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Abstract

Application of low-emission hydrogen production methods in the decarbonization process
remains a highly relevant topic, particularly in the context of sustainable hydrogen value
chains. This study evaluates hydrogen applications beyond industry, focusing on its role as
an energy carrier and applying multi-criteria decision analysis (MCDA) to assess economics,
environmental impact, efficiency, and technological readiness. The analysis confirmed that
hydrogen use for heating was the most competitive non-industrial application (ranking
first in 66%), with favorable efficiency and costs. Power generation placed among the top
two alternatives in 75% of cases. Transport end-use was less suitable due to compression
requirements, raising emissions to 272–371 g CO2/kg H2 and levelizing the cost of hydrogen
(LCOH) to 13–17 EUR/kg. When H2 transport was included, new pipelines and compressed
H2 clearly outperformed other methods for short- and long-distances, adding only 3.2–3.9%
to overall LCOH. Sensitivity analysis confirmed that electricity price variations had a
stronger influence on LCOH than capital expenditures. Comparing electrolysis technologies
yielded that, proton-exchange membrane and solid oxide reduced costs by 12–20% and
CO2 emissions by 15–25% compared to alkaline. The study highlights heating end-use and
compressed hydrogen and pipeline transport, proving MCDA to be useful for selecting
scalable pathways.

Keywords: hydrogen energy; transportation; multi-criteria evaluation

1. Introduction
Ambitious targets for hydrogen applications have been prepared in the national

strategies of countries and unions. However, time has passed since these strategies were
introduced, and current developments indicate a need to reassess these plans [1,2]. A
retrospective evaluation of several cases has revealed that the initial expectations were
often too optimistic, with insufficient preparedness to ensure the necessary production and
application capacities. For example, the Czech Republic’s national strategy was recently
updated, reducing its production capacity targets for 2030, due to such limitations [3]. This
points to a broader gap between strategic ambitions and feasibility.

One of the main issues, particularly in case of electrolysis, is the long lead time
for electrolyzers, along with inadequate renewable energy capacity, both in terms of the
current availability and future development [4–6]. In addition to electricity generation,
challenges also include the distribution and continuous operation, which are dependent
on natural sources [7,8]. The stability of the power supply is mainly affected by the
technical reliability and efficiency of electrolyzers, which is reflected in the economy of the
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operational unit [9,10]. These technical and infrastructural challenges are the reasons why
the originally proposed pathways to large-scale hydrogen adoption are underdeveloped.

The primary consumers of hydrogen are industrial sectors: fertilizers, refineries,
and methanol production, which are also the largest contributors to environmental pol-
lution [11]. However, despite the centrality of industrial applications, hydrogen holds
significant potential in other less conventional domains including its use as a fuel, either
directly or as an energy carrier to produce alternative fuels [12]. Additional applications
include heating and power generation, where H2 can replace conventional boilers and
turbines that currently rely on fossil fuels. These emerging applications are less explored in
both research and practice partly due to limited awareness and the need for further techno-
logical adaptation [13,14]. This underrepresentation in policy and research constitutes a
key gap that requires deeper examination.

In parallel with these developments, the importance of international cooperation and
infrastructure planning increases. Cross-border hydrogen corridors and regional integration
of H2 value chains are key factors that can mitigate national limitations, such as resource
constraints or technological gaps. Initiatives such as the European Hydrogen Backbone illus-
trate how large-scale infrastructure planning can support long-term strategic goals, enabling
efficient transport from production places to end-use application centers [15,16]. These efforts
highlight the need to transition from isolated national strategies to more integrated, flexible,
and responsive hydrogen deployment frameworks that reflect real-world challenges and
energy dynamics changes [17].

In this context, the main objective of this work is to evaluate the competitiveness of hy-
drogen applications beyond the industrial sector. The study addresses the above-mentioned
research gap through a comprehensive multi-criteria decision analysis (MCDA), connecting
various alternatives from several perspectives. Table 1 summarizes the analyzed studies,
their key characteristics, and the corresponding research gaps, while also highlighting the
motivation for this study.

Table 1. Summary of literature survey and identified research gaps.

Aspect Characteristics Research Gap Reference

National strategies Ambitious targets
Updated goals Strategic plans vs. practical feasibility [1,3]

Electrolyzer
Renewables limitations

Long lead times
Renewable intermittency

Lack of analyses addressing real
technical and infrastructural barriers [4–10]

Industrial dominance The largest consumers of H2
Major emitters

Non-industrial applications remain
underexplored [11]

Alternative H2 applications Potential beyond the industry Absence of systematic
competitiveness assessment [12,14]

International infrastructure Large-scale network planning Need for transition to integrated
strategies [15,16]

Current studies often examine the hydrogen value chain from a single technical, eco-
nomic, or environmental perspective, but they lack integrated comparison of non-industrial
applications. This work addresses the gap by applying MCDA across four evaluation vari-
ables, known as criteria, providing a comprehensive assessment of the competitiveness and
transport linkages. Economic variables (capital expenditures, CAPEX; operational expendi-
tures, OPEX and levelized cost of hydrogen, LCOH) are well established in techno-economic
hydrogen studies [18–20]. Environmental performance was represented by carbon dioxide
equivalent emissions, consistent with life cycle assessment (LCA) [20,21]. Energy efficiency
(η) has been repeatedly highlighted as a critical parameter in comparative energy system
evaluations, while the technology readiness level (TRL) provides an indication of maturity
and feasibility [22–24]. These criteria were identified via a review of recent hydrogen
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studies and were integrated into the MCDA framework (described in Appendix A). Com-
prehensive MCDA studies combining presented criteria across non-industrial hydrogen
end-use applications are still missing in the literature, which underlines the novelty of this
work [21,23,25,26].

To provide a clear overview of the research design, a schematic flowchart is presented
in Figure 1.

Figure 1. Flowchart of research design applied in this study. Note: CAPEX, capital expenditures; MCDA,
multi-criteria decision analysis; OPEX, operational expenditures; TRL, technology readiness level.
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2. Materials and Methods
This section outlines the evaluation methodology for hydrogen applications beyond

industry starting with the definition of a reference case, followed by analyses of on-site
applications and hydrogen transport alternatives.

2.1. Hydrogen Applications

Annual H2 production capacity was determined based on the Slovak National Hydro-
gen Strategy [27]. Application of low-emission hydrogen outside the industrial sector is
estimated at 15 kt/year by 2030, constituting the basis for calculation. Figure 2 presents the
analyzed case studies. The analysis can be divided into two parts:

• Utilization of hydrogen produced as the end-use application at the same location.
• Transportation of hydrogen from the production place to the location of final use.

Figure 2. Scheme of evaluation process. Note: ALK, alkaline electrolysis; LOHC, liquid organic
hydrogen carrier; PEM, proton-exchange membrane electrolysis; SOEC, solid oxide electrolysis.

Among production technologies, the three most developed types of electrolysis were
selected: alkaline (ALK), proton-exchange membrane (PEM), and solid oxide (SOEC) elec-
trolysis, characterized based on the main input and output material and energy parameters
in our previous studies, and were used as input data for the analysis [28]. Data describing
the process economics (CAPEX, OPEX, etc.) were also adopted. Specific data for transport
and final use of hydrogen are characterized in the following sections.

2.2. Criteria and MCDA Approach

The aim of the study was to compare and identify future perspectives of hydrogen
application beyond industry. The principles of MCDA were employed to provide a com-
prehensive view of the issue from multiple perspectives. Four criteria were used in the
analysis (see Figure 2). Economic aspect described the unit cost of consumed H2, LCOH
(EUR/kg) was calculated according to Equation (1).

LCOH =
∑

CAPEX
R +CUT+CF+OPEX

(1+r)i

∑ SFannual
(1+r)i

(1)
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CUT and CF represent the annual cost of utilities and feedstock (hydrogen), OPEX is
the annual operational cost, R is the lifetime of the unit, and r is the discount rate. The
environmental aspects included direct and indirect emissions (CO2,eq, g CO2/kg H2) based
on LCA. The cradle-to-gate approach was chosen. CO2,eq is defined as

CO2,eq =
COdirect

2,eq + COindirect
2,eq

SFannual
, (2)

where COdirect
2,eq is the carbon footprint of utilities produced in the process, COindirect

2,eq is
linked to electricity consumption, and SFannual describes the annual hydrogen consumption
(15 kt/y). The efficiency criterion characterizes the energy efficiency of H2 use [29]. TRL
characterizes the maturity and preparedness of technologies for large-scale applications.
Multiple approaches to MCDA are available; in this work, the analytical hierarchy process
(AHP) was applied, as it is the most suitable method for chemical engineering solutions [30].
The main disadvantages of AHP are the subjectivity and time demands, since the impor-
tance of individual criteria needs to be defined by the decision-maker [31]. However, the
approach, described in more detail in the literature [24], objectifies this process thus also
reducing the time. The main principle lies in an algorithm assigning a consistent weight of
importance to an individual criterion. This set of weights is then used in the evaluation,
where the number of combinations depends only on the number of criteria. Individual
steps of the MCDA algorithm are described in Appendix A. In the case of four criteria,
16,395 combinations were used in the evaluation process.

2.3. Methodology: On-Site Application

After establishing the general evaluation framework, the analysis first considers on-
site hydrogen applications, with the production and consumption occurring at the same
location. Hydrogen use for refueling purposes is primarily represented by the installation
of electrolyzers at refueling stations with direct on-site production [32]. The initial analysis
consisted of evaluating the application possibilities with hydrogen produced at the same
location, thereby eliminating the need for transportation.

Four hydrogen utilization alternatives were assessed; their specifications are shown in
Table 2. OPEX was assumed to be 12.5%, 2% of CAPEX for heating [33] and power genera-
tion [17] and 5% for light- and heavy-duty H2 vehicles [34]. The LCOH is: 11.7 EUR/kg H2

(SOEC), 15.2 EUR/kg H2 (PEM), and 15.6 EUR/kg H2 (ALK), based on a grid electricity
price of 140 EUR/MWh and renewable electricity price of 280 EUR/MWh [28].

Table 2. H2 on-site application specifications.

Type of H2 Use CAPEX,
mil. EUR

η, % TRL
LCOH, EUR/kg H2 CO2,eq, g CO2/kg H2

P, bar
SOEC PEM ALK SOEC PEM ALK

Heating [17,33,35–37] 9.65 46 6 12.2 15.6 16.0 349 59 82 41
Power generation [38–43] 11.37 35 7 12.0 15.4 15.8 360 79 103 50

Light-duty vehicle [17,44–50] 45.37 26 8 13.2 16.6 17.1 640 348 371 700
Heavy-duty vehicle [17,44–48,51,52] 66.31 30 8 13.9 17.3 17.7 552 272 296 350

2.4. Methodology: Transport of H2

Since not all locations are suitable for direct hydrogen production, the study also
evaluates scenarios where transport is included, comparing alternative transport pathways.
A specific issue arises in the previously discussed analysis: What if the final location of H2

end-use does not have the natural potential for hydrogen production via electrolysis, or
better conditions for renewable sources exist elsewhere? Thus, it is relevant to assess the
possibility of large-scale H2 production at naturally and logistically optimal locations and
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its transport to the place of end-use [53,54]. This approach allows for the integration of
multiple H2 applications, for example, industrial use with mobility, etc. Furthermore, it
enables a systematic connection between production and consumption, where hydrogen
can be produced in areas lacking immediate demand and transported to application lo-
cations where demand needs to be met [55]. This principle forms the basis of hydrogen
infrastructure known as a hydrogen valley. Several hydrogen valleys have already been
launched within the European Union, including cross-border collaborations that define
and support this concept [56]. A key question that remains is which type of H2 transport is
the most competitive, which is evaluated in the following section.

The evaluation was based on the case of Slovakia. Figure 3 shows locations with
suitable conditions for solar energy production as well as a repurposed natural gas pipeline
network for H2 transport.

Figure 3. Solar potential and gas pipeline infrastructure (both existing for natural gas (NG) and
repurposed for H2) in Slovakia (data from [57,58]). Note: PVOUT, photovoltaic output.

This figure clearly shows that H2 production at the final location is not always the
most suitable option, as the northern part of Slovakia cannot utilize its natural potential
as effectively as the southern part. Therefore, the most advantageous option had to be
identified based on the same four criteria shown in Figure 2. A reference distance of
100 km was selected, reflecting the geographic and infrastructural conditions in Slovakia.
In addition, a long-distance scenario of 1000 km was also considered, representing potential
cross-border distribution. Six alternatives, presented in Figure 2, were evaluated, with the
input data for the analysis summarized in Table 3. Depending on the type of electrolysis
and the final H2 application, both LCOH (economics) and CO2,eq (environmental aspect)
were quantified. The analysis also accounted for the energy demands associated with the
pressure levels required in each process.
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Table 3. Hydrogen transport possibilities [17,44,48,59–61].

H2 Transport CAPEX, mil. EUR η, % [62] TRL [63] P, bar

(g) H2 1.6 62 9 700
(l) H2 [60] 11.7 48 7 1.2
LOHC [60] 6.6 44 6 1

H2 pipelines (new) 18.9 62 9 40
Retrofit NG pipelines 4.7 62 8 70

3. Results and Discussion
3.1. On-Site Application

The data from Table 2 are inputs for the multi-criteria evaluation. As mentioned in the
previous section, the results of the MCDA using four criteria yield a total of 16,395 resulting
ranking combinations, from first to fourth place (as four hydrogen utilization alternatives
are being compared). This represents a comprehensive dataset, which is presented in
form of percentage score maps for easier interpretation (see Figure 4a). The individual
percentage values indicate how often the alternative ranked in a specific position.

 
(a) 

(b) 

Figure 4. Percentage score map (ALK electrolysis) (a) and MCDA (all electrolysis types) (b) of H2 use
alternatives. Note: H2 production and use at the same location.
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Heating seems to be the most suitable application, although this is primarily due to its
lowest TRL (Table 1), resulting in a 66% success rate in the first position. A comparably
viable application is power generation, which ranked in the top two places in 75% of
cases, although its efficiency is lower compared to heating. However, the use of hydrogen
from electrolysis for electricity generation is questionable in practice given its efficiency
of only 35%. If hydrogen is produced at the location of its end-use, direct consumption of
electricity generally makes more sense. The advantage of H2 as an energy carrier lies in its
potential to store surplus electricity produced during peak generation periods to be used
during times of shortage. Nevertheless, to make this option competitive, the efficiency of
reconversion to electricity must be significantly improved. This alternative also touches on
hydrogen storage methods (not included in this analysis), which can substantially increase
the economic costs and lead to additional H2 losses before its end-use. Recent studies have
explored specific aspects of hydrogen integration in heating, including techno-economic
analyses of domestic and industrial systems [64], performance evaluation of combined
electricity-heat units [65], and large-scale cogeneration applications [66]. These findings
suggest that both direct hydrogen use and its conversion to electricity can be advantageous
depending on the scale, heat demand profiles, and regulatory contexts, highlighting the
need for dedicated MCDA approach for each application. Although the application of H2

in transport shows the highest TRL for large-scale deployment, it requires compression to
high pressure levels, which negatively impacts the process economics and environmental
aspects, and still exhibits low efficiency, reaching only 30%.

Hydrogen application across other types of electrolysis shows a similar trend, with
only minor numerical deviations. Therefore, in Figure 4b, the relative success rate of
each application alternative is shown for the studied types of electrolysis. The main
differences between the first and the second place are caused by efficiency and economics.
The results clearly show that high efficiency of hydrogen boilers is the key factor behind
their dominance across all electrolysis types. The evaluation spectrum of the analysis was
reversed to identify the most suitable type of electrolysis for hydrogen production (see
Figure 5). In this way, 12 alternatives were compared using the same four criteria.

Figure 5. MCDA results based on comparison of all electrolysis and H2 application alternatives. Note:
H2 production and use at the same location.

In this regard, PEM and SOEC are dominant, with a clear preference for heat pro-
duction observed across all electrolysis types. PEM and SOEC benefit from lower LCOH
compared to ALK primarily due to the lower electricity consumption of the electrolyzer
operation. When comparing PEM and SOEC, the higher technological maturity and lower
carbon footprint of PEM electrolysis are reflected in the results.
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3.2. Transport of H2

The principles of MCDA were applied for hydrogen transport. First, the most compet-
itive option for final application of H2 was identified (Figure 6) considering the transport
of H2 via new pipeline infrastructure.

 
(a) 

(b) 

Figure 6. Percentage score map (a) and MCDA (b) of H2 use alternatives. Note: H2 production (ALK)
and transport through new H2 pipelines to 100 km.

In comparison with H2 being produced and consumed at the same location, which
favored hydrogen use for heating, power generation emerged as the most favorable ap-
plication (Figure 6b) when hydrogen transport aspect was included. This was primarily
related to the operational parameters of hydrogen transport. The results thus also reflected
the practical side of this approach. In this scenario, H2 was used as an energy carrier in
locations lacking natural conditions for renewable electricity generation. However, the
main bottleneck of this method remained the efficiency of reconverting hydrogen into
electricity. Therefore, a comparison of H2 use for power generation versus expanding
the electricity grid infrastructure to meet potential increases in electricity demand should
be conducted. However, the ranking trend among top alternatives remained consistent
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even when transport was included. The use of hydrogen for direct transport fuel was less
preferred compared to its use for both heating and power generation. In the second step of
the analysis, the most suitable H2 transport option was identified for two distances: 100
(short-distance transport, inter-state distribution) and for 1000 km (long-distance transport,
cross-border distribution). The results for all types of electrolysis, final applications, and
both distances are summarized in Figure 7.

Figure 7. MCDA results of H2 transport alternatives: transport distance 100 km (a) and 1000 km (b).

The dominance of gaseous H2 and pipeline-based transport alternative is evident from
Figure 7. At 100 km (Figure 7a), new pipelines achieve the highest overall ranking across
all applications, mainly due to consistency across all criteria except for economics. The
lowest LCOH is achieved by retrofitted pipelines (lower CAPEX) [67]. The economics,
specifically the lowest CAPEX (see Table 3), favors compressed (g) hydrogen alternative
for both distances. However, for the transport of larger capacities, pipeline transport
represents the more suitable alternative [68]. When comparing distances, the construction
of new pipelines is preferred for long-distance transport [67]. The deployment of this
technology is particularly critical in emerging H2 valleys, where hydrogen is produced at
one place and transported to demand centers [68]. The deployment of new pipelines also
enables the selection of transport routes independent of the existing NG infrastructure. It
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should be noted that these results are derived from techno-economic indicators without
considering regulatory or safety-related aspects, which may significantly influence the
practical deployment of the hydrogen transport infrastructure.

Results indicate that new H2 pipelines are the most favorable option for short- to
medium-distance transport, offering consistent performance and relatively low LCOH.
Retrofitting existing pipelines can reduce CAPEX, while compressed hydrogen is economi-
cally attractive for small capacities [69]. However, for long distances (more than 1000 km),
pipeline transport becomes less cost-effective, making alternatives such as ammonia or liq-
uid hydrogen more viable [70]. This also aligns with the vision of the European Hydrogen
Backbone, which focuses on leveraging repurposed and new pipelines to connect regional
production and demand centers where pipeline transport is the most cost-effective, leaving
very long-distance imports to alternative carriers [71,72].

Although retrofitted NG pipelines seem to be an economical option for short distances,
it is essential to emphasize the main challenges and limitations of this alternative. The
critical issue concerns the compatibility of existing pipeline material. Conventional steel
used in NG infrastructure exhibits deformations even at low concentrations of hydrogen
in natural gas mixtures. The main problem is pipeline embrittlement [67,73,74]. Potential
mitigation measures include reinforcement of welded joints or a reduction in the operating
pressure [75]. The retrofitted alternative offers advantages in terms of rapid implementation,
but despite the lower CAPEX, the energy demand is estimated to be about 35% higher than
for new pipelines. The increase in energy demand is primarily related to pressure energy
losses along the pipeline [73]. For instance, in Ireland, where the existing NG infrastructure
is insufficient to meet the projected hydrogen demand, the optimal solution appears to be a
combination of retrofitted and new pipelines [76]. A useful tool for identifying potential
complications in H2 transport was presented by López et al., who demonstrated that factors
such as pressure drop, material consistency, or gas permeation can be modeled to predict
the safety and feasibility of hydrogen transportation [77].

A sensitivity analysis was also included in the study (short-distance transport), focus-
ing on the volatile electricity market and CAPEX (technology development and market
demand). An increase and decrease up to 80% in electricity price confirmed the robustness
of the MCDA results, particularly the preference for compressed H2 and pipelines. In
the case of SOEC electrolysis for heating, the LOHC outperformed compressed hydrogen
only when electricity prices were reduced by 80%, as the lower cost offsets its higher
energy demand from operational pressure. Conversely, with an 80% price increase, LOHC
performed poorly in all end-use applications, while retrofitted NG pipelines strengthened
competitiveness. An electricity price reduction of 50% had the greatest effect on the LCOH
of ALK electrolysis, reducing it by up to 46%, due to its lowest energy conversion efficiency.
In contrast, SOEC showed an LCOH reduction of 36–42%, depending on the transport
alternative. An 80% reduction in CAPEX strengthened the position of pipeline technologies
at the expense of (g) H2, which remained competitive only for light-duty vehicles. Con-
versely, an 80% increase in CAPEX confirmed the current results, while the preference for
LOHC further decreased. Overall, the impact of CAPEX on LCOH was less significant
than that of electricity price; even under a 50% reduction, the effect reached a maximum
of only 3% in case of light-duty vehicles. While the sensitivity analysis highlights the
dominant role of electricity prices, these findings are limited by the static nature of the cost
assumptions; dynamic effects such as technology learning curves were not included in the
present framework.

Technology learning curves suggest that hydrogen production costs decrease as cu-
mulative capacity increases, though recent economic pressures partially offset these gains.
Electrolyzer costs have fallen substantially over the last decade, but sharp increases in the
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CEPCI cost index (Chemical Engineering Plant Cost Index) and recent inflation contribute
to higher CAPEX and, consequently, higher LCOH [78–80]. This highlights the importance
of considering both technological learning and market dynamics when evaluating the
economic feasibility of hydrogen transport.

The percentage impact of transport cost on LCOH of individual transport alternatives
is presented in Table 4.

Table 4. Percentage share of transport price.

H2 Transport Min Max Average

(g) H2 3.0% 5.8% 3.9%
(l) H2 5.5% 8.6% 6.7%
LOHC 3.0% 6.9% 4.8%

H2 pipelines (new) 5.0% 10.2% 6.9%
Retrofit NG pipelines 1.4% 6.4% 3.2%

The lowest influence of transport is shown for retrofit NG pipeline and (g) H2 with
average values of 3.2% and 3.9%. Its share on LCOH for other transport means is in the
range from 4.8–6.9% (Table 4). The highest share of transport price (10.2%) was observed for
new H2 pipelines (light-duty vehicle alternative), primarily due to the high CAPEX (Table 3).
For hydrogen transport over 1000 km, this effect becomes more evident, with the percentage
share increasing to 40.1%. These economic comparisons support the MCDA findings.

For a comprehensive view of hydrogen applications, the presented use with industrial
applications was compared. As an example, the production of renewable fuels of non-
biological origin (RFNBO), such as methanol, methane, or sustainable aviation fuel (SAF)
was selected. The economic comparison based on the LCOH is shown in Figure 8.

0

10

20

30

40

50

60

Heating Power generation Light-duty vehicle Heavy-duty vehicle Methanol SAF Methane

LC
OH

, €
/k

g 
H 2

RFNBOs

Figure 8. Economic comparison of non-industrial application with H2 used for RFNBOs production.
Note: RFNBO, renewable fuels of non-biological origin; SAF, sustainable aviation fuel.

The economic results show that methanol and methane perform the same as monitored
non-industrial applications [28,81–83]. However, Slovakia is taken as a representative case,
with H2 being currently used mainly in the fertilizer industry and refineries. The share of
low-emission hydrogen applications in industry is expected to reach 67% by 2030 [27].

4. Conclusions
Based on the MCDA, various alternatives for the use of low-emission hydrogen outside

the industrial sector were evaluated. The MCDA results indicate that hydrogen use for heating
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is the most promising non-industrial application, primarily due to its high efficiency and
favorable economic aspect. Power generation also performed well, although its effectiveness is
currently limited by a low level of efficiency. When transport was included in the assessment,
the distribution of H2 via new pipelines or in compressed state was the most advantageous
option, offering a combination of low CAPEX, high transport efficiency, and mature technology.
Among the different types of electrolysis, PEM and SOEC showed the best performance due
to the lower LCOH and reduced carbon footprint compared to ALK electrolysis. Sensitivity
analysis further confirmed that electricity price variations exerted a stronger influence on the
LCOH than CAPEX, with significant shifts in competitiveness observed under ±80% changes.
These findings highlight the economic and technical trade-offs that shape hydrogen transport
feasibility in emerging hydrogen valleys.

The various assessment approaches offered by MCDA allowed evaluating alternatives
from multiple perspectives, while still preserving the overall complexity of a multi-criteria
framework. This was noticeable in the evaluation of hydrogen end-use based on specific
electrolysis types, as well as in the identification of the most suitable electrolysis technology
for hydrogen production. In this way, individual components of the hydrogen value
chain can be connected, thereby expanding the overall complexity of the assessment
beyond multiple criteria to include the selection of the most competitive combination
of H2 production, storage, transport, and end-use. Additionally, the MCDA approach
demonstrated a high degree of versatility, making it applicable to a wide range of case
studies, not limited to H2-related ones.
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Abbreviations
The following abbreviations are used in this manuscript:

AHP Analytic hierarchy process
ALK Alkaline electrolysis
CAPEX Capital expenditures, mil. EUR
CUT Cost of utilities, mil. EUR/y
CEPCI Chemical Engineering Plant Cost Index
CI Consistency index
CO2,eq Carbon dioxide emissions, g CO2/kg H2

CR Consistency ratio
CF Cost of feedstock, mil. EUR/y
η Energy efficiency, %
λmax Matrix eigenvalue
LCA Life-cycle assessment
LCOH Levelized cost of hydrogen, EUR/kg H2

LOHC Liquid organic hydrogen carrier
M Number of consistent criterion combinations
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MCDA Multi-criteria decision analysis
N Number of criteria
NG Natural gas
OPEX Operational expenditures, mil. EUR/y
P Pressure, bar
r Discount rate
R Lifetime of the unit, year
PEM Proton-exchange membrane electrolysis
RFNBO Renewable fuel of non-biological origin
RI Random consistency index
SAF Sustainable aviation fuel
SFannual Annual consumption of hydrogen, kg/y
SOEC Solid oxide electrolysis
TRL Technology readiness level

Appendix A
All consistent combinations of criteria preferences were generated by assigning

weights (odd numbers from 1 to 9, in accordance with the AHP methodology [84]) to
the pair-wise comparison matrices, using the algorithm shown in Figure A1.

Figure A1. Flowchart of all consistent criterion combinations. Note: N, number of criteria (four criteria
in this study); M, number of consistent criterion combinations (16,395 when four criteria are used)
and CR, consistency ratio.
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Subjectivity was addressed by identifying all consistent combinations as defined by
the consistency index, calculated as

CR =
CI
RI

, (A1)

CI =
λmax − N

N − 1
, (A2)

where CI is the consistency index (Equation (A2)), and RI is the random consistency index
(based on the number of criteria), while λmax describes the eigenvalue of the matrix and
was calculated using the built-in function in the Matlab environment.
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