electricity or hydrogen (Eq. 3 and Eq. 4). 

𝑐𝑠𝑝,𝑓𝑢𝑒𝑙 = (𝐸𝑠𝑝 +
𝐸𝑙𝑜𝑠𝑠,𝑖𝑛𝑓

𝑛𝑖𝑛𝑓 × 𝑠𝑖𝑛𝑓 × 𝑀
) × 𝑐𝐸𝑙 

Eq. 3 

𝑐𝑠𝑝,𝑓𝑢𝑒𝑙: specific fuel cost (€/km), 𝐸𝑠𝑝: specific energy consumption (kWh/km) , 𝐸𝑙𝑜𝑠𝑠,𝑖𝑛𝑓: specific energy loss per 

year (kWh/year), 𝑐𝐸𝑙: electricity cost (€/kWh), 𝑛𝑖𝑛𝑓: infrastructure lifetime, 𝑠𝑖𝑛𝑓: infrastructure size (-), 𝑀: vehicle 

yearly mileage (km/year). 

𝑐𝑠𝑝,𝑓𝑢𝑒𝑙 = 𝐸𝑠𝑝 × 𝐿𝐻𝑉𝐻2 × 𝑐𝐻2 

Eq. 4 

𝐿𝐻𝑉𝐻2: hydrogen lower heating value (120 MJ/kg), 𝑐𝐻2: hydrogen production cost (€/kg). 

The cost of hydrogen fuel was calculated based on the sole cost of electricity and water, since 

all other costs (installation, maintenance, and operation of the electrolyzer) were distributed 

over the infrastructural cost, as explained below. 

𝑐𝐻2 =
𝑚𝐻2

𝜂𝐴𝐸
× 𝑐𝐸𝑙 + 𝑛𝐻2 × 1 ×

𝑀𝑊𝐻2𝑂

𝜌𝑤
 × 𝑐𝑤 

Eq. 5 

𝑚𝐻2: output mass flow rate of hydrogen (kg/year), 𝑛𝐻2: output molar flow rate of hydrogen (kmol/year) 𝜂𝐴𝐸: 

lower heating value efficiency of alkaline electrolysis (kWh/Nm3
H2), 𝑀𝑊𝐻2𝑂: water molecular mass (kg/kmol), 𝜌𝑤: 

water density (1,000 kg/m3), 𝑐𝑤: water cost (€/m3). 

The total vehicle cost component was estimated as a sum of annualized capital and operating 

and maintenance costs, exclusive of fuel costs, divided by the total yearly mileage of the 

vehicle (Eq. 6). 

𝑐𝑠𝑝,𝑣 =
𝐴𝐶𝐶𝑣

𝑀
+ 𝑂𝑃𝐸𝑋𝑣 

Eq. 6 

𝑐𝑠𝑝,𝑣: specific vehicle cost (€/km),  𝐴𝐶𝐶𝑣: vehicle annualized capital cost (€/year), 𝑂𝑃𝐸𝑋𝑣: vehicle yearly operating 

cost (€/km), 𝑀: vehicle yearly mileage (km/year). 
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Similarly, the infrastructure cost component was estimated a sum of annualized capital and 

operating costs, divided by the product of infrastructural capacity by total vehicle mileage (Eq. 

7). 

𝑐𝑠𝑝,𝑖𝑛𝑓𝑟 =
𝐴𝐶𝐶𝑖𝑛𝑓 + 𝑂𝑃𝐸𝑋𝑖𝑛𝑓

𝑠𝑖𝑛𝑓 × 𝑀
 

Eq. 7 

𝑐𝑠𝑝,𝑖𝑛𝑓𝑟: specific infrastructure cost (€/km),  𝐴𝐶𝐶𝑖𝑛𝑓: infrastructure annualized capital cost (€/year), 𝑂𝑃𝐸𝑋𝑖𝑛𝑓: 

infrastructure yearly operating cost (€/year), 𝑠𝑖𝑛𝑓: infrastructure size (-). 

Due to the narrow variation between the original scale of the infrastructures reported in the 

reference studies and the sizes applicable to this study, a simple linear scaling of the required 

investment was applied, according to Eq. 8. 

𝐼𝑛𝑣𝑖𝑛𝑓 = 𝐼𝑛𝑣𝑖𝑛𝑓,0 ×
𝑠𝑖𝑛𝑓

𝑠𝑖𝑛𝑓,0
 

Eq. 8 

s: infrastructure size in vehicles equivalents (-). 

The total specific per-km cost of each option was thus estimated as the sum between the fuel, 

vehicle, and infrastructure cost components (Eq. 9). 

𝑐𝑠𝑝 = 𝑐𝑠𝑝,𝑓𝑢𝑒𝑙 + 𝑐𝑠𝑝,𝑣 + 𝑐𝑠𝑝,𝑖𝑛𝑓𝑟 

Eq. 9 

Well-to-wheel emissions were estimated by multiplying the specific emission factor of each 

drivetrain () by the vehicle payload assumed. 

𝑒𝑊𝑇𝑊 = 𝑒𝑊𝑇𝑊,𝑠𝑝 × 𝑊𝑣 

𝑒𝑊𝑇𝑊: total well-to-wheel vehicle emissions (g CO2-eq/km), 𝑒𝑊𝑇𝑊,𝑠𝑝: specific well-to-wheel vehicle emissions (g 

CO2-eq/t/km), 𝑊𝑣: vehicle payload (kg). 

4.4 Results and discussion 

4.4.1 Cost per kilometer traveled 

Fig. 4.3 display the results relative to cost per km traveled by the two vehicles, inclusive of 

infrastructural costs. 
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Fig. 4.3. Total per kilometer cost and cost breakdown for the hydrogen fuel cell and battery electric options. 

The results indicate a lower overall per km cost of the battery electric option (0.68 €/km vs. 

1.05 €/km for fuel cell hydrogen), substantially due to the lower per-km fuel cost, as a 

consequence of both the lower energy loss incurred in direct electricity use as opposed to 

conversion to hydrogen, and the lower specific energy demand per km traveled estimated by 

Mojtaba Lajevardi et al. [156]. Similarly, the per-km estimated cost of hydrogen refueling 

infrastructure (0.14 €/km) is substantially higher than the cost of recharging infrastructure 

(0.05 €/km) based on the figures retrieved from the literature, mostly due to the capital-

intensive components of hydrogen refueling stations (high-pressure compressors, storage). 

In the BE option, the vehicle capital cost component emerges as higher than the fuel 

component (0.26 €/km and 0.37 €/km, respectively), in contrast with the HFC option (0.56 

€/km and 0.35 €/km, respectively). In this regard, it should be highlighted that while the 

estimated battery electric vehicle costs are backed by the experience developed in German 

pilot projects, the uncertainty relative to fuel cell truck costs is much larger due to the absence 

of previous real-world medium-term trials [162] and ongoing vehicle manufacturing scale-up 

efforts [163]. To conclude, it is worth noting the lower per-km cost of diesel-powered vehicles, 

which is 102 % and 31 % lower compared to the HFC and to the BE, respectively.   

4.4.2 Specific energy 

Fig. 4.4 displays the results relative to specific energy consumption per km traveled, inclusive 

of fuel production in the case of hydrogen. 
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Fig. 4.4. Specific energy consumption estimated for the hydrogen fuel cell and battery electric options. 

As previously mentioned regarding cost, two causes generate a higher specific energy value 

in the hydrogen option: namely, the higher per-km energy requirements estimated through 

statistical analysis in Ref. [156], and the lower overall efficiency of electricity conversion to 

hydrogen compared to direct use in battery electric vehicles. 

4.4.3 Specific emission 

Specific per km CO2 equivalents emissions are displayed in Fig. 4.5. 
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Fig. 4.5. Specific CO2 equivalents emissions estimated for the for the hydrogen fuel cell and battery electric 

options and for a conventional diesel option. 

Scaling of the specific lifecycle emission values reported by Mojtaba Lajevardi et al. [156] to 

the selected vehicle payload (16,500 kg, equal for each case) shows well-to-wheel CO2 

equivalents emissions 24% higher in the case of HFC than in the case of BE. Relatively to a 

conventional diesel drivetrain of equal size assessed in Ref. [156], the two options would 

generated a per-km saving of 1,378 (HFC) and 1,409 (BE) gCO2-eq/km, respectively. While 

the difference in emission savings with respect to diesel between the two options is relatively 

minor, this further result indicates that, under the present assumptions and based on the 

evidence previously developed by the literature, the overall cost of decarbonizing 1 km 

travelled by a heavy-duty vehicle with a payload of 16,500 kg would be clearly higher under 

a hydrogen-powered system. Specifically, the cost of avoiding 1 tonne of CO2 equivalent 

emissions would be 769 €/t CO2-eq in the case of HFC and 489 €/t CO2-eq in the case of BE, 

or, in other words, the cost of avoiding 1 tonne of CO2 equivalent emissions would be 57% 

higher in the case of HFC, compared to BE. 

4.4.4 Combined cost of infrastructure 

Fig. 4.6 displays the estimated total fixed capital investment required for the development of 

two hypothetical refueling (or recharging) stations located at a theoretical distance of 200 km 

from each other, each in a different EUSALP jurisdiction. In broader terms, the indicator aims 

to measure the financial effort that two industrial actors or public institutions, one in each 

region, would need to jointly face for the development of either solution. It should be noted 
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that the present values neglect any infrastructural costs related to electrical transmission and 

distribution to the point of conversion or delivery. 

 

Fig. 4.6. Total combined fixed capital investment required for the development of the two stations. Figures are 

displayed in thousand euros. 

Considering a standard 200 km distance between the two refueling or recharging stations, the 

cumulative required investment for the two options would total approximately 5.5 million 

euros for the hydrogen option and 590,000 euros for the electric option, indicating a nearly 

tenfold financial commitment required in the case of the hydrogen option compared to the 

electric option. 

The present assessment, however, does not go into detail in evaluating differences in vehicle 

range between the two options. If, for instance, on-board hydrogen storage solutions were 

able to grant a substantially longer vehicle range, a smaller number of refueling stations with 

higher fuel throughput would be required. Such effect could then lower overall specific capital 

costs in favor of fewer, larger-size units built. If taken on a large scale, relatively small 

differences in vehicle range might imply a substantially different infrastructural density, which 

might in turn impact global costs. However, it is not possible to predict whether such effect 

would reconfigure the per-km performance of the two solutions based on the present 

methodology. Consideration of such aspects would in fact require a fundamentally different 

geographical scale and resolution [53]. 

4.5 Conclusions 

The present study involved a simplified comparative assessment of two heavy-duty 

transportation options applicable to the EUSALP region, with the aim of providing a suitable 
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methodology for future detailed assessments of local infrastructural alternatives. The two 

options assessed include a parallel hybrid hydrogen fuel cell and a plug-in battery electric EC 

class truck-and-trailer vehicle, with a payload of 16.5 tonnes traveling over a 200 km distance. 

The total costs of ownership of the two model vehicles were compared on an annualized 

capital and operating cost basis, while their specific energy consumption and carbon emissions 

were estimated based on previously determined values available in the scientific literature. 

The results are subject to a set of assumptions and a degree of uncertainty embedded in the 

limited commercial maturity of the proposed solutions. 

Overall, based on the present estimates the battery electric option emerges as a more cost-

effective decarbonization strategy, with an expected decarbonization cost of 489 €/t CO2-eq 

averted, compared to 769 €/t CO2-eq in the case of hydrogen fuel cell. Such result is a 

consequence of the higher total cost of ownership of the fuel cell vehicle (1.05 €/km vs 0.68 

€/km) related to higher infrastructure and fuel costs, combined with the substantially higher 

specific energy consumption of the fuel cell option (5.92 kWh/km vs. 2 kWh/km). While the 

higher infrastructural costs can be partly attributed to capital intensive components such as 

compressors and high-pressure storage, the higher fuel cost is related to a lower overall 

efficiency generated by losses in electricity conversion to hydrogen energy and a higher 

specific energy requirement. The total fixed capital investment required to develop two 

stations of the size considered in the present study along a road artery would total 

approximately 5.5 million euros for the hydrogen option and 590,000 euros for the battery 

electric option, indicating a substantially higher financial commitment for the hydrogen option. 

While both options would deliver substantial carbon emission savings compared to a 

conventional diesel drivetrain with equal payload (1,378 – 1,409 g CO2-eq/km for batter and 

fuel cell respectively), under the present techno-economic conditions, a battery electric 

solution emerges as an overall better alternative to a conventional fossil fuel powered system. 
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5 Policy priority evaluation 

5.1 Background and rationale 

In the context of complex infrastructural policy planning, where no single action has the 

potential to represent an exclusive solution, a comparison of multiple intervention is required 

to identify the most promising strategies within a selection of possible approaches. The 

contemporary energy infrastructure is a good example of a multifaceted system that requires 

prioritization of actions with respect to a set of established objectives [164,165]. As a 

subsystem of the wider energy system, transportation represents a relevant field of application 

of decision support methodologies such as multi-criteria decision analysis (MCDA), since the 

trade-offs inherent to the selection of optimal development strategies require a comparison 

between possible solutions against fixed criteria [166]. In broad terms, the MCDA 

methodology entails the identification of technically feasible alternatives, a consultation with 

stakeholders aimed at an initial assessment of possible solutions and decision criteria based 

on different points of view, a set of modeling activities aimed at returning key performance 

indicators and a weighing procedure that allows comparing alternative approaches based on 

a common system of metrics [166]. 

In its simplest form, MCDA involves the selection of alternative actions or solutions and 

decision criteria, as qualitative factors that guide the decision-making process. The subsequent 

key methodological steps of MCDAs comprise the weighing of the relative importance of the 

selected decision criteria against one another through the assignment of a specific score for 

each, a scoring of the performance of each action or solution relatively to each criterion, and, 

finally, a cumulation of the scores obtained [167]. Fig. 5.1 provides a graphical representation 

of the general MCDA procedure.  

In the present context, a decision support analysis is proposed to identify the most desirable 

actions and the policy priorities that emerge from the activities and results presented in the 

previous parts of the document. More specifically, a multi-criteria decision analysis was 

developed to present a possible methodology for the evaluation of policy interventions that 

can accelerate a transition towards a less carbon intensive use of renewable electricity and 

hydrogen in the regional transportation system of the EUSALP jurisdictions. 

 



 
 
  

    
 

 

 

Facoltà di Scienze e Tecnologie  NOI Techpark Südtirol / Alto Adige 
Libera Università di Bolzano   via Alessandro Volta 13, 39100 Bolzano 
Piazza Università 1, 39100 Bolzano Laboratori A2 – 4.09 / B5             65/93 

 

Fig. 5.1. Schematic of the general structure of multi-criteria decision analysis methodologies. Reproduced from 

Thakkar [167]. 

5.2 Methods 

5.2.1 Selection of possible actions 

A shortlist of possible policy actions was drawn based on 1) interviews held with the local 

stakeholders, 2) the modeling activities carried out as part of the study, and 3) previous 

experience and other information collected by the authors in their previous professional 

activities. 
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The selected interventions can be broadly divided into several groups, as follows. 

5.2.1.1 Physical infrastructure development solutions 

Infrastructure developments solutions include several categories of engineered infrastructural 

systems that provide physical assets required to 1) support energy provision to different 

transportation drivetrains, and 2) generate and distribute energy vectors over large-scale 

geographical areas. However, infrastructure development solutions also include the 

production of strategic data around two key indicators: 1) the required infrastructural capacity, 

and 2) the potential energy vector supply capacity for a given geographical area. The following 

list provides a summary of the selected solutions. 

1. Energy demand assessment tools 

2. Energy vector supply capacity assessment tools 

3. Hydrogen production facilities  

4. Hydrogen refueling stations 

5. Battery recharging stations 

6. Electricity transmission and distribution networks 

7. Hydrogen transmission and distribution networks 

8. Renewable electricity generation infrastructure 

5.2.1.2 Fiscal policy and market support solutions 

Fiscal policy and market support solutions include actions aimed at promoting and facilitating 

the uptake of infrastructural assets and technologies alternative to the current status quo, 

through the induction of direct or indirect economic benefits and the creation of energy vector 

exchange enablers. 

9. Sector-specific decarbonization penalties and incentives 

10. Market support schemes for electricity in transportation 

11. Market support schemes for hydrogen in transportation 

12. Suspension of energy-related tariffs 

13. Renewability certification schemes 

5.2.1.3 Support to innovation 

Measures of support to innovation include actions that enable the conservation and diffusion 

of knowledge and strategic information drawn from previous and existing case studies across 

the territory. 

14. Project database 

15. Performance database 

16. Energy generation geographical database 
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5.2.2 Selection of decision criteria 

The selection of decision criteria is fundamental to the development of MCDA tools. In the 

present study, a selection of decision criteria was drawn by the authors based on the initial 

conversations held with the Client and on the interviews held with the participating 

stakeholders, as well as on previous research experience. Such criteria include the following: 

1. Cost-effective decarbonization potential 

2. Energy independence and security 

3. Development of local industrial supply chains 

Each criterion was considered as carrying equal importance in the present assessment and 

thus no multipliers were applied to any of the three. 

5.2.3 Scoring of alternatives 

The alternatives were weighted relatively to the three criteria based on the evidence collected 

during the study as well as previous experience, both in terms of the results produced and in 

terms of verbal indications obtained from the interviewees. The selected weights represent a 

partial attribution procedure subject to the considerations made by the authors and should be 

interpreted as a methodological example in the context of the present study. Due to the limited 

scope of the present assessment, no request of consensus on the rankings obtained was 

made. 

Future detailed studies should rely on further reviews of cost and performance information as 

well as on extensive consultations. The work of Tzeng et al. [168] is recommended as a 

relevant peer-reviewed example. 

The weighted scores were divided into three levels as little relevant (score 1), partially relevant 

(score 2), very relevant (score 3). Table 5.1 provides a summary of the weights attributed to 

each policy action considered, while a more extensive explanation of the weights selection 

can be found in the Appendix. 

 

Table 5.1. Matrix of weights attributed to each intervention type 

ID Actions type Abbrev. Cost-effective 

decarbonization 

Energy independence 

and security 

Local industry 

development 

1 Demand assessment DEM-CAP 3 3 1 

2 Supply capacity assessment SUP-CAP 3 3 1 

3 Hydrogen production facilities H2-PROD 2 2 3 

4 Hydrogen refueling stations H2-REF 2 2 3 

5 Battery charging stations BE-REC 3 3 3 
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6 Electricity transmission EL-TRANS 3 3 2 

7 Hydrogen transmission H2-TRANS 2 2 2 

8 Renewables generation EL-GEN 3 3 2 

9 Carbon penalties and incentives PEN&INC 3 1 2 

10 Market support for electricity EL-MARK 3 3 1 

11 Market support for hydrogen H2-MARK 2 2 1 

12 Suspension of tariffs TARIFFS 3 1 1 

13 Renewability certification REN-CERT 3 1 2 

14 Project database PROJ-DATA 1 2 3 

15 Performance database PERF-DATA 1 2 3 

16 Energy generation database GEN-DATA 2 3 2 

 

5.3 Results and discussion 

Fig. 5.2 displays the specific and cumulative scorings obtained per intervention type. 

 

Fig. 5.2. Multi-criteria decision analysis results in terms of specific and total scores. 

As the chart shows, based on the present weighting, the two most urgent actions required 

would be the installation of electric charging stations, owing to its high decarbonization, 

energy security and independence, and local industrial development potential. The second 

most important actions identified would be the development of power transfer infrastructure, 

if currently insufficient, and the development of renewable energy generation infrastructure. 

The third priority, instead, is represented by six equally relevant interventions: namely, tools 
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for the assessment of transportation renewable energy vectors and supply capacity, the 

development of hydrogen production and refueling infrastructure, the implementation of 

market support mechanisms that facilitate the exchange of electricity for use specifically in 

the transportation system, and, finally, a shared geographical database on renewable 

generation points and capacity. 

This example assessment thus indicates infrastructural interventions aimed at enabling 

electricity-based transportation as a priority. These actions would include both on-road 

recharging infrastructure and supporting energy generation infrastructure over the EUSALP 

territory. The outcome of the MCDA reflects well some of the concerns expressed by EUSALP 

stakeholders during the elicitation stage, including the need to exploit the transition towards 

a renewable energy system to stimulate industrial innovation by generating a demand for new 

technology and to decarbonize transportation cost-effectively. The use of hydrogen for heavy-

duty transportation vehicles, instead, emerges as secondary, due to the worse performance 

it is expected to deliver in terms of cost-effectiveness and due to the supply chain risks it 

bears, especially when produced from natural gas. 

Based on the preliminary results obtained, the key policy priorities to be recommended would 

include: 

1. An integration of infrastructural planning and development for renewable generation 

projects across EUSALP regions. 

2. An integration of infrastructural planning and development for on-road electric 

charging stations across EUSALP regions. 

3. The development of a common energy intelligence force for the assessment of 

projected renewable energy vectors demands and local supply capacity. 

4. An assessment of the necessity for hydrogen production and distribution facilities only 

in specific geographical areas in which electrification may represent a less feasible or 

less competitive alternative to conventional fuels. 

5.4 Conclusions 

The present section provided an example multi-criteria decision assessment methodology that 

made use of the considerations illustrated by the regional stakeholders along with the results 

obtained from the previous techno-economic-environmental assessment of battery electric 

and hydrogen fuel cell vehicle alternatives. These elements allowed selecting a list of possible 

policies interventions at the regional scale and attributing each a score relatively to three 

equally weighted decision criteria, that included cost-effective decarbonization potential, 

energy security and independence, and local industrial innovation and growth.  The results 

obtained subject to such methodology indicated the development of infrastructure for 

renewable electricity generation and distribution to vehicles as the greatest priority group. 
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Secondly, the development of dedicated tools for the assessment of projected demand size 

and supply capacity emerged as urgent. Based on the results obtained, we developed a simple 

shortlist of four priority actions required to foster the development of a cost-effective 

decarbonized heavy-duty transportation system in the EUSALP region. Such areas of 

intervention include: 1) the common planning of renewable electricity generation 

infrastructure, 2) the common planning and development of electric vehicle recharging 

infrastructure, 3) the development of a shared energy intelligence for the assessment of 

projected demand and supply on a EUSALP scale, and 4) a region-wide investigation on the 

existence of possible geographical locations in which a hydrogen-based solution is expected 

to be beneficial over electrification. 
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6 Conclusions 
The present study involved a high-level assessment of the potential, barriers and opportunities 

related to the adoption of hydrogen technologies in the EUSALP region. The study combined 

several methodological approaches and perspectives in order to provide a comprehensive 

assessment of the topic under several aspects. First, an overview of the technical possibilities 

to employ hydrogen in the energy system and the related techno-economic-environmental 

performance was provided drawing on studies reported in the peer-reviewed scientific 

literature. While the study only represents a preliminary evaluation of the possible role of 

hydrogen in future infrastructure, it aims to provide a methodological skeleton applicable to 

other specific case studies and a basis for more in-depth assessments. 

If, in principle, hydrogen is employable in a variety of energy-related applications, from its use 

as a transportation fuel to the synthesis of renewable fuels and chemicals, its high cost and 

limited energy efficiency can often constrain its potential to represent a scalable solution. In 

specific, the specific production costs currently achievable by the predominant technologies 

are substantially higher than their fossil-based benchmark and require simultaneous 

reductions in both capital and energy or feedstock costs. 

A stakeholder engagement activity was conducted as part of the study to collect the vision 

and perspective of actors involved in regional energy planning across the EUSALP area. The 

task included two active participation stages, in which the stakeholders responded to a 

questionnaire and later took part in face-to-face online interviews. 

The opinions collected from the two stages of the engagement process revealed that 

decarbonization and the enhancement of local industrial and economic competitiveness carry 

the highest priorities in terms of strategic objectives related to hydrogen development policy. 

The perspective of decarbonization obligations and fiscal incentives are expected to be major 

drivers for a possible transition towards hydrogen, while its limited competitiveness and 

technological risk are seen as the two main barriers towards implementation. 

The stakeholders interviewed undoubtedly viewed heavy-duty transportation as the 

predominant field of application for hydrogen and their focus was thus primarily on 

infrastructural planning needs. Moreover, local industrial actors were generally presented as 

the leaders of this transition, with a negligible role being attributed to other user types. 

Importantly, the engagement activities indicated a substantial lack of information relatively to 

the projected size of hydrogen demand and the estimated supply capacity of each territory, 

which represents a strong limitation with respect to planning capabilities at the regional level. 

Based on the feedback collected during stakeholder engagement, a case study was developed 

to compare the expected techno-economic-environmental performance of a fuel cell hydrogen 
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heavy-duty vehicle and a battery electric vehicle, along with the related infrastructures. The 

estimates made returned an expected decarbonization cost of 489 €/t CO2-eq averted, 

compared to 769 €/t CO2-eq in the case of hydrogen fuel cell, characterizing the battery 

electric option as a more cost-effective decarbonization strategy under the assumptions 

applied. 

Subsequently, we developed an example multi-criteria decision assessment to rank the priority 

of several categories of possible policy actions based on their potential to fulfil three decision 

criteria that included cost-effective decarbonization potential, energy security and 

independence, and local industrial innovation and growth. Based on the results obtained, we 

developed a simple shortlist of four categories of priority actions required to foster the 

development of a decarbonized heavy-duty transportation system in the EUSALP region. Such 

categories include the coordinated planning of renewable electricity generation and vehicle 

recharging infrastructure and the development of platforms for the sharing of strategic 

information. Critical shared information should include projected energy demand in 

transportation and territorial supply capacity data. Regarding the implementation of hydrogen 

in transportation, further technical assessments are required to demonstrate its feasibility and 

competitiveness over electric alternatives. If the preliminary results obtained in this work and 

previous comprehensive studies are confirmed, there will be a need to evaluate the existence 

of specific contexts, over the EUSALP territory, in which electric alternatives are expected to 

be disadvantageous. 
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7 Outlook 
Considering that around 96% of its global production currently takes place through fossil fuel 

conversion and serves conventional chemical and petrochemical uses, as several experts state, 

hydrogen represents primarily a large-scale decarbonization problem, rather than a 

decarbonization solution. The fundamental opportunity offered by scalable green hydrogen 

technologies thus lies, first and foremost, in the substitution of the carbon-intensive reactant 

that is currently used to drive the critical industrial processes that underpin our economies. 

Nevertheless, the chemical nature of hydrogen implies that its use will be required in the 

energy space to supplement and stretch the capabilities of electrification. Such complementary 

role is foreseen especially in high-throughput applications, where large flow rates of fuels with 

high volumetric energy densities are required. These, however, will most likely not rely on 

hydrogen as a pure compound, but much rather on its use as a reactant in specialty fuel 

synthesis. 

Some of the most frequently proposed areas of application for hydrogen within the energy 

space have been questioned by several experts through technical evidence. The low 

volumetric energy density of hydrogen challenges in particular uses cases where its 

displacement over long distances is required, because its low density entails high compression 

energy and/or large storage volumes, which means high unit costs. As a real-world fact 

supporting the awareness of this limitation in industrial contexts, IRENA points out that “the 

vast majority of hydrogen today is produced and used on-site in industry” [58]. These 

downsides penalize the use of hydrogen like aviation fuel [169], for instance, and imply very 

little cost-effectiveness in decarbonization strategies that contemplate blending hydrogen with 

higher energy density fuels like methane [170], as is often envisioned relatively to grid 

injection. 

On the other hand, there are unavoidable and urgent areas of application for a decarbonized 

hydrogen supply. Based on our internal experience and perspective, in this last section we 

aim to provide a concise summary of what the critical applications for hydrogen are, first in 

the decarbonization of current industrial and energy processes in which no alternative to 

hydrogen is given due to chemical or thermodynamic constraints, and secondly in the 

coverage of high-throughput fuel use cases. 

1. Ammonia synthesis. Ammonia synthesis underpins global agriculture and food 

chains and carries critical energy and greenhouse gas implications, given that it 

consumes 1 – 2% of the world’s energy supply in the form of natural gas. Due to 

chemical stoichiometry, its production requires hydrogen inevitably and it currently 

consumes nearly a third of global hydrogen supply. The substitution of fossil hydrogen 

with renewable hydrogen in ammonia synthesis thus represents an unavoidable 

priority. 
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2. Petroleum refining. As previously stated, oil processing currently requires 

approximately a third of global hydrogen production, and a balance between 

decreasing oil demand and the increasing hydrogenation requirements of heavier oils 

sources is likely to determine a considerable hydrogen demand for years yet. Given 

the global scale of fossil fuels production, the substitution of fossil hydrogen in refining 

processes represents as much an apparent paradox as a priority with major 

greenhouse gas emissions implications. 

 

3. Steelmaking. Due to the fundamental cross-sectorial space it occupies in global 

supply chains and to its heavy weight in the global emissions balance, steelmaking 

represents a key decarbonization priority in the industrial sector. In this space, 

solutions at relatively high readiness level all involve the use of hydrogen within the 

2050 horizon and likely beyond. Based on the IEA predictions, some 720 TWh/y of 

actual electrolyzer load will be required to achieve direct emission reductions of 60% 

from 2019. Put in perspective, this represents 11% of the total 6,799 TWh of 

renewable electricity generation in 2018 [171], which should be supplemented by 

additional clean hydrogen sources, thus indicating a major infrastructural development 

task. 

 

4. Biofuels processing. According to industrial experts, a fast decarbonization of critical 

sectors of transportation such as aviation will inevitably require drop-in biofuels at least 

for the medium term. As previously described, the processing of the raw feedstocks 

that enable the production of aviation fuels, such as vegetable oils, biomass-derived 

oils, or alcohols, will require intensive hydrogenation, indicating that biofuels 

processing will probably represent one of the main sources of energy-related 

renewable hydrogen demand in the medium term. 

 

5. Biofuels yield increase in coupled systems. Depending on the extent and speed 

of penetration of electrical technologies in relation to the complementary demand for 

drop-in fuels, local energy systems might face the need to increase the biofuel yields 

of the available biomass to maximize their supply capacity. Hydrogen supplementation 

into biogenic carbon streams via Power-to-Gas processes integration will thus be 

required to maximize biogenic carbon conversion to high volumetric energy density 

fuels. These integrated Biomass-Power-to-Fuel systems will require the coupling of a 

source of concentrated biogenic carbon (e.g., biogas or biomass-derived syngas) with 

a subsystem that supplies additional pure hydrogen (e.g., an electrolyzer). The size of 

the necessary hydrogen capacity in this space will vary depending on several factors, 

but it will most likely be substantial at least in the medium term under stringent 

decarbonization mandates. 
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6. Niche transportation applications. Light and heavy-duty transportation represents 

another sector that requires substantial decarbonization. While it is expected that 

electrification will be the main solution employed in this sector, at least on roads, 

hydrogen could play an important role in some other heavy-duty transportation 

applications. In this context, for the EUSALP region, with its narrow valleys in which 

electrification of side railways has historically represented a problem, hydrogen-fueled 

trains could represent an important opportunity that requires further investigation.  
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9 ANNEX 

9.1 Rationale for weights attribution in Section 5 (Policy priority evaluation) 
The following sections provide an explanation of the scores attributed to each intervention 

type under the three proposed decision criteria. Such choices are the result of internal 

considerations following the interviews held and the conversations undertaken with other 

experts during the present project and previous research experience. The present choices 

thus constitute an example selection and do not represent universally valid considerations. 

Future assessments of this kind should be developed on a case-by-case evidence basis, built 

through thorough stakeholder engagement, expert elicitations, and modeling exercises. 

9.1.1 Demand and supply capacity assessment (1-2) 

The assessment of total demand is very relevant (score 3) relatively to both cost-effective 

decarbonization and to energy independence and security as it would allow the regional 

jurisdictions to quantify and assess their capacity to cover for renewable energy demand on 

their territory while minimizing imports. On the other hand, a score of 1 is attributed to the 

development of local industry, as the intervention is expected to have little influence on 

industrial innovation and growth. 

9.1.2 Hydrogen production facilities and refueling stations (3-4) 

Hydrogen production and refueling facilities play a moderately relevant role in cost effective 

decarbonization (score 2), as they emerge as less cost-effective infrastructural options 

compared to battery electric technology. They are also moderately relevant relative to energy 

security (score 2), as hydrogen production may rely on imports from foreign regions (e.g., 

natural gas), but they are very relevant (score 3) to the stimulation of innovation mechanisms 

in local industries involved in the technological value chain. 

9.1.3 Battery charging stations (5) 

Conversely to hydrogen infrastructure, battery electric technology emerges as very relevant 

to cost-effective decarbonization and to energy independence and security if it relies on local 

renewable energy generation (score 3). Moreover, it does play a very relevant role (score 3) 

in industrial innovation, for instance in regions with high density of automotive industry 

activities. 

9.1.4 Electricity transmission (6) 

Electricity transmission is deemed very relevant (score 3) with respect to both cost-effective 

decarbonization and energy security, while it is attributed a moderately relevant role (score 

2) in local industrial innovation and growth, as large-scale infrastructure of the kind would 

normally be contracted by transregional or transnational business actors that do not 

necessarily hold economic activities in the region. 
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9.1.5 Hydrogen transmission (7) 

Due to the moderate contribution of hydrogen to local energy independence and cost-effective 

decarbonization, hydrogen transmission is consistently attributed a score of 2 under these two 

criteria. In consistency with electricity transmission, hydrogen transmission is also attributed 

only a moderately relevant role in local industrial innovation and growth. 

9.1.6 Renewable generation (8) 

Being at the foundation of the renewable energy system supply chain, renewable generation 

is very relevant to cost-effective decarbonization and to energy independence and security 

(score 3). For the same reason mentioned above, it is only attributed a moderate relevance 

(score 2) under the third criterion. 

9.1.7 Carbon penalties and incentives (9) 

The introduction of carbon penalties and incentives is very relevant to cost-effective 

decarbonization (score 3), but it is little relevant (score 1) to energy independence and security 

and only moderately relevant to industrial innovation and growth (score 2).  

9.1.8 Market support for electricity (10) 

Market support for electricity plays a fundamental role in facilitating cost-effective renewable 

energy distribution (score 3) and energy security (score 3), while it is not expected to have a 

strong direct impact on industrial innovation and growth (score 1). 

9.1.9 Market support for hydrogen (11) 

Because of the less relevant role of hydrogen in cost-effective decarbonization and energy 

security, market support for hydrogen is attributed a score 2 under the former two criteria 

and a score 1 under the third criterion, consistently with the previous intervention type. 

9.1.10 Suspension of tariffs (12) 

Suspension of grid tariffs is a key element in facilitating profitability in processes that make 

use of low-carbon electricity (score 3 under cost-effective decarbonization) and goes hand in 

hand with penalties and incentive mechanisms. However, it is not expected to play an 

important role in energy security or industrial development (score 1). 

9.1.11 Renewability certification (13) 

A homogenization of renewability certification schemes plays a fundamental role (score 3) in 

the achievement of a cost-effective decarbonization by leveling the playing field of renewability 

standards. It is expected to play a secondary role in energy independence and security (score 

1) and a moderately important role in industrial innovation processes (score 2). 
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9.1.12 Project database and performance database (14 – 15) 

The development and sharing of a region-wide database of existing and past projects and the 

strategic performance information related to these may be little effective under the cost-

effective decarbonization criterion (score 1) but could play a more important role in energy 

security (score 2) and local industrial development (score 3). 

9.1.13 Generation database (16) 

A common geographical database of generation locations and capacities will be fundamental 

to achieve energy security and independence (score 3) and moderately important under the 

criterion of cost-effective decarbonization and industrial innovation and growth (score 2). 
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