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a b s t r a c t 

Hydrogen is an energy carrier that can support the development of sustainable and flexible energy systems. 
However, decarbonization can occur when green sources are used for energy production and appropriate water 
use is manifested. This work aims to propose a socio-economic analysis of hydrogen production from an integrated 
wind and electrolysis plant in southern Italy. The estimated production amounts to about 1.8 million kg and the 
LCOH is calculated to be 3.60 €/kg in the base scenario. Analyses of the alternative scenarios allow us to observe 
that with a high probability the value ranges between 3.20–4.00 €/kg and that the capacity factor is the factor that 
most affects the economic results. Social analysis, conducted through an online survey, shows a strong knowledge 
gap as only 27.5 % claim to know the difference between green and grey hydrogen. There is a slight propensity to 
install systems near their homes, but this tends to increase due to increased knowledge on the topic. Respondents 
state sustainable behaviours, and this study suggests that these aspects should also be transformed into the energy 
choices that are implemented every day. The study suggests information to policy-makers, businesses and citizens 
as it outlines that green hydrogen is an operations strategy that moves toward sustainable development. 
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. Introduction 

Overcoming personal selfishness is the greatest obstacle to sustain-
bility, as it is essential to preserving ecosystems and achieving the triple
im of social progress, environmental conservation and economic per-
ormance. Of all the sustainable development goals (SDGs), the liter-
ture places the greatest emphasis on SDG 13, while an intermediate
osition is occupied by SDG 7 [ 1 ]. 

The topic of sustainability concerns different perspectives as compa-
ies are required to assess business agility [ 2 ], but they must also be
esilient [ 3 ]. Literature gives a great attention to the role of sustain-
ble supply chain [ 4 , 5 ]. Similarly, innovation and policy support play
 key role through the carbon tax [ 6 ]. However, this is effective when
ppropriate values are applied to emissions to counter climate change
 7 ]. The energy sector then requires evaluating enabling factors [ 8 ] and
ncluding consumer opinions [ 9 ] aiming to provide insights to decision
akers. An organization’s choices about the manufacture and distribu-

ion of its products make up its operations strategy. The theme opera-
ions strategy and renewables requires to be explored in order to take
dvantage of all the benefits by combining the knowledge of these two
istinct topics [ 10 , 11 ]. 
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Renewable energy is linked to the SDGs [ 12 ] and green hydrogen
s considered an energy carrier that can support the decarbonization of
nergy systems [ 13 ]. Therefore, the different methods of green hydro-
en production, their economics, and their environmental impact for all
takeholders need to be determined [ 14 ]. However, social factors must
lso be considered [ 15 ]. After describing the background ( Section 1.1 ),
e proceed to analyse the literature related to the three dimensions
f sustainability for hydrogen: economic ( Section 1.2 ), environmental
 Section 1.3 ), and social ( Section 1.4 ). In light of these studies, research
bjectives can then be identified ( Section 1.5 ). 

.1. Contextual framework 

Using the Scopus database, an analysis of the literature covering
he period 2019–2024 was conducted, cross-referencing the keyword
Green hydrogen" with the terms "Economic sustainability", "Environ-
ental sustainability", and "Social sustainability." Figures S1-S3 pro-
oses a co-occurrence network for all papers identified with these cri-
eria. It emerges that the word "sustainable development" is central to
ll three dimensions and an increasing trend over time is evidenced.
ost of the articles in the literature focus on environmental aspects, fol-
nivaq.it (M. Gastaldi) . 
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owed by economic aspects. The social aspect is more neglected but it
s still noted that attempts are made to combine the different aspects,
ncluding technical and energy aspects. Hydrogen is an energy carrier
hat can store and provide large amounts of energy while supporting
ustainable development [ 16 ] and its different production methods can
e classified according to the potential and challenges of its components
 17 ]. Electrolysis is one of the main methods for hydrogen generation, in
hich the passage of electric current through water causes its splitting

nto oxygen and hydrogen gas [ 18 ]. Among renewable sources, many
pplications emerge with the solar source [ 19 ] and with wind power
 20 ] which are characterized by significant global growth in terms of
nstalled power. Applications are emerging that integrate solar energy
ith retired electric vehicle batteries in order to optimize system reli-
bility and related costs [ 21 ]. Therefore, it becomes critical to develop
 mathematical model for sizing system components [ 22 ] in order to
ove toward sustainability goals [ 23 ]. Indeed while green hydrogen
as the potential to reduce carbon emissions and enhance energy secu-
ity, it is critical to invest in research to reduce the cost of hydrogen
roduction [ 24 ]. At the same time, measurable sustainability criteria
ust be identified to avoid ecological and social injustices with the goal

f improving social welfare in planning green hydrogen projects [ 25 ].
n this direction, energy communities can be a new social model for
cological transition [ 26 ] and hydrogen can also play a key role in this
ssue [ 27 ]. 

.2. Economic sustainability of hydrogen 

Hydrogen supports carbon neutrality and can provide flexibility to
lectricity grids based on renewable sources, allowing excess energy to
e stored, which can later be used to generate electricity, heat or both,
hus contributing to the reduction of greenhouse gas emissions. Within
his framework, it is important to analyse the economic impact of green
ydrogen in the transportation, industry, and power generation sectors
 28 ]. The use of a sustainable value methodology appears to be useful
n assessing the suitability of water sources for electrolysis [ 29 ]. Hydro-
en production by water electrolysis using proton exchange membranes
upports sustainability, with the goal of not only reducing carbon emis-
ions, but there is a need to improve economic feasibility related to elec-
rochemical catalysts and membrane components [ 30 ]. Furthermore,
 comparison of green hydrogen production by water electrolysis and
team methane reforming shows how co-produced oxygen can be an ad-
itional source of revenue to reduce production costs [ 31 ]. It is crucial
o develop efficient and economical technologies to reduce the over-
ll energy consumption in hydrogen production [ 32 ]. Challenges and
trategies for green hydrogen production are also addressed through the
roposal of hybrid designs that integrate high-temperature technologies
ith a heliostat solar field. This approach highlights the importance of
ydrogen and electricity prices and hydrogen storage capacity for man-
ging peak energy demand [ 33 ]. Another important research area is
he techno-economic optimization of green hydrogen production using
ind energy resources. Challenges related to stability and intermittency

n integrating wind plants into power grid systems must be addressed;
o do so, site wind potential, equipment costs, and hydrogen load must
e considered to determine optimized capacities of wind turbines, elec-
rolyzers, power converters, and storage tanks [ 34 ]. 

.3. Environmental sustainability of hydrogen 

Green hydrogen is proposed as a solution to the growing global en-
rgy demand, which is currently met mainly by fossil fuels. Considered a
lean and efficient energy carrier, the development of a hydrogen econ-
my is crucial to ensure energy security and future sustainability [ 35 ].
ikewise, it contributes to the mitigation of global warming. Analysis
f the environmental impacts of different hydrogen production tech-
ology configurations shows how they are strongly influenced by elec-
ricity and natural gas supply chains [ 36 ]. Several approaches can be
2

sed to operate hydrogen systems. A significant example of this trend
s the analysis of technologies for converting agricultural residues into
reen hydrogen, promoting a circular bioeconomy model [ 37 ]. Further
pportunities emerge from methods of producing biohydrogen from al-
ae and cyanobacteria that offer significant environmental benefits [ 38 ]
nd from offshore marine renewables with a focus on issues caused by
eawater impurities [ 39 ]. Recent advances in the design of advanced
lectrocatalysts, particularly those based on non-noble metals, aim to
ake green hydrogen a competitive and sustainable energy source in

he global energy landscape [ 40 ]. Since hydrogen requires an amount
f water, one novel method is direct air electrolysis, which uses a hy-
roscopic electrolyte to capture water from the atmosphere and pro-
uce hydrogen via solar or wind energy [ 41 ]. Consequently, the pro-
uction and use of green hydrogen as a sustainable fuel has several
enefits [ 42 ]. 

.4. Social sustainability of hydrogen 

Improving the reliability and social responsibility of the hydrogen
upply chain is another key objective. New objective functions aim to
aximize the reliability of product delivery and protect the network

rom disruptions. The inclusion of social factors as a new sustainabil-
ty indicator is an important step forward in supply chain design [ 43 ].
ome authors point out that events and workshops can facilitate social
ngagement that is fundamental to change management, which includes
ncreased awareness and improved communication among all stakehold-
rs [ 44 ]. Some studies focus on analyses conducted through question-
aires. Hydrogen acceptance is based on trust in science, institutions,
nd the media, and it also emerges that positive and recurring partici-
atory processes and experiences can support the ecological transition
 45 ]. However, other analyses show a knowledge gap with actual knowl-
dge lower than stated and citizens being divided on whether green or
rey hydrogen is produced. Acceptance of hydrogen applications varies,
ith transportation receiving the most support. Suggestions are there-

ore to narrow the knowledge gap and address concern toward hydrogen
afety to mitigate perceived risks [ 46 ]. It is critical to develop strategies
o support residential decarbonization [ 47 ] and some key factors, such
s commitment to environmental issues, knowledge of renewable energy
echnologies, and their potential for action, are critical to the acceptance
f hydrogen [ 48 ]. Some authors highlight the relevance that the litera-
ure will need to have toward the socio-economic aspects of hydrogen
se [ 49 ]. 

.5. Research objectives 

Based on the proposed literature, hydrogen is an energy carrier that
an support decarbonization. It is destined to play a decisive role in a
orward-looking political strategy involving collaboration between Eu-
ope and Africa, in accordance with the Mattei Plan, as outlined at the
7 meeting in Borgo Egnazia (Italy) in June 2024 [ 50 ]. A gap in the lit-
rature emerges on the need to consider the socio-economic dimension
f green hydrogen, and this work aims to fill this gap. There are two pro-
osed research objectives (ROs) that will be conducted with reference
o the Italian territory: 

• RO1 - Calculate the levelized cost of hydrogen (LCOH) of a hydrogen
plant obtained from wind power. 

• RO2 - Investigating citizens’ level of knowledge about hydrogen pro-
duction through a social analysis based on an online questionnaire. 

The information provided, while referring to the Italian context,
ould be used as a comparison on a more global scale in order to make
uggestions for greater dissemination of pragmatic sustainability prac-
ices. In addition, it defines or less if green hydrogen can be identified
s a sustainable operations strategy. 
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Table 1 

Input data. 

Wind power plant 

Total plant power 30 MW 

Lifetime 25 years 
Unit investment cost 2000 €/kW 

Wind turbine cost 10,000,000 €/kW 

Capex 60,000,000 €
Opex 3 % Capex 
Opex (1st year) 1800,000 €
MW per turbine 5 
Number of turbines 6 
Production capacity 35 % 

Annual productivity (1st year) 91,980 MWh 
Annual plant decay 0.8 % 

Wind power plant activity days 365 
Wind power plant hours of operation 24 
Total working hours 8760 
Electrolysis plant 
Electrolysis plant power 18.5 MW 

Lifetime 25 years 
Unit investment cost 1200 €/kW 

Capex 22,200,000 €
Opex 6 % Capex 
Opex (1st year) 1332 €
Water cost 1.3 €/m3 

Total annual water (1st year) 15,984 m3 

Annual water cost (1st year) 20,779 €
Working days 320 
Annual activity hours 2560 
Annual productivity (1st year) 1776,000 kg 
Annual plant decay 0.8 % 
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. Methodology 

This section, in accordance with the two separate ROs, investigates
he socio-economic dimension of hydrogen plants related to the social
 Section 2.1 ) and economic ( Section 2.2 ) components. 

.1. Economic model 

The discounted cash flow method is used to evaluate the economic
iability of a project by estimating future cash flows over the useful life
f a project [ 51 , 52 ]. The aim is to calculate the costs that characterize
he plant to assess its competitiveness, and for this purpose the LCOH
s defined [ 50 , 53 , 54 ]. This indicator is proposed as the ratio of all to-
al discounted costs, including both the energy production stages from
he wind plant and the electrolysis stages, to the total kg produced of
ydrogen within the lifetime of the project. 

Economic analysis depends on the initial choice on input values, and
o overcome this limitation, it is important to analyse alternative case
tudies. The goal is to give robustness to the indications from the initial
cenario. The following analyses are conducted: i) sensitivity analyses
ssess how individual inputs affect the final result to a greater or lesser
egree; ii) scenario analysis, in which several variables are made to vary
imultaneously; and iii) risk analysis, which through Monte Carlo sim-
lation, proceeds to a simultaneous variation of critical variables and
dentifies the probability of having a certain output resulting from 1000
terations. 

Two production plants, each with a specific purpose, are considered
or the development of the economic analysis related to the final pro-
uction of hydrogen: 

• An offshore wind plant for renewable energy production; 
• An electrolysis plant for the production of hydrogen. 

The wind power plant is intended to generate clean energy with the
oal of directly powering the electrolysis plant, so as to properly derive
reen hydrogen. The offshore wind plant is located in southern Italy, a
hoice derived from ideal environmental conditions for the construction
nd operation of the plant. Some studies focus on the Apulian territory
 55 ] others on the Sicilian one [ 56 ]. Technical data indicate that the
ind plant has a total capacity of 30 MW and consists of 6 turbines,

ach with a capacity of 5 MW. The capacity factor in Italy for offshore
ind plants varies between 25 % and 45 %, with peaks reached in spe-

ific areas of southern Italy [ 56 ]. This analysis considers an intermedi-
te value of this range, setting the capacity factor at 35 %. The annual
otential productivity is 91,980 MWh with an annual deterioration of
.8 %. Regarding the sizing of the electrolysis plant, data from Shell re-
ated to a 200 MW electrolysis plant at Tweede Maasvlakte in the Port of
otterdam are considered. This study considers an 18.5 MW electrolysis
lant that will use green energy produced by the wind plant to produce
ydrogen. It is estimated that 1776,000 kg of hydrogen is produced in
he first year, and again an annual deterioration of 0.8 % is considered.
he lifetime of both plants is assessed equal to 25 years. Thus, consid-
ring that one year is required to build the plants, it is considered that
uring year zero the investment costs occur and from year 1 to year 25
he operating costs. 

Economic data show that the unit investment costs for the wind
ower plant turn out to be 2000 €/kW [ 56 ], resulting in total investment
osts (Capex) of 60,000,000 €. Operating costs (Opex) are set equal to
 % of Capex costs, which turn out to be 1800,000 € in the first year.
ith regard to the electrolysis plant, it is decided to locate it directly on

and close to the wind power plant in order to avoid transportation costs
f the energy produced by the wind power plant itself. The unit cost for
he electrolysis plant is 1200 €/kW [ 31 ], for a total Capex of 22,200,000
. Opex, on the other hand, are set equal to 6 % of the Capex costs, which
urns out to be 1332,000 € during the first year. 

We now proceed to examine additional parameters. Water represents
 key resource for the electrolysis process. Some analyses propose that
3

 l of water is required for the production of 1 kg of hydrogen [ 57 ]. It
s expected that in the first year of operation, 15,984 m3 of water will
e used, and the amount will decrease year by year as the plant’s pro-
uctivity deterioration. The cost of water in Italy is considered to be 1.3
/m3 [ 58 ]. The opportunity cost of capital is assumed to be 6 %. Table 1
resents all input data used in this work. The data are mainly obtained
rom the literature but their choice is also the result of a comparison
ith four experts (two academics and two managers) with decades of

xperience on hydrogen topic. 

.2. Online survey 

The method of this study is based on a transdisciplinary approach
hat combines techniques from economics and psychology using a be-
avioural approach [ 59 ]. Specifically, the online survey is the tool em-
loyed and is typically used to assess citizens’ attitudes toward the hy-
rogen issue [ 60 , 61 ]. Web-based surveys have advantages but also risks
 62 ] and to mitigate these aspects, several social media platforms (e.g.,
nstagram, LinkedIn) are used to reach an optimal number of partici-
ants. The questionnaire, before being sent out, is submitted to the atten-
ion of four experts (coincident with experts used for economic analysis).
uggestions are implemented and it is suggested to compare acceptance
owards a hydrogen plant with or without information. Therefore, it is
onsidered useful not to include a description of a hydrogen plant at
he beginning of the questionnaire. The questionnaire is distributed via
oogle Forms and consists of 20 questions divided as follows. The first
ve questions deal with the characteristics of the sample investigated
ith demographic information. Next, nine hydrogen-specific questions
re proposed that cover different information such as the level of knowl-
dge about hydrogen, acceptance of a system built near one’s home,
isks, uses and criticality in using water. The set of these questions is
nterrupted by a description that proposes the difference between grey
nd green hydrogen to again ask about the acceptance of a plant made
ear one’s home and to delve into the economic perspective in terms
f willingness to pay (WTP). We proceed to elaborate on aspects re-
ated to wind power since the analysis of this energy source can also
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Table 2 

LCOH - Baseline scenario. 

Constant Opex Variable opex 

Wind power plant Total Capex [ €] 60,000,000 60,000,000 
Total opex [ €] 45,000,000 61,483,975.08 
Energy produced per year [MWh] 91,980 91,980 
Annual deterioration 0.8 % 0.8 % 

Electrolysis plant Total Capex [ €] 22,200,000 22,200,000 
Total Opex [ €] 33,300,000 45,498,142 
Hydrogen produced annually [kg] 1776,000 1776,000 
Annual deterioration 0.8 % 0.8 % 

Total hydrogen over the 25 years [kg] 40,387,901 40,387,901 
Costs Total discounted costs (wind + electrolysis) [ €] 122,533,094 145,317,247 

Energy purchase cost [ €/kW] 0.15 0.15 
Opportunity cost 6 % 6 % 

LCOH [ €/kg] 3.03 3.60 
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Fig. 1. LCOH ( €/kg) - Sensitivity analysis. 

o  

p  

c  

i  

1  

w  

d  

u  

c  

e  

d  

a  

v  

c

3

 

s  

v  

v  

w  

c  

l  

d
 

r  

c  

€  

p  

t  

t  

c  
rovide additional information [ 63 , 64 ]. The three questions asked are
lways about the acceptance to set up a wind power plant near home,
he relative WTP to use green sources, and also the evaluation on some
haracteristics that citizens associate with such plants. Finally, the last
hree questions concern an analysis on sustainable behaviours useful for
raming the habits of the citizens involved in the survey. 

The complete questionnaire can be found in the supplementary file.
everal questions are examined using a Likert scale (1–5), where 1 in-
icates not at all agree and 5 indicates absolutely agree. The purpose
f the study is described at the beginning of the questionnaire, and
he anonymity of the respondents is ensured. Relationships between
ariables are assessed using descriptive statistics and various analyti-
al methods (e.g. Kruskal-Wallis test, Mann Whitney U test, Chi-Square
est, Two Sample T test, One-Way ANOVA). 

. Results and discussion 

Similar to the methodology section, the economic ( Section 3.1 ) and
ocial ( Section 3.2 ) results are presented separately here, and a dis-
ussion of what has been achieved compared to the existing literature
 Section 3.3 ) is also proposed. 

.1. Economic analysis results 

This section aims to propose the results related to RO1 with reference
o the methodological content proposed in Section 2.2 . 

.1.1. Baseline scenario 

The aim is to calculate the LCOH from the economic data for the
roposed electrolysis and wind power plants in Table 1 . Over the life-
ime of the plant, it was observed that the amount of energy generated
y the wind plant was not sufficient to meet the needs of the hydrogen
roduction plant. The starting point of the calculation is the assumption
hat the production of 1 kg of hydrogen requires 51.8 kWh [ 65 ] and con-
idering the energy produced by the wind power plant this would have
een sufficient for the annual production of 1775,676 kg compared to
he projected 1776,000 kg. Energy purchase at the price of 0.15 €/kWh
ccording to Arera data was considered to assess the missing kWh. 

Two different models were analysed to calculate LCOH ( Table 2 ).
n the first model, where Opex remains constant over time, we have a
seful framework for evaluating project performance without consider-
ng significant changes in operating costs over time. Analyzing the data,
e can see that the sum of the discounted costs of the two plants for

he 25-year useful life amount to 122,533,094 €. The annual hydrogen
roduction is expected to be 1776,000 kg, but considering the decay
f the plant, the total expected production over the 25 years will be
0,387,901 kg instead of 44,400,000 kg. Their ratio makes it possible
o calculate the LCOH value of 3.03 €/kg. 

In the second model, we notice a significant difference from the
revious model. In this case, Opex grows annually by an inflation rate
4

f 2.5 % over the previous year. This approach provides a more com-
lete and realistic view of future scenarios, allowing us to assess how
ost developments may affect profitability and financial sustainability
n the long run. The total discounted costs in this model turn out to be
45,317,247 €, significantly higher than the 122,533,094 € in the model
ith fixed Opex. Despite the higher costs, the amount of hydrogen pro-
uced remains unchanged amounting to 40,387,901 kg for the 25-year
seful life. Their ratio allows the LCOH value of 3.60 €/kg to be cal-
ulated. In addition, it is appropriate to calculate the Levelized cost of
lectricity (LCOE) associated with the wind power plant alone, which
enotes its competitiveness. LCOE is assumed equal to 39.69 €/MWh
nd 42.65 €/MWh in the first and second models, respectively. These
alues are also determined by the size of the plant, which is definitely
lassified as a large plant. 

.1.2. Alternative case studies - sensitivity analysis 

In order to give robustness to the results obtained, alternative case
tudy is considered by evaluating the variations according to critical
ariables. In particular, attention was paid to the model with time-
arying Opex operating costs, a more realistic case study than the one
ith fixed Opex. Variations in the variables considered, including Opex

osts, unit cost of building the two plants, inflation, plant performance
osses, Capacity factor, water cost, and power purchase cost, showed
ifferential impacts on the value of LCOH - Fig. 1 . 

An increase of 200 €/kW in the unit cost of the electrolysis plant
aised the LCOH to 3.83 €/kg, a 6.4 % increase over the base case. In
ontrast, a reduction of 200 €/kW reduced the value of LCOH to 3.37
/kg. In contrast, an increase of 200 €/kW in the unit cost for the wind
lant produced an increase in LCOH to 3.75 €/kg, a 4.2 % increase over
he base case, thus being less impactful in the increase in total costs
han the change in the unit cost of the electrolysis plant. In fact, a de-
rease in this cost of 200 €/kW resulted in a LCOH value of 3.45 €/kg,
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Fig. 2. LCOH ( €/kg) - Scenario analysis. 

w  

t  

c  

a  

i  

p  

s  

T  

c  

t  

a  

h  

w  

w  

€  

o  

C  

c  

v  

f  

w  

t  

i  

t  

b  

t  

m  

t  

i  

t  

e  

h  

s  

c  

t  

t  

l  

2  

3  

l  

t  

o

3

 

s  

o  

a  

T  

c  

i  

a  

e  

s  

Fig. 3. Risk Analysis – Capacity factor 35 %. 

Fig. 4. Risk Analysis - Capacity factor 25 %. 
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hich is higher than the 3.37 €/kg obtained by decreasing the cost of
he hydrogen plant. An increase in the opportunity cost to 8 % and 10 %,
ompared to 6 % in the base case, returned a value of LCOH of 3.39 €/kg
nd 3.23 €/kg, respectively, highlighting the positive effect of increas-
ng this variable. In the case of changing the LCOH of the wind power
lant negatively, bringing it to 1.2 % compared to 0.8 % in the baseline
cenario, there are no major deviations from the baseline LCOH value.
he levelized costs turn out to be 3.62 €/kg. Changes in the purchase
ost of energy showed minor impacts on LCOH. In parallel, changes in
he cost of water had a negligible impact, as the related purchase costs
re minimal and non-critical to the total project costs. Opex costs for the
ydrogen plant are increased and decreased by 1 %. In the positive case,
ith Opex equal to 5 % of Capex, there is a LCOH value of 3.46 €/kg
hile in the case with Opex equal to 7 % there is a LCOH value of 3.74
/kg. The change in Opex related to the wind power plant impacts more
n the final LCOH value. In the positive case, with Opex equal to 2 % of
apex, a value of LCOH equal to 3.36 €/kg is reported. In the pessimistic
ase, with Opex equal to 4 %, there is a LCOH value of 3.84 €/kg. The
ariable that emerges to be most critical turns out to be the Capacity
actor of the wind power plant. A change of this variable in a negative
ay, from the value of 35 % to the value of 25 %, leads to a huge rise in

he value of LCOH bringing it to 5.25 €/kg, an increase of 45.8 %. This
s because, making changes to this variable causes a drastic decrease in
he energy produced annually by the wind plant, which would no longer
e able to provide enough energy for the required kg of hydrogen. In
his case study, the energy to be purchased turns out to be significantly
ore than in the base case, negatively affecting total costs. In Fig. 1 ,

he loss of efficiency of the electrolysis plant at 1.2 % and the increase
n Capacity factor by 10 % have not been included because, in these
wo case studies, the wind power plant considered would produce an
xcess of energy compared to that needed to produce the required kg of
ydrogen. Since this work does not take into account revenues from the
ale of any excess energy, this surplus would be wasted, making these
ase studies uneconomic and with values that differ significantly from
hose observed with changes in the other variables. Excluding changes
o the Capacity factor, the variable that has the greatest impact on the
evel of LCOH turns out to be inflation. An increase in it by 1.5 %, from
.5 % to 4 %, raises the index value from 3.60 €/kg in the base case to
.90 €/kg, representing an increase of 8.3 %. A decrease in this variable
eads to an LCOH value of 3.36 €/kg. This result underscores the sensi-
ivity of the LCOH to changes in inflation, highlighting the importance
f considering the risks of this variable in financial planning. 

.1.3. Alternative case studies - scenario analysis 

In order to consider the simultaneous variation of several variables,
cenario analysis was carried out. The variables selected turn out to be
nly those related to costs for the two production plants. Again, the
nalysis was based on the model with time-varying Opex costs - Fig. 2 .
here are six case studies examined: i) case study 1 - global positive; ii)
ase study 2 - global pessimistic; iii) case study 3 - hydrogen pessimistic;
v) case study 4 - hydrogen positive; v) case study 5 - wind pessimistic;
nd vi) case study 6 - wind positive. In the global one, the costs of water,
lectrolysis and wind power plant were included, while in the hydrogen
cenario only the cost of electrolysis and in the wind scenario only the
5

ost of the related plant were evaluated. Changes in the variables were
onsidered under both an optimistic and pessimistic scenario: 

• 0.2 €/m3 for water which then varies to 1.1 or 1.5 €/m3 ; 
• 200 €/kW for the unit cost of the electrolysis plant, which then varies

at 1000 and 1400 €/kW; 
• 1 % for hydrogen Opex compared to Capex that varies at 5 % and

7 %; 
• 200 €/kW for the unit cost of the electrolysis plant, which then varies

at 1800 and 2200 €/kW; 
• 1 % for the Opex of hydrogen compared to Capex that varies at 2 %

and 4 %. 

The results show that a simultaneous positive change in the five vari-
bles results in a significant reduction in LCOH with a final value of 2.81
/kg, which corresponds to a 21.9 % decrease compared to the base-
ine scenario. Similarly, there is a significant increase in LCOH of 4.48
/kg when these variables increase simultaneously. This 24.4 % increase
akes the project less competitive and more financially burdensome.
hen the cost variables for the two plants are analysed individually, it

ppears that the energy component has the greatest impact. In fact, for
he positive wind scenario the LCOH drops to a value of 3.16 €/kg, a
ecrease of 12.2 %, while for the positive hydrogen scenario the value
rops to 3.25 €/kg, a decrease of 9.7 %. Finally, the pessimistic wind
ase study reports a LCOH value of 4.08 €/kg, which is higher than the
essimistic hydrogen case study of 3.99 €/kg. 

.1.4. Alternative case studies - risk analysis 

For the risk analysis, economic and technical variables only of the
odel with time-varying Opex were considered, as in previous analyses.
his analysis was developed for two case studies (baseline and alterna-
ive context), characterized by a Capacity factor of 35 % and 25 %,
espectively, which turns out to be a more pessimistic scenario related
o the least favourable areas for the installation in Italy of an offshore
ind power plant. 1000 iterations were conducted for each of the two
odels in order to evaluate and understand the potential risks associ-

ted with the variation in the value of LCOH in accordance with the
iterature [ 50 ] - Figs. 3 and 4 . 

Analysis of the results highlights important considerations about the
ariability and complexity of the context examined. For the scenario
ith Capacity factor equal to 35 %, 87 % of the LCOH values were

ound to be in the range of 3.00 €/kg to 4.20 €/kg (base value equal
o 3.60 €/kg). However, it is also important to consider cases outside
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Fig. 5. Level of hydrogen knowledge broken down by age and gender. 
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hese critical ranges, which represent potentially less favourable situ-
tions that may require special attention and risk mitigation actions.
arrowing the range with a lower limit of 3.20 €/kg and an upper limit
f 4.00 €/kg, we find that 68.6 % of the possible scenarios are within
hese new critical ranges. Despite the percentage reduction, most of the
ossible LCOH scenarios still remain within the newly established limits,
till indicating a significant probability of achieving the project goals.
s for the Capacity factor of 25 % consider us range from its reference
alue (5.25 €/kg). 88.3 % of the LCOH values are in the range between
.50 €/kg and 6.00 €/kg. In order to get closer to the baseline value,
he lower and upper limits were narrowed to 4.85 €/kg and 5.65 €/kg,
espectively, resulting in 64.9 % of LCOH values falling within this new
ange. Thus, the potential values are well contained within this range.
inally, to compare the two risk analyses, it is noted that for a Capac-
ty factor at 25 % only 1.7 % of the values fall in the 3.00–4.20 €/kg
ange, confirming how a change in the Capacity factor brings different
eviations, even high ones, from the reference scenario. 

.2. Social analysis results 

This section aims to propose the results related to RO2 with reference
o the methodological content proposed in Section 2.2 . 

.2.1. Sample analysis 

Our sample is based on 306 participants through an online question-
aire consisting of 21 questions and covers Italian citizens. The ques-
ionnaire was distributed through the Google Form platform and shared
n various social networks during April 2024. Demographic informa-
ion shows that the sample is mainly composed of women than men
56 vs. 44 %), and three age groups were identified: "18–24 ″ (account-
ng for about half of the sample with 148 responses), "25–34 ″ (75 re-
ponses), and "35 + " (83 responses) with an average age of 31.5 years.
he responses mainly concern central Italy (47.7 %), but other areas
re also represented: North (28.8 %) and South (23.5 %), and for ed-
cational qualification, graduates prevail: Middle School Leaving Cer-
ificate 1.3 %, High School Diploma 21.9 %, Bachelor’s Degree 44.8 %,
aster’s Degree 24.5 % and Doctorate/Master’s Degree 7.5 %. Students
ake up 51.5 % of the sample, followed by 40 % represented by work-

rs. The sample does not meet the average Italian population but is
onetheless significant and consistent with approaches proposed in the
iterature [ 51 ]. 

.2.2. The level of knowledge of hydrogen 

The first result that emerges from the social analysis is very signifi-
ant since only 27.5 % of the sample claims to know the difference be-
ween green and grey hydrogen - Fig. 5 . People thus turn out to be little
r not at all informed about this difference. We can see that men turn
ut to be more informed about the topic than women (31.9 % vs. 24 %)
nd differences also emerge at the age level: as the youngest "18–24 ″
re 19.6 % informed and become 29.3 % for the intermediate "25–34 ″
roup and 38.6 % for the "35 + " group. Combining the data by gender
nd age, it emerges that only in the "man 35 + " context are the responses
6

venly divided, while the lowest value is for "women 18–24." Other in-
eresting data are that the peak of topic knowledge responses for women
s in the "25–34 ″ group, while for this age group is the lowest percentage
or men. The sample divided into 6 groups according to gender and age
urns out to be statistically significant. In fact, the Chi-Square test gives
 p-value of 0.003768. 

Analyzing the data by educational qualification shows that those
ho have a master’s degree or hold a doctorate/master’s degree are
ware of the difference for 34.7 % and 47.8 % respectively. It also shows
hat the 25–34 bracket that holds a master’s degree or doctorate this per-
entage rises to 60 % and is more than ten percentage points higher than
he 35 + bracket. 

It was then asked whether green hydrogen could be realized through
ossil sources or through renewable sources such as wind power in order
o assess consistency with the previous question. The first question has
he mean value of 2.20, while the second question has the mean value of
.03 - Fig. 6 . Thus, more knowledge about the topic emerges than pre-
iously highlighted but nevertheless a knowledge gap is confirmed for
oth. The Mann-Whitney test was also performed to compare the distri-
utions of the two groups and p < 0.0001, indicating that the observed
ifferences between the two groups are highly significant. Analyzing the
articipants’ responses by gender, for the fossil component the differ-
nce between men and women is more significant (2.44 vs 1.90) while
here is no great difference for the green component (4.08 vs 3.99). We
ow turn to an analysis for these two statements based on the distinc-
ion by age group. For the grey source statement, we note an average of
.36 for both the "18–24 ″ and intermediate "25–34 ″ age groups, while
or the "35 + " group we note a lower value of 1.78. For the green source
tatement, we find an average of 3.89 for the youngest "18–24 ″ bracket,
hich increases to 3.99 for "25–34 ″ and 4.33 for the "35 + " bracket. Thus,

he older adults turn out to be more aware than the younger ones about
ow green hydrogen is realized. 

For more in-depth analysis, the sample was divided into three differ-
nt clusters, with regard to gender, a value of 0 was given for men while
 value of 1 was given for women; for knowledge of the two types of hy-
rogen, value 0 represents "no, I don’t know the difference" while value
 represents "yes, I do know the difference" and incorporating questions
elated to green hydrogen production. It can be seen in Table 3 (Figures
4) that the first cluster consists of 28-year-old women who generally
how misinformation about hydrogen. On the other hand, as for the sec-
nd cluster, this is composed of 27-year-old men and again individuals
o not know the difference between the two types of hydrogen. How-
ver, greater knowledge is noted than in the previous cluster that green
ydrogen cannot be obtained from fossil sources. Finally, the third clus-
er is composed of older individuals with an average age of 41, with a
alanced presence of men and women, although with a slight male pre-
ominance. These individuals have a very thorough knowledge about
ydrogen as evidenced by the reference questions. 

Going into technical detail, citizens were asked whether water was
 critical resource for hydrogen (Figures A5). The mean value is 3.5 be-
ause one-third of the sample gave a rating of indecision as to what an-
wer to give to this question. Breaking down the figure to demographic
evel, it appears that men’s perception is also more correct than women’s
n this context (3.62 vs. 3.41) and the same is true for the "35 + " sample
ith a value of 3.63 which is higher than the other two groups (3.51
nd 3.36 respectively). 

Regarding the uses of hydrogen, 70 % are aware that hydrogen can
e used for both domestic, industrial, and transportation uses (Table
1). Although a significant percentage of people are aware of the poten-

ial of hydrogen, there is still room for improvement in understanding
nd disseminating more detailed information on how hydrogen can be
sed in different areas and what the associated benefits are. Responses
or the three specific uses are proposed as follows: 15 % for transporta-
ion, 14.5 % for industrial use, and 0.5 % for domestic use. 

An intermediate rating is also communicated on the awareness of
isks associated with hydrogen plants with an average value of 3 (Figures
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Fig. 6. Hydrogen production from green and fossil sources distinguished by age and gender. 
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Table 3 

Cluster analysis. 

Cluster Average age Average sex 
Average difference types 
of hydrogen 

Media hydrogen green 
fossil sources 

Media hydrogen green 
wind power 

1 28.2 1 0.107 2.79 3.72 
2 27.1 0 0.0227 2.19 3.66 
3 41.2 0.460 0.782 1.33 4.89 

Fig. 7. Hydrogen plant implementation acceptance (without knowledge). 

Fig. 8. Acceptance realization of hydrogen plant (with knowledge). 
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Table 4 

Hydrogen plant construction acceptance separated by gender and age group. 

Age group Sex 

Average Plant construction 
without knowledge of 
hydrogen types 

Media Plant construction 
knowing types of 
hydrogen 

18–24 Man 3.44 3.83 
18–24 Woman 3.72 4.05 
25–34 Man 3.64 3.94 
25–34 Woman 3.52 3.88 
35 + Man 3.47 3.78 
35 + Woman 3.70 3.96 
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6). Some risks that hydrogen presents include a high flammability risk,
 low minimum ignition energy, and a large deflagration index. The
nalysis conducted at the age and gender level shows no differences. 

.2.3. Acceptance implementation of hydrogen plants 

Citizens typically report a propensity to be sustainable, however,
here are often Not in My Back Yard (NIMBY) phenomena in which
here is opposition to the establishment of plants near home [ 66 ]. A
pecific question on this aspect was asked at the beginning of the ques-
ionnaire and it emerges that one-third of the sample (35.29 %) gave
 rating of 3 - Fig. 7 . Only 21.94 % completely agreed and the average
esponse was 3.59. Thus, a judgment of indecision emerges, which how-
ver tends more toward the "agree" option than the "neither agree nor
isagree" option. 

After offering the definition in which the difference between green
nd grey hydrogen is explained, the same question is asked again. In
his case, it emerges that 36.27 % gave a score of 4 and 34.64 % a
core of 5 with an average value that increased to 3.92 thus denoting
ess indecision - Fig. 8 . It is possible to observe how the information
rovided, albeit only through a questionnaire, convinced the citizens to
reater support for the implementation of the work. However, here we
oint out the limitation of an online survey that could lead to different
esults if conducted live. 

Table 4 proposes the average responses, broken down by age group
nd gender, regarding the construction of hydrogen plants before and
fter providing the definition of green hydrogen and grey hydrogen. The
eneral increase in the average of responses after providing the distinc-
ion between the two types of hydrogen is confirmed. Several consider-
8

tions emerge: i) women are always more likely to agree to the imple-
entation of these plants than men with the exception of the "25–34 ″

ge range; ii) peaks in adherence are recorded for younger women and
iddle-aged men; and iii) the increase in responses ranges from 0.26

women 35 + ) to 0.39 (men 18–24). Table A2 shows a greater propen-
ity of women, while there are minimal differences for the age groups.
y pooling the responses for the two types of construction and creating
wo groups based on sex difference, the Mann Whitney U test reported
 p-value of zero. This indicates that the differences in the responses
etween the two groups are statistically significant. Even when distin-
uishing the responses for the three different age groups, the Kruskal-
allis test reports a p-value of zero, confirming previous findings. 

.2.4. Hydrogen economic outlook 

Moving from the technical to the economic sphere, the public was
sked how much more they would be willing to pay for green hydro-
en compared to grey hydrogen. The responses were analysed by age
roup and we can see, from the blue line in the graph below, an aver-
ge value of 10 % - Fig. 9 . Different results emerge on age than what has
merged so far: younger people show a higher WTP (11.35 %) than "25–
4 ″ (9.65 %) and "35 + " (7.44 %). For younger people we notice longer
hiskers, so we can say that the data turn out to be more variable than

or the other two groups. The presence of outliers characterizes all the
ands. One-Way ANOVA test was performed to compare the WTP among
he three different age groups and a p < 0.01 emerges, indicating a statis-
ically significant difference. Now analysing the WTP by sex distinction,
hich although they have two different data distributions, have a simi-

ar value: the men’s figure is slightly larger (10.02 vs 9.76). As for WTP
or men and women, the Two Sample T test reported a p value of 0.8538
nd no statistically significant difference emerges between the groups. 

.2.5. Wind power plants 

Since green hydrogen is obtained from a wind power plant, the pub-
ic’s perception on this aspect was investigated. The first question, which
dmitted multiple responses, asked to define the negative effects that
haracterized this plant, and only 14.4 % of respondents believe that
 wind power plant has no negative effects (Table A3). Landscape pol-
ution appears to be significantly impactful to the public, selected by
6.7 %, and this suggests that participants are averse to the modifica-
ion of their land. In support of this, we note that land value reduction
as selected for 24.5 %. Also relevant is noise, selected for 36.3 %. Wind

urbines report a range of noise levels between 17 and 39 dB while those
f daytime road traffic between 32.5 and 63.5 dB [ 67 ]. Furthermore,
hat study states that noise caused by wind turbines does not cause se-
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Fig. 9. Willingness to pay for hydrogen plants broken down by age group and gender. 
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ious symptoms or chronic illness, which can be found in traffic noise,
hich can cause migraine or headaches, dizziness, impaired hearing, ear
ressure, and heart disease. Such aspects thus point to misinformation
oward the topic. In addition, the economic aspect associated with costs
12.1 %) and technical aspects such as the presence of shade (11.4 %)
r safety related to turbines (11.4 %) do not appear to be impactful.
urprising, however, is the low weight associated with intermittency,
hich is identified as negative by only 19.3 %. 

Although the negative aspects are dominant over the positive ones,
here is an average positive leaning toward wind plants. In fact, the ques-
ion "I favour the construction of wind power plants in the area where
 live" has an average value of 3.7 and is thus leaning toward the rating
agree" ( Fig. 10 ). The previous question is perceived as asking to identify
nd report the negative aspects of wind plants given the content of the
uestion asking to highlight the negative aspects of wind plants. How-
ver, if we ask a neutral question such as the one regarding the construc-
ion of this type of plant, a different attitude from citizens is identified.
he data at the age level sees the "18–24 ″ group with a value slightly

ower than the average (3.6) and a higher value for the "35 + " group with
.9. In addition, women appear to be more likely than men (3.8 vs 3.6).
n order to assess the reliability of the data, the Kruskal-Wallis test is
roposed for questions related to plant construction (two related to hy-
rogen and one related to wind power), from which p < 0.001 indicating
 statistically significant difference between the three groups. 

.2.6. Wind economic outlook 

Analyzing the WTP for the purchase of wind power, the average
alue turns out to be 8.68 % (blue line) - Fig. 11 . Breaking down the
gure by age group, the highest value is recorded for the youngest with
.82 % and the presence of numerous outliers is evident. The "25–34 ″
roup tends to be more symmetrical and presents 7.79 % preceding
he "35 + " group with 7.46 %. One-Way ANOVA test was conducted to
ompare the WTP between the different age groups and the p-value of
.0624083, indicates that we cannot reject the null hypothesis of no
tatistically significant differences. Analyzing the WTP for wind energy
roken down by gender, we observe an interesting picture, similar to
he findings for green hydrogen. The average value for men is slightly
9

igher than for women (8.76 vs 8.62). We show that for women there
s a skewed distribution and for men there is greater overall variabil-
ty. Again the two sample T test was conducted to compare the WTP
etween the two groups with a p-value of 0.8752 indicating no statisti-
ally significant difference. 

The younger generation appears to be more inclined to place a higher
alue on green energy in order to promote its rapid diffusion. However,
his inclination seems to be limited to the economic aspect, probably
ecause young Italians, still living mostly in the household, tend to have
 reduced perception of the economic value of things. And furthermore,
t should be noted that only for WTP did the statistical tools show non-
ignificant differences between the samples examined. 

.2.7. Sustainable behaviour analysis 

Finally, the social analysis focuses on the behaviour of the selected
ample regarding the issue of sustainability. Three questions were asked
n a Likert scale of 1 to 5 - Table 5 . The first concerns the extent to which
espondents avoid buying products from companies that do not respect
he environment in their production cycles and records a mean value
f 4.07. In general, women are more careful than men, and the highest
alues are recorded for the older age group with 4.5 and 4.3 for women
nd men respectively. The second concerns the use of green transporta-
ion and there is a higher average value than the previous one of 4.26.
here is a similar trend on the breakdown by age and gender, as the
ore mature age group and the female gender turn out to provide the

esponses with higher values. Specifically, the highest values are for the
35 + " group with 4.6 and 4.3 for women and men, respectively. Finally,
he third one concerns the use of reusable products instead of dispos-
ble products and here the average value increases reaching 4.39. The
ehaviour that emerged in the previous two questions that saw women
nd people in the "35 + " bracket being more sustainable is confirmed.
gain, the highest values are recorded here and we have 4.6 and 4.3 for
omen and men, respectively. 

It can be seen from these results that women generally adopt better
ttitudes toward sustainability than men. However, older women and
en turn out to be more attentive than younger men, a result that con-

rasts with what was found for the WTP of renewable energy and green
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Fig. 10. Acceptance implementation of wind power plants. 

Table 5 

Analysis of sustainable behaviours. 

Age group Sex 
I avoid companies that do 
not respect the environment 

Green 
transportation 

Reusable 
goods 

18–24 Man 3.8 4.1 4.3 
18–24 Woman 4.1 4.3 4.4 
25–34 Man 3.6 3.9 4.2 
25–34 Woman 4.1 4.3 4.4 
35 + Man 4.3 4.3 4.3 
35 + Woman 4.5 4.6 4.6 
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ydrogen, where younger men turned out to be more inclined toward
ustainability. However, it was noted on these economic data that there
s not always statistical significance to support the robustness of the re-
ults. On the other hand, with regard to the three questions on sustain-
bility behaviours, the Kruskal-Wallis H test indicated that there was a
ignificant difference in the dependent variable between the different
roups, 𝜒2(2) = 20.28, p < 0.001, with a mean rank score of 414.79 for
he "respect environment" group, 503.56 for the "reusable goods" group,
nd 460.15 for the "green transportation" group. 

.3. Discussion 

This work proposes new values for both economic and social anal-
sis. Comparing the results obtained with current literature, discordant
alues with respect to the value of LCOH emerge in some cases. Some
revious analyses bring out a value of 3.65 €/kg, very similar to the
alues of 3.60 and 3.03 €/kg [ 50 ]. This deviation, with particular refer-
nce to the LCOH value with fixed Opex, is due to the large difference
etween plant sizes. It is plausible to infer that the divergence in LCOH
alues is due to the fact that larger plants, with higher final output, ben-
fit from economies of scale. The same aspect is also demonstrated by
nalyzing the results of other research [ 68 ], in which LCOH is 9.29 €/kg
10
or an electrolysis plant producing 200 kg of hydrogen per day. High val-
es are also proposed by other authors, respectively 8.60 and 11.17 €/kg
 69 ]. Hydrogen obtained through polymer electrolyte membranes pow-
red by wind energy and these costs appear to be high because of the
osts associated with transportation and the complexity of the supply
hain. In contrast, results similar to those obtained in this study those
btained in other research quantifying LCOH as 4.56 €/kg with polymer
lectrolyte membranes [ 53 ]. There are also studies that have a lower
alue: 2.36 €/kg [ 70 ]. It also emerges how the value of LCOH varies by
roduction technology: 7.2–10.1 RMB/kg if obtained using coal, 13.1–
9.4 RMB/kg via Carbon Capture and Storage, 16.4–51.8 RMB/kg via
lectrolysis from renewable energy. If produced by wind or solar en-
rgy, LCOH results in 26.63–35.56 RMB/kg (thus about 3.38–4.52 €/kg)
nd 40.91–51.80 RMB/kg (about 5.20- 6.58 €/kg), respectively [ 53 ]. On
he other hand, analyzing the electrolyzer technologies used resulted in
COH of 7.60 €/kg for alkaline water electrolysis technology, 8.55 $/kg
or proton exchange membrane electrolysis technology, 10.16 $/kg for
olid oxide electrolysis with electric heaters technology, and 7.15 $/kg
or solid oxide electrolysis combined with a waste heat source technol-
gy [ 71 ]. LCOH values may differ depending on the technology used to
erive the hydrogen if directly connected to the wind plant. With a dis-
ributed methodology (one electrolysis system for each turbine), LCOH
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Fig. 11. Willingness to pay for hydrogen plants broken down by age group and gender. 
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esults in 13.81 $/kg, with a centralized methodology (single offshore
lectrolysis system), LCOH results in 13.84 $/kg, and with an onshore
echnology (onshore electrolysis system), LCOH results in 14.58 $/kg
 54 ]. These discrepancies significantly highlight the wide variations in
COH values reported in the literature. This diversity can be attributed
o multiple factors, including the size and capacity of the plants con-
idered in the different studies, the cost of electricity, and the different
nvestment costs of setting up electrolysis plants. 

In the literature we find similar values to the results obtained in this
tudy regarding people’s level of knowledge about green hydrogen. In
act it is shown that 74 % of the population of Germany was not famil-
ar with green hydrogen [ 45 ]. Other authors analyse the acceptance of
ydrogen transport infrastructure via pipelines: 41.5 % of respondents
elong to the group of supporters. The results of this work differ from
hat was obtained in the latter article. Before and after providing the
efinition of green hydrogen, the level of acceptance of building hy-
rogen plants in the neighbouring area was not as high but there was
 high level of indecision [ 72 ]. Some analyses show different levels of
oncern about the safety of hydrogen use by the public [ 47 ]. Other au-
hors report high knowledge of hydrogen, with 46 % of respondents
eporting that they have heard of hydrogen energy and 43.5 % report-
ng that they are familiar with the topic [ 46 ]. In this work, we did not
ompare the acceptance level of green versus grey hydrogen, although
TP indicates a higher propensity. The literature shows that the level

f public acceptance of green hydrogen was higher than that of blue
nd grey hydrogen [ 73 ]. Relative to wind power, similarities emerge
ith what has been proposed in other analyses, where people claim

hat the turbines of these plants are noisy and negatively impact the
and and wildlife. In addition, the sample analysed believes that energy
roduced through wind is unreliable [ 74 ]. Issues also highlighted by
ther authors [ 75 ] as it was found that wind turbines have an impact
n the environment and can affect nearby residents. Annoyance caused
y wind turbine noise, intermittent shadow phenomenon, signal lights,
nd changes in the landscape has been identified as a factor influenc-
ng local acceptance. Higher WTP values of 28.5 % are recognized by
itizens for the average monthly fuel cost when using green hydrogen.
owever, 43.5 % of respondents to the questionnaire administered, are
11
ot willing to pay more for green hydrogen fuel [ 76 ]. Regarding WTP,
talian citizens show a value of 13 % for renewable sources and 8 %
or energy efficiency interventions. In addition, the female gender and
lder people tend to recognize a higher price in terms of green premium
 51 ]. 

Sustainability options can take advantage of the benefits of storage
 77 ], where various government policies can support green energy pro-
uction [ 78 ]. Hydrogen can determine an important role toward carbon
eutrality [ 79 ] and in this direction very important is the value recog-
ized to emissions [ 7 ]. These changes highlight how renewable sources
an support the transformation of operations management toward sus-
ainability goals [ 80 , 81 ]. 

The economic and social analyses proposed in this work, combined
ith environmental data defined in the literature, propose green hy-
rogen as a vector moving toward sustainability. Against a European
ackdrop of energy fragility brought about by choices that have not en-
anced internal resources, there is a new and growing concern arising
rom the multiple conflicts being generated around the world. Beyond
he loss of human lives, this results in a perennial situation of potential
eopolitical risks. In this way, the energy component becomes vital as
uch for business as for public administration and, consequently, for

he lives of all citizens. Italy’s potential is then decisive for Europe’s en-
rgy future since it represents the gateway with African territory and in
his direction the fundamental role that the Mattei Plan can play should
e stressed. 

Therefore, a national energy strategy is needed that is able to look
t the overall situation, but this cannot be done at the expense of lo-
al communities. Consequently, the size of plants must be defined with
 pragmatic, objective and inclusive approach. The construction of re-
ewable energy plants is linked to the creation of infrastructure that
llows the flow of these energy components, while also revitalizing time-
ated plants. The combination of all these decisions makes it possible to
ropose an operations strategy in the energy context that aims to pro-
ide green energy to as many stakeholders as possible by combining the
evelopment of industrial ecosystems (on-site production of industrial
omponents), of consequent economic spillovers on the local territory
ut also nationally, as the competitiveness of companies supports their
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usiness expansion in international markets as well. The mix of skills
nd resources in the area should be integrated with the dissemination
f knowledge among citizens, emphasizing their concerns and identify-
ng solutions. In fact, decision-making gridlock results in inactivity that
oes not allow climate change to be remedied. 

. Conclusions 

Green hydrogen can be defined as a sustainable operations strat-
gy due to economic, environmental and social benefits within sev-
ral activities that includes citizens and industries. This work confirms
hrough socio-economic analysis how the combination of renewable en-
rgy sources with hydrogen technologies represents a viable strategy
o have sustainable and flexible energy systems. In a European context
oving toward decarbonization, there is a strong focus on renewables

o gain energy independence and the use of natural gas, among fossil
ources, to supplement energy needs. Within this framework, several
tates and companies are focusing on hydrogen, an energy carrier that
an support not only SDGs 7 and 13, but can also reduce geopolitical
isks through the Mattei Plan. However, it behoves us to produce green,
ot grey, hydrogen and to consider the amount of water needed for its
roduction. 

RO1 proposed a LCOH value of 3.60 €/kg that comes from a 30 MW
ind and 18.5 MW electrolysis plant located in southern Italy capable
f producing the first year of operation 1776,000 kg of hydrogen. In
rder to give robustness to the results obtained, alternative scenarios
ere analysed. Sensitivity analysis showed how relevant inflation is,

ince at constant and non-variable Opex, LCOH decreases to 3.03 €/kg.
imilarly, it could increase to 3.90 €/kg indicating potential lower com-
etitiveness. However, the factor that has the greatest impact is the Ca-
acity factor, as going from 35 % to 25 % results in a LCOH of 5.25
/kg. Scenario analyses pointed out that this economic indicator varies
etween 2.81–4.48 €/kg testifying to a strong variability that, moreover,
as already underlined by the analysis of the reference literature on the

ubject. It was thus agreed to complete the economic picture with the
isk analysis, which reports that 68.6 % of LCOH values vary between
.20 and 4.00 €/kg when the Capacity factor is at 35 %. However, this
alue decreases to 1.7 % with a Capacity factor at 25 %. From here,
wo limitations of the work emerge: the first is an economic analysis
hat does not include revenues and therefore does not calculate plant
rofitability; the second concerns technical aspects since it is clear that
roper plant location and appropriate plant sizing is also preparatory to
conomic results. 

RO2 indicates the existence of a strong knowledge gap, as 72.5 % of
talians surveyed do not know the difference between green and grey
ydrogen. In particular, it is men over the age of 35 who show the most
nowledge on the topic. Adults confirm a greater knowledge on how
t is made; however, improvements are also needed here as green hy-
rogen obtained from wind power gets a score of 4 out of 5, while the
elief that green hydrogen can be obtained from fossil sources has a
ating of "little agree" and not "not at all agree". Respondents know the
ses of hydrogen, while they are not fully aware that water also plays
n important role (3.5), and the same is also true for the potential risks
ssociated with the plants (3.0). An attempt was then made to assess
he NIMBY phenomenon and it emerges that citizens are not always
pen to the implementation of the plants even though they declare sus-
ainable behaviours (the three questions on these aspects show values
reater than 4). Similarly, however, the analysis of the questionnaire
mphasized the strategic role of knowledge: having the description on
he difference between green and grey hydrogen available, the willing-
ess to install plants near home increases from 3.59 to 3.92 where the
roup of women aged 18–24 shows greater acceptance. WTP is about
0 % for green sources, and here it is the youngest who show the high-
st values. Shifting the focus from hydrogen to wind power, the WTP
s 8.7 % for green energy while the propensity to accept wind power
lants near home turns out to be 3.7. 
12
The socioeconomic perspective highlights the third limitation of this
ork, which is that it does not consider the third environmental dimen-

ion of sustainability. However, such work applied to the Italian context
an be easily replicated in other contexts. It emerges how economic vari-
bility can be contained with specific benchmarks and how hydrogen
btained from the wind + electrolysis mix supports the ecological tran-
ition and is economically attractive. However large-scale installations
an trigger social outcry. Here the fourth limitation of the work emerges,
hich could consider a live experiment to see whether or not there is a
t with the results obtained from the online survey. 

However, if we need to use our cell phones to connect with the rest
f the world, if we need electricity for everyday uses, there also needs
o be a greater maturity in the acceptance of plants near home because
therwise the development of renewables will not be able to take off in
avour of the economic interests that characterize the world of fossil fu-
ls. A sustainable approach, however, requires that the amount of energy
roduced is congruent with the area under consideration and is defined
ithin a spatial energy planning framework. Greater knowledge of the

ubject is preparatory to the development of pragmatic models of sus-
ainability, and major challenges can only be met with knowledge and
ot by maintaining the interests of a few and ideological approaches. 
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