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ARTICLE INFO ABSTRACT

Handling Editor: Ibrahim Dincer Green hydrogen has emerged as a promising energy vector for the decarbonisation of heavy industry. The EU and
national governments have recently introduced incentives to address the high costs of green hydrogen produc-
tion and accelerate the economic development of hydrogen. This study investigates the local production of green
hydrogen to decarbonise the high-temperature process heat demand of a heavy industry located in Italy. The
hydrogen generation is powered by PV electricity and from the electric grid. We have optimised the sizes of the
energy system components, including battery storage and hydrogen tanks. The Levelised Cost of Hydrogen
(LCOH) was found to be 7.7 EUR/kg in the unincentivised base scenario, but this amount significantly reduced to
3.3 EUR/kg when incentives on hydrogen production in abandoned industrial areas were considered. Thanks to
such incentives, the greenhouse gas emissions decreased by as much as 85 %, with respect to the non-incentivised
base case. Our results show that the effect of the incentives on the design and economics of the system is
comparable with the expected reductions in equipment costs over the next decade. Importantly, our findings
reveal a linear relationship between Capital Costs and LCOH, thereby enabling precise cost estimations to be
made for the considered location without any further simulations. A side effect of the size optimisation in the
presence of incentives is an increase of the plant footprint. However, the limited availability of land could lead to
non-optimal configurations with important impacts on emission intensity and LCOH.
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1. Introduction

The industrial sector is a major contributor to greenhouse gas
emissions, accounting for 25 % of the global CO, emissions of the energy
system [1]. Unlike other sectors where direct electrification can be used
to decarbonise many applications, industry has to face challenges con-
cerning the electrification of all the processes. However, green hydrogen
represents a promising alternative for some of these processes as it can
be used to replace a traditional natural gas-based supply, where direct
electrification is challenging. Moreover, such a transition could also
mitigate the need for expensive equipment and infrastructure modifi-
cations [2]. Nevertheless, the high cost of green hydrogen production
remains a significant barrier to its broader implementation [3,4].

Policy measures are essential to address this challenge and stimulate
both production and demand. Governments throughout the world have

begun to roll out green hydrogen strategies [5]. The United States has
implemented the Inflation Reduction Act (IRA), which provides sub-
stantial subsidies, including production tax credits, to encourage green
hydrogen production and local industry [3,6,7]. Similarly, Japan has
introduced the “Basic Hydrogen Strategy,” which encompasses policies
and initiatives aimed at establishing a hydrogen economy [3,7].
Australia has also started to implement a hydrogen strategy, which in-
cludes tax credits, and has the goal of becoming a major exporter of
hydrogen [8].

In Europe, the primary regulatory framework is established, by the
European Union, through Renewable Energy Directive II and two dele-
gated acts [9]. Given the energy-intensive nature of hydrogen produc-
tion, achieving significant reductions in greenhouse gas emissions
hinges on the need to ensure that the used electricity comes from
renewable sources. Consequently, the European Union has set certain
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requirements for green hydrogen production. Indeed, any incentives for
green hydrogen must adhere to regulatory principles, such as temporal
and geographic correlation and additionality [10].

Support mechanisms for green hydrogen are available at the Euro-
pean, the national and the regional levels. European Hydrogen Bank
auctions are an example of a financing scheme that has provided in-
centives on a EUR/kgys basis. The first round of the auction allocated a
total of 720 million EUR to 7 projects. Out of 132 bids, the auction
showed a great deal of interest in industries with expected average off-
taker prices of 5.67 EUR/kg, where the clearing price was as low as 0.48
EUR/Kkg, that is, well below the ceiling price of 4.5 EUR/kg [11]. The
locations of the winning projects are characterised by a high renewable
potential, for example, the Iberian Peninsula, which has ample solar and
wind resources, and Nordic countries, which have inexpensive elec-
tricity from wind and/or hydroelectric sources. The EU plans to launch a
second round of these auctions by the end of 2024, whereby it will assign
an additional 1.2 billion EUR [12].

Other support mechanisms include incentives for capital expendi-
ture. An example of such a mechanism is the production of green
hydrogen in abandoned industrial areas [13], which fosters decarbon-
isation for hard-to-abate industries and helps build up a local hydrogen
infrastructure. This incentive is in fact included in the Italian scheme for
the realisation of hydrogen valleys and has received funding of 450
million EUR. In order to access these incentives, a project must include
an electrolyser in the 1-10 MW range and additional renewable energy
plants, coherent with the EU’s renewable hydrogen regulations [10].
The incentives also cover energy storage costs, provided they constitute
less than 50 % of the total cost. Evaluation of the project was based on
three criteria: the funding requested per kilogram of hydrogen pro-
duced, the proximity of hydrogen use, and the load factor of the elec-
trolyser powered by renewables. From these general regulations, project
calls were defined in each Italian region and winners were selected.
Overall, more than 50 projects have been awarded incentives across all
the Italian regions. For example, in the Piedmont region, three projects,
that comprise 6 MW of electrolyser capacity and 9 MW of renewable
energy capacity, receive a total of 19 million EUR in funding [14].

1.1. Literature review

Previous literature has extensively characterised the green hydrogen
potential in various geographical areas and optimised power-to-
hydrogen applications. Schiebahn et al. laid the groundwork with
their analysis of Power-to-Gas utilisation in Germany, in which they
evaluated the role of hydrogen as a link between different sectors and as
an energy storage medium, and assessed different electrolysis technol-
ogies [15]. Mingolla et al. analysed 38 European NUTS-2 regions, while
focusing on major ammonia plants powered by solar and wind energy to
produce hydrogen. They conducted a sensitivity analysis regarding
different emission intensity caps and found average LCOH values of 4.1
EUR/kg whenever no emission cap was present, a value that increased
significantly for strict emission targets. They also found that the
renewable potential of the location had an important effect on the costs
and the plant sizing [16]. Masihy et al. studied green hydrogen pro-
duction from wind and solar PV in Chile, where hydrogen was delivered
by trucks to meet the annual demand. They found LCOH values ranging
from as low as 2-4 EUR/kg for frequent hydrogen delivery, and found
that these values were influenced by the delivery frequency and by the
generation curtailment of the renewable power [17]. Barhoumi et al.
examined a hydrogen refuelling station in Tunisia that was powered by a
solar PV system, where a Levelised Cost of Hydrogen (LCOH) of 3-5
EUR/kg had been achieved. The study emphasised the significant in-
fluence of equipment costs on the LCOH [18].

Furthermore, the cost of the components and technical assumptions
are important factors. Weiss and Ikaheimo studied green hydrogen
production to achieve a direct reduction in iron production and inves-
tigated different sensitivities and their effect on the cost of the system.
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They used a detailed process model and found that stricter EU rules on
renewable hydrogen production, especially regarding the temporal
matching of renewable energy production with electrolysis, increased
the demand for energy storage and the system costs [19]. Brandt et al.
analysed the same delegated acts of the Renewable Energy Directive.
They compared different power purchase scenarios, considering such
factors as electricity prices and the availability of renewables, and found
that unrestricted grid electricity usage did not necessarily increase the
intensity of emissions and could reduce green hydrogen production costs
[20].

Analysing studies and projects in comparable southern-European
climates and similar political contexts highlighted the challenging eco-
nomics of green hydrogen production [21]. Some studies assume high
hydrogen selling prices [22], or a significant profitability gap was
observed. The studies obtaining LCOH below 5 EUR/kg reach these
values exclusively in low-CAPEX scenarios [23-25]. For example, a
study in Greece compared green hydrogen production costs using
dedicated RES plants and grid supply and identified a significant cost
gap with blue and grey hydrogen, thereby stressing the need for policies
to accelerate the transition to green hydrogen [26]. A publication as part
of the TRIERES Hydrogen Valley Project in Greece obtained LCOH of
7-12 EUR/kg and also acknowledged the need for subsidies to mitigate
risk and stimulate investment [27]. Various studies [23,24,28] empha-
size electrolyser costs as a major driver of hydrogen production
expenses.

Janssen et al. investigated off-grid hydrogen production from wind
and solar energy across Europe considering different economic as-
sumptions. They found that derisking the investments with dedicated
incentives and carbon taxation helped to improve financing options.
Currently, the most suitable locations for such systems are characterised
by good wind resources, although hybrid systems together with PV may
be beneficial in the future [29].

The integration of battery storage in the hydrogen production system
to optimize renewable electricity utilisation has also been discussed.
Bukar et al. focused on optimising the operational strategy of PV and
grid-based hydrogen systems, and they emphasised the role of battery
storage in the operation of efficient systems [30]. However, other
studies have noted that the current conditions lead to cost increases
caused by battery storage when hydrogen is the primary energy demand
vector [31,32].

Studies specifically conducted to tackle the Italian context are few.
Ciancio, in a case study, investigated the cost of green hydrogen pro-
duction for a combination of wind and solar energy [33]. Marocco et al.
assessed the design of green hydrogen production systems, using an
aggregated PV profile for Italy, connected to the grid, and studied the
impact on electricity purchase prices [34] and summarized hydrogen
initiatives [35]. Given Italy’s limited wind resources, compared to other
European countries [36], achieving low LCOH values is challenging,
which highlights the importance of incentives. Superchi et al. in one of
the few studies to deal with green hydrogen incentives in Italy, analysed
the sensitivities of CAPEX reductions in electrolysers, battery storage,
and hydrogen tanks [37].

1.2. Literature gap and contributions

Despite the growing focus on green hydrogen as a key component in
decarbonising the industrial sector, there still remains a significant gap
in the literature concerning the impact of green hydrogen incentives.
Specifically, there is a lack of comprehensive studies that have examined
how these incentives influence the feasibility and adoption of green
hydrogen. Incentives impact not only the LCOH and greenhouse gas
emissions, but also the sizing of components and, consequently, the land
consumption necessary for a plant. To the best of our knowledge, no
existing literature has adequately addressed this aspect, and there is
therefore a critical need for further investigation. A common limitation
that can be found in the literature is the assumption of a constant
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demand or even the complete absence of a demand profile, thus the
difficulty of always satisfying the industry demand has been neglected.
This article addresses these gaps by presenting a detailed analysis of
green hydrogen incentives pertaining to an Italian case study, consid-
ering the incentive of green hydrogen production from abandoned in-
dustrial areas. It explores the sensitivity of all the component prices,
with particular emphasis on the electrolyser, PV and battery storage
costs. Furthermore, the simulations we conducted incorporated a real,
high-temperature thermal demand profile of a hard-to-abate industry,
thereby enhancing the applicability of our findings to real-world
decarbonisation efforts. Additionally, the study examines the impact
of plant size limitations on the intensity of emissions, plant design, and
LCOH values. By setting the results in the context of European incentives
and comparing them with fossil fuel-based supply, the article provides
valuable insights into the practical challenges and economic consider-
ations of implementing green hydrogen solutions under the current
regulatory frameworks. This comparative approach contributes to
achieving a more nuanced understanding of the possible pathways to
industrial decarbonisation, and highlights both the potentials and the
limitations of green hydrogen as a sustainable energy vector.

2. Methodology

Fig. 1 illustrates the hydrogen production system analysed in this
study. The system utilises renewable electricity generated by a PV plant
to power the electrolyser. Additionally, a Li-ion battery, which is
charged exclusively by renewable energy, offers load-shifting capabil-
ities. The system also includes a connection to the electrical grid, which
ensures that the demands are met during periods of low renewable en-
ergy availability and that any surplus renewable production is absorbed
when the hydrogen storage capacity or the electrolysis capacity is
exceeded.

The energy system model was developed in Python. Optimisation of
the system sizing is achieved through Particle Swarm Optimisation. The
PSO algorithm iteratively determines the optimal sizes of the compo-
nents of the system. The optimisation framework is divided into an outer
layer, which adjusts the component sizes, and an inner layer, which
simulates system operation and calculates the key performance metrics.

In the outer layer, each particle represents a specific combination of
PV peak power, battery AC power, battery storage duration, electrolyser
power, and hydrogen storage capacity, which are then evaluated in the
inner layer. After each iteration, the outer layer refines the component
sizes according to the calculated performance of each particle, with the
aim of achieving the lowest levelised cost of hydrogen. This iterative
process is repeated, and the component sizes are progressively refined
until the optimal solution is obtained.

The inner layer simulates each particle of the system on an hourly
basis to calculate the energy flows, hydrogen production, and other
performance indicators. The inner layer operates according to a rule-
based strategy that manages the operation of the system to maximise

Electricity

Electrical Grid
PEl,AC
PGrid,AC

\ P,
PVVAC
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[} Battery

Hydrogen
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solar PV electricity utilisation and minimise grid withdrawal. The en-
ergy flows resulting from an hour-by-hour management of the system
are calculated, and the inner layer derives the LCOH for each particle
configuration. According to the results of these calculations, the LCOH
from each particle is fed back to the outer layer to guide the optimisation
in subsequent iterations in order to obtain the best solution.

Further details on the optimisation framework are available in
Ref. [38].

2.1. Electricity sources

The renewable electricity inputs were modelled by simulating a
dedicated PV plant. PV production data from 2019 were sourced from
PV GIS, based on a plant with fixed ground-mounted panels located in
central Italy. It was assumed that the plant had a capacity factor of 17 %.
The lifetime of the PV plant was assumed to be 25 years; the capital costs
were set at 800 EUR/kWp and the operational costs at 2 % of CAPEX [39,
40]. Power losses in the inverters and cables, dirt on the modules, and
degradation were included, and this resulted in an overall system loss of
14 % [18]. The specific surface demand was estimated as 2 ha/MWp,
which also accounted for any additional components related to the plant
[41].

The electrolyser was considered to be connected to the grid in order
to ensure coverage of the hydrogen demand during periods of low
renewable energy production. The cost of grid electricity was assumed
to be 150 EUR/MWHh, based on Eurostat data for non-household con-
sumers in the same consumption range for the first half of 2024,
excluding recoverable taxes and levies [42]. In this simulation, grid
electricity was considered non-renewable to accurately reflect the future
regulatory conditions on renewable hydrogen within the European
Union. The emission factor used was that of Italy in 2022, that is, 252
gCO2eq/kWh [43].

2.2. Electrolyser

A Proton Exchange Membrane Electrolyser (PEMEL) was chosen for
this simulation, due to its advantageous performance under load fluc-
tuations, which is essential to integrate volatile renewable energy
sources. An efficiency curve was utilised, using the Kopp [28] and
Hofrichter [29] methodologies to represent the operational character-
istics of the electrolyser under varying loads. The capital cost of the
electrolyser was assumed to be 1100 EUR/kW [44,45], and the annual
operational expenditures (OPEX) were set at 3 % of the total investment.
For spatial requirements, the Joint Research Centre estimates a demand
of 120 m%/MW for PEMEL, which was adopted in this study [46]. Given
the hourly resolution of the demand profile and the capacity of the PEM
electrolyser to handle fast load fluctuations, such dynamic operations as
startup and shutdown were neglected in this analysis.

>
I | | High-T heat

H2gemana

@ H,-Storage pack

Hzprod

Fig. 1. Overview of the plant scheme.
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2.3. Energy storages

Li-ion battery storage was incorporated in the analysis to enable load
shifting and to allow the electrolyser to operate with renewable energy
during the night. In this way, the battery could reduce its reliance on the
grid and the associated COy emissions. Battery storage requires rela-
tively little space, compared to other components, and a footprint of 12
m?/MWh was assumed in this study [47]. The AC-AC roundtrip effi-
ciency of the battery was modelled at 85 % [48,49], and the same effi-
ciency was assumed for both charging and discharging. The operating
window was set between 15 % and 95 % of the State of Charge (SOC) to
preserve battery life.

The hydrogen tank, located downstream of the electrolyser, was
assumed to efficiently absorb any excess renewable energy production,
thereby increasing the share of renewable hydrogen and enhancing
supply security. We considered a commercial pressure vessel operating
over the assumed pressure range to estimate the footprint [50]. We
assumed a land occupation of 0.5 m?/kgys to take into consideration the
necessary clearance from other components.

Given the output pressure of 30 bar of the electrolyser, no further
hydrogen compression was considered, due to the associated efficiency
loss. No hydrogen losses were considered. The state of charge of the tank
was regularly updated to be aligned with the hydrogen production and
demand, thereby ensuring optimal utilisation.

We considered that the tank could not be discharged below a mini-
mum pressure of 2 bar, and we accounted for pressure losses along the
lines and the minimum pressure required by the industrial user. We
defined an upper pressure limit of 30 bar. Considering hydrogen den-
sities under different pressures, the SOC was assumed to range between
0.068 and 1. These constraints for both battery storage and the hydrogen
tank had to be respected for each timestep:

Ej.nom L4 SOC]max ZEj(t) Z Ej‘nom 4 SOC]mm Vit {O (X3} T} (1)
where the energy stored, E, in each of the two storages, j, had to remain
between the corresponding upper SOCjmq and lower SOCjmi con-
straints for each timestep t.

The stored energy in both storages was updated for each timestep, A
t, considering the charge/discharge power Pp; , Py and the charging
and discharging efficiencies 1. j, M4cn

E(t+1);=E(t); + Penj ® o~ At — Pdchj/qdchj o At (2)

2.4. User demand profile

The hydrogen demand profile was derived from the high-
temperature thermal demand of a hard-to-abate industry located in
the same region. This profile was derived from real consumption data
and featured a one-year consumption profile with an hourly resolution.
The resulting hydrogen demand profile was characterised by a coeffi-
cient of variation of 29.6 %, a total yearly demand of 7.5 GW h and an
average demand of 850 kW.

2.5. Incentives

The incentives were modelled according to the “hydrogen produc-
tion in abandoned industrial areas” programme of the Italian Ministry of
the Environment and Energy Security described in Chapter 1. These
incentives take the form of gross monetary funding, which is aimed at
reducing costs. The final project selection was also conducted consid-
ering the value of the incentive per kg of green hydrogen produced. We
decided to apply a subsidy percentage of the investment costs, distrib-
uted over the single components, to model this incentive as accurately as
possible. The goal of this policy is solely that of incentivising hydrogen
production originating from green electricity sources. As there are strict
EU rules regarding additionality and temporal requirement after 2030,
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we only considered the incentive pertaining to the share of self-
produced renewable electricity used by the electrolyser. Grid elec-
tricity was not considered renewable in this calculation, as, in this way,
it was possible to reflect the most realistic current assumption regarding
the electricity mix and EU regulations [13]. We modelled a theoretical
CAPEX incentive, starting from 10 % and going up to 70 % Inc.,, for all
the plant components, which we only applied to the share of hydrogen
originating from self-produced renewable electricity, elge.,. The result-
ing effective incentives Inc,; were calculated according to Equation (3).

3

INCeff = INCieo ® Elgreen

2.6. Evaluation metrics and economic inputs

An overview on the economic assumptions can be found in Table 1.

The solutions were evaluated and optimised on the basis of the
LCOH, calculated according to Ref. [56]. In order to compute the LCOH,
the cost of the solution had to be evaluated first, starting from the capital
recovery factor, CRF, of each plant component, j, considering its life-
time, n, and the discount rate of i.

(1+0)" oi

1

CRF,=~— %"
T+ -

@

The equivalent annual cost (EAC) was calculated for each j-th
component according to Eq. (5), where NPC is the present net cost and
O&M are the operation and maintenance costs.

Neomp
EAC= ) CRF; ¢ NPC; + O&M,
J

(5)

The LCOH was calculated by dividing the total annual cost, including
the grid electricity cost Cgiq, by the produced hydrogen Py,
EAC + Cyig

8760
> Py
=1

LCOH = (6)

Grid electricity costs must be included in the LCOH calculation, as
the system draws energy from the grid when renewable generation as-
sets or energy storage systems cannot fully meet the user demand. In
such cases, grid electricity supplies the remaining demand. Further de-
tails on the assumptions regarding grid electricity can be found in 2.1.

The sale of electricity to the grid was not considered part of the LCOH
calculation, as selling electricity to the grid goes against the regulations
stated in the call to benefit from the incentives on green hydrogen in
abandoned industrial areas [13]. The total footprint of the plant was
calculated considering the specific land demand, Ag,. and the installed
capacity, Pnom, of each component.

Table 1

Overview of the cost assumptions.
Parameter Value Reference
WACC 5% [51]
PV plant
CAPEX 800 EUR/kWp [39]
OPEX 2 %/y of CAPEX [39]
Lifetime 25 years [52]
Electrolyser
CAPEX 1100 EUR/kW [44]
OPEX 3 %/y of CAPEX [34]
Lifetime 50000 h [53]
Battery storage
CAPEX EUR/KW = 230*storage duration +249 [48]
OPEX 2.5 % of CAPEX/year [48]
Lifetime 10 years [54]
Hydrogen storage
CAPEX 1100 EUR/kg [55]
OPEX 2 % of CAPEX/year [44]
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Neomp

A= ZASPJ .Pnomj (7)
j
The emission intensity of the produced hydrogen, efy, was calcu-
lated on the basis of the grid emission factor, efgq, grid withdrawal, Pgg
and hydrogen production, Py, for each timestep t [20].
8760
€fgria ® D Pgriay
t=1

8760
> Puae
t=1

(8

efir =

3. Results
3.1. Base case

Fig. 2 illustrates the optimal sizes of the hydrogen production system,
without considering any incentives. The best configuration for this
scenario achieves an LCOH of 7.73 EUR/kg. The optimal size of the PV
plant is 7.1 MWp, paired with an electrolyser nominal power of 4.0 MW,
to satisfy the annual thermal demand of 7.5 GW h. This configuration
results in a solar PV-to-electrolyser power ratio of about 1.8. Conse-
quently, not all the electricity can be utilised by the electrolyser during
peak PV production. Indeed, the electrolyser represents a significant cost
factor; thus, sizing it to match the maximum solar PV output would
substantially increase costs and result in a low number of full-load hours.
The optimal size of the hydrogen tank is 15 MW h (450 kg of hydrogen),
which allows the average user demand to be covered for 17 h. The share
of hydrogen produced from PV electricity is 75 %, with an emission
intensity of 3.27 kgcozeq/kgno. The optimiser does not include battery
storage in the optimal solution since its capital cost cannot be offset by
the increased utilisation of renewable energy alone.

3.2. Sensitivity to green hydrogen incentives

The base case solution resulted in a higher LCOH than the threshold
of 2.3 €/kg, which is necessary for hydrogen to be considered cost-
effective, compared to methane, for the average cost of natural gas in
2023 for non-domestic users [57]. Therefore, a sensitivity analysis that
included incentives for green hydrogen production was conducted, as
described in the introduction and methodology sections. Such incentives
led to significant increases in the component sizes (Fig. 3). It is impor-
tant to note that the maximum CAPEX incentive presented here does not
necessarily mean it has been fully obtained, as it depends on the share of
renewable energy used by the electrolyser (see Chapter 2, incentives).

In the scenario with the highest incentive value, the PV capacity

16 A
14 A
12 -

10 A

Sizes

PV
(MWp)

PEMEL
(MW)

Battery
(MW)

Battery H; storage
(MWh) (MWh)

Fig. 2. Optimal component sizes in the base case.
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Fig. 3. Optimised hydrogen production system considering incentives under
the Italian hydrogen valley scheme. a) cost composition b) optimised sizes of

the PV plant, Li-lon Battery, PEM electrolyser (PEMEL) and the
hydrogen storage.

increases by 68 % and electrolyser capacity by 61 %, with respect to the
non-incentivised base case. The size of hydrogen storage increases more
than fivefold. Small battery are adopted in the incentivised scenarios,
and the optimal size increases slightly for higher incentives. However,
their values remain negligible, compared to other plant components.
Moreover, this increase in battery size might be due to the granularity
and metaheuristic nature of the optimisation algorithm, which might
not find the exact optimal solution, and this allows small battery storage
within the solution tolerance.

Fig. 4shows the optimal solution for different incentive values. The
land occupation, or land footprint, of the plant is depicted as circles of
different sizes, with the colour of the circle indicating the Hy emission
intensity. The plant footprint increases significantly from 14 ha in the
unincentivised scenario to 24 ha for the maximum incentive case. Most
of this land occupation increase occurs in highly incentivised scenarios
above 40 %, which are mainly attributable to larger PV installations. The
drawback of the increased component sizes is a lower PV utilisation of
Hy production, which drops from 83 % to 65 % in the maximum
incentivised scenario. In fact, as no electricity sale is allowed when the
project benefits from the incentives, this is problematic and leaves a
significant share of the PV electricity unutilised [13].

The incentives lead to a significant capital cost reduction, thus
making the produced hydrogen more competitive (Fig. 3). The lowest
hydrogen production cost of 3.46 EUR/kg is achieved for the maximum
incentive of 70 %. In a similar manner, the incentives reduce the cost of
the electrolyser and PV plant, while the total hydrogen storage
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investment increases due to the massive surge in installed capacity to
store surplus hydrogen production. Additionally, expenditure on elec-
tricity from the grid is significantly reduced. Fig. 4 provides further in-
sights into the impact of the incentives on the capital costs and compares
them with fossil fuel-based supply. However, green hydrogen does not
reach cost parity with natural gas, even in the highest incentive scenario.
This is considering a natural gas price of 68 €/MWh on the basis of
Eurostat data for industrial consumers in Italy for the second half of
2023 [57,58]. However, if blue hydrogen is considered, green hydrogen
can be competitive for highly incentivised scenarios, when the same
natural gas price and a 93 % COq capture rate are assumed.

Incentives also impact emissions to a great extent (Fig. 4). Although
the intensity of hydrogen emissions in the base case exceeds the
threshold of 3 kgcozeq/kgn2 set by the EU, the considered incentives
allow emissions to be significantly reduced and the produced hydrogen
to be classified as renewable. Indeed, when the maximum incentive is
applied, the emissions decrease to 0.47 kgcozeq/kgH2, as more than 96 %
of the hydrogen originates from self-produced renewable electricity.

3.3. Sensitivity to the electrolyser and PV cost

In order to explore the influence of capital costs in more detail, we
varied the costs of the electrolyser and PV separately, for both a non-
incentivised and a maximum incentivised case. These components had
both been identified as the main cost drivers in the previous analysis,
and both are characterised by significant projected cost reductions [59,
60].

In this analysis, the cost reductions for the solar components signif-
icantly impacted the LCOH, compared to the base case scenario of 800
EUR/kWp for solar PV and 1100 EUR/KW for the electrolyser (Fig. 5).
The optimal plant configuration resulted in LCOH values of up to 10.3
EUR/kg in the higher cost scenario. An average cost reduction of 40 %
can be expected for electrolysers and 38 % for PV for future cost re-
ductions until 2030, when considering a stated policy scenario of the
World Energy Outlook 2023 [52]. Applying these learning rates to the
CAPEX of the base case translates into PV costs of 500 EUR/kWp and
electrolyser costs of 660 EUR/kW. Under these conditions, an LCOH of
5.4-5.5 EUR/kg is achieved. Considering the stated policy scenarios for
2050, further CAPEX reductions would result in an LCOH of less than 4.6
EUR/kg. The electrolyser and PV cost reductions contribute in a similar
way to the overall LCOH reductions.

LCOH values as low as 2 EUR/kg could be reached by combining the
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Fig. 4. Impact of the CAPEX incentives on the LCOH, emissions and land
footprint. A natural gas price of 68 €/MWh was used [56]. The blue hydrogen
cost is based on the same natural gas price and a 93 % CO; capture rate [57].
The black line in the colour bar indicates the EU’s requirement to define
hydrogen as renewable at 3.38 kgcozeq/kgno. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)
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reduced CAPEX and the highest investigated incentive case (Fig. 6). The
combination of incentives and lower equipment costs further favours the
selection of larger renewable plants and electrolysers, and therefore of
reducing the electricity supply from the grid. A reduction in the
hydrogen production cost from 54 to 59 %, caused by the incentives, can
be observed by comparing the LCOH values in Fig. 5 with those in Fig. 6.
This result is in line to what was observed in Section 3.2. A linear
relationship of the LCOH, in function of the PV and electrolyser cost, can
be observed (Fig. 7).

If the linear regressions of the data points presented in Figs. 5 and 6
are considered, a strong linear dependency of the LCOH on the CAPEX of
the electrolyser and solar PV emerges. This dependency is described by
Equation (9), where the LCOH is expressed as EUR/kg, while PV and
PEMEL are the specific CAPEX in EUR/kW. The same regressions were
considered for the incentivised scenario in Equation (10).

LCOH=0.00283 e (PV + PEMEL) + 2.26 9

LCOH=0.00129 e (PV + PEMEL) + 0.77 (10)

The regression shows a very accurate representation of the data for
the non-incentivised case and a high statistical significance, with
squared values of R of 0.994. The linear representation of the 70 % in-
centives case also shows a very accurate representation of the simulation
data. These results highlight that such a linearisation is a valid approach
and only shows minimal differences from the real results of the simu-
lations. This means that, for the scope of the investigated case study, it is
possible to easily calculate the LCOH for any given CAPEX over the
observed range. Thus, an estimation of the LCOH is possible without
conducting a complex simulation, which requires programming know-
how and computational resources.

3.4. Sensitivity to the battery storage cost

Battery storage could increase the utilisation of self-produced PV
electricity and reduce reliance on grid electricity. However, no signifi-
cant battery storage was present in any of the analysed cases. This raises
the question of what cost reductions are necessary to make battery
storage cost-effective. The effect of battery cost decreases in a non-
incentivised case is examined in this section to address this question.

No battery storage is included in the scenarios ranging from 0 %
(base case scenario) to a 50 % cost reduction (Fig. 8). However, starting
from a 60 % cost decrease, battery storage becomes part of the cost-
optimal solution, beginning with a capacity of 3.8 MW h. The battery
capacity increases for more marked cost declines to over 10 MW h and
reaches 20 MW h in an extreme scenario with a 90 % cost reduction.
Simultaneously, the battery energy-to-power ratio increases from 3.1 h,
for a 50 % cost reduction, to 4.9 h for the largest cost reduction scenario.
Although a small battery does not reduce the LCOH to any great extent,
the large battery of the 90 % cost reduction case would reduce the LCOH
by 1 EUR/kg to 6.8 EUR/kg. This LCOH decrease is mainly due to a
reduction in the electrolyser capacity. The benefits of the battery are
evident in this case: electrolyser investments can be deferred, full load
hours can be increased, and load fluctuations can be reduced. Addi-
tionally, the utilisation rate of solar PV improves.

A broad sensitivity analysis has indicated that battery storage not
only competes with hydrogen storage but also with the electrolyser size.
We conducted a sensitivity analysis to test this hypothesis by increasing
the electrolyser cost to 1500 EUR/kW, and this led to smaller electro-
lyser sizes. The dashed line in Fig. 8 shows the results of this scenario.
Here, the battery becomes part of the optimal solution slightly earlier
on, for a 50 % cost reduction. Both the installed capacity and the impact
of the battery on LCOH increase. As pointed out in Ref. [32], any sig-
nificant cost reductions for electrolysers would allow larger electrolyser
installations to exploit more PV power during peak times, thus making
the environment even less favourable for battery storage.

Installing battery storage increases the total storage capacity of the



M. Stolte et al.

1000

900

800

700

600

PV CAPEX (EUR/KWp)

500

400

International Journal of Hydrogen Energy 141 (2025) 1294-1304

10

LCOH (EUR/Kg)

500 600 700 800

900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

PEMEL CAPEX (EUR/KW)

Fig. 5. LCOH in a sensitivity on electrolyser and solar PV price, using a non-incentivised case. The 2024 base case scenario is highlighted in the blue frame, The
purple frame uses learning rates of the stated policy scenario of the world energy outlook 2023, extrapolating them to 2030. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

©
(=]
o

©
o
o

700

600

PV CAPEX (EUR/KWp)

500

400

LCOH (EUR/Kg)

500 600 700 800 900 1000 1100 1200 1300 1400 1500.1 1600 1700 1800 1900 2000
PEMEL CAPEX (EUR/KW)

Fig. 6. LCOH in a sensitivity on electrolyser and solar PV price, using a maximum 70 % incentive case. The 2024 base case scenario is highlighted in the blue frame,
The purple frame uses learning rates of the stated policy scenario of the world energy outlook 2023, extrapolating them to 2030. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

system, even though the size of the hydrogen tank is reduced. A
hydrogen tanks remain a flexibility option downstream of the electro-
lyser bottleneck, even for a 90 % battery cost reduction. Without
hydrogen storage, the capacity of the electrolyser would need to be sized
considering the highest demand peak. However, the required electro-
lyser capacity could be significantly reduced for the battery and
hydrogen storage working in synergy.

For completeness, we also varied the hydrogen storage costs. How-
ever, the effect of this CAPEX variation was found to be limited,
compared to that of the electrolyser or solar PV cost variations (see
Appendix Table A.1).

3.5. Sensitivity to the land availability constraints

The previously investigated scenarios share a common character-
istic: the required land for the cost-optimal solution increases for in-
centives or CAPEX reductions. However, the land that is available in the
proximity of an industry might be limited, thereby making the optimal
component sizes unfeasible and resulting in a non-optimal configura-
tion. The effect of limited land availability is examined in this section.

Starting from the base case, the allowed plant area was reduced by 1
ha in each step, starting from 14 ha and going down to 1 ha (Fig. 9). As
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can be seen, limiting the available land increases the LCOH as the system
moves away from the cost-optimal solution. Compared to the optimal
configuration, reducing the footprint to 1 ha raises the LCOH by 26 % to
reach 9.7 EUR/kg. The PV plant is the most significant driver of the
footprint. The PV plant experiences the most substantial size reduction
for land availability constraints. Only 0.5 MW of solar PV is installed in
the strictest land constraint scenario, and this represents a 93 %
reduction, compared to the optimal solution of the base case. This
reduced PV capacity also impacts the size of the hydrogen storage tanks.
As the PV supply surplus is progressively reduced, the size of the
hydrogen tank is also lowered. Even when there is no PV plant, the
hydrogen demand still needs to be satisfied, and this requires a sub-
stantial nominal power of the electrolyser.

When the plant footprint was set in the context of the final user’s
energy demand, the land availability constraint resulted in the same
energy demand being met by a smaller area (Appendix A, Figure A.1).
Thus, it becomes evident that solar PV cannot satisfy the increased
required power per unit of an area below a certain land availability,
especially when considering seasonal production fluctuations. This leads
to enhanced grid usage and explains why a limited land availability has
a significant impact on the system.

Footprint constraints from 14 to 10 ha resulted in a limited effect on
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LCOH, which increased by about 3 %, from 7.7 to 7.9 EUR/kg. In
contrast, tightening the footprint constraint to 10 ha significantly im-
pacts the optimal PV size, reducing it from 7 MW to 5 MW. Further, this
reduction of land availability had already a significant impact on the
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intensity of hydrogen emissions, which increased by 71 % to 5.5
kgcozeq/kgn2. Under a stronger footprint constraint, i.e. below 2 ha, a
significant detrimental effect was observed on emission intensity, which
increased to 12.0 kgcozeq/kgH2, as the electricity was almost exclusively
withdrawn from the electric grid. This emission intensity significantly
exceeds the EU definition of renewable hydrogen of 3 kgcozeq/kgn2 and
falls into the same range as unabated grey hydrogen from steam
methane reforming [16,58,61].

4. Discussion

In the following section, we discuss the implications of our findings
regarding plant dimensioning, costs and the effects of incentives, and
place the results in a broader context.

The location in central Italy has reasonable PV resources; however, it
is at a clear disadvantage compared to the exceptional sites in southern
Spain or the projects that include wind energy or low-cost hydropower
in Scandinavia. Despite this, the site was chosen because of its proximity
to industries with a potential hydrogen uptake. The obtained LCOH for
the considered site is higher than the literature values or large-scale
hydrogen projects [11,16,62]. However, having to rely on a single
electricity source with significant seasonal fluctuations makes it chal-
lenging to satisfy the energy profile throughout the entire year. Conse-
quently, if the results of this study are compared with those of an
exclusively solar-PV-based supply, the LCOH values result to be in a
comparable range to those found in recent literature [62]. However,
producing hydrogen on-site has the advantage of avoiding trans-
portation costs and the related infrastructure expenses, which could
justify the surplus cost of 1-2 EUR/kg [63].

For those incentives dedicated to projects all over Europe, such as the
hydrogen bank auctions, there is competition between different loca-
tions with different renewable resources, which eventually advantages
those characterised by a high renewable energy potential. However, the
incentive measures adopted in Italy, which we have investigated in this
study, allocate a specific budget to each region in order to limit
competition between regions. This increases the chances of regions with
a lower renewable potential of having access to the incentives and re-
flects the aim of developing a distributed hydrogen production
throughout the whole country. Although the incentive scenarios in this
study may seem substantial, some projects might even receive higher
funding, thus highlighting the significant financial contribution of this
measure [8]. The downside of this scheme pertains to the production of
hydrogen in areas with a lower renewable potential, which might be
economically challenging, and, in this case, the need for substantial
incentives will likely persist for a long time.

Our study focuses on the sizing of the hydrogen production system
rather than a specific use case, making it broadly applicable to various
industrial sectors with similar constant hydrogen demand and plant
sizes. However, incentive schemes and regulatory frameworks vary
across countries, with different definitions and requirements for green
hydrogen. This is especially valid if countries outside the European
Union are considered. For example, in the United States, green hydrogen
policy allows the use of grid electricity and benefiting from tax cuts if a
specific carbon threshold is not exceeded [64]. These differences can
significantly impact plant design, highlighting the need to carefully
assess adaptability based on the specific legislative and economic
context.

Cost reductions for solar PV and electrolysers have a similar effect to
incentives (Figs. 3 and 4. These incentives effectively anticipate CAPEX
reductions and extend them to other components, such as the hydrogen
tank and battery storage, thereby resulting in a reduced reliance on the
grid and lower emissions. Combining the PV and electrolyser cost re-
ductions with the incentives further reduces the LCOH to values that are
competitive with natural gas. However, this scenario is not representa-
tive of the mid-term future, as the current equipment prices are on the
higher end of the investigated range. Indeed, recent studies have
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indicated that electrolyser prices have not followed the previous cost
reduction projections and are instead around 2000 USD/kW [41]. A
comparison with fossil-based supply has shown that significant cost
reductions for green hydrogen are necessary to reach cost parity and
have highlight the need for incentives. However, it should be added that
the gap in costs might also be reduced, since the cost of natural gas (grey
line in Fig. 4)may fluctuate significantly. Price spikes, like those expe-
rienced during the 2022 energy crisis, might shift the cost balance in
favour of green hydrogen. Additionally, carbon taxes and emission
trading systems, which were not included in our analysis, could increase
the costs of natural gas and motivate investments in green hydrogen
[29]. In doing so, it is crucial to include all the emissions of a production
chain, such as those from methane leakage during natural gas produc-
tion, in an analysis of various scenarios [58,63].

As far as storage is concerned, hydrogen has been found to be the
most convenient energy vector in the investigated system, as it avoids
bottlenecks in the electrolyser and enhances supply security. The rela-
tively low capital cost of hydrogen tanks, compared to battery storage,
also enhances their performance. Storage durations of 17 h in the base
case (considering the average hourly hydrogen demand) and up to 96 h
in a heavily incentivised case exceed the nighttime production pause of
PV. This underscores the importance of hydrogen storage in providing
flexibility during unfavourable weather periods and in acting as a buffer
to reduce grid withdrawal.

Battery storage is not part of the optimal solution in the observed
incentive sensitivities or even when reasonable battery cost reductions
are considered. The incentivised scenarios show that when all the
equipment costs are reduced, the installation of larger renewable and
electrolyser plants is facilitated, which in turn hinders the economic
feasibility of battery storage. This means that the business model for Li-
ion batteries considered in this application might be challenging, even in
the future. However, several factors could impact battery profitability.
For example, considering a more accurate description of the interaction
between the intermittent RES and electrolyser, and using a dedicated
electrolyser degradation model in the objective function could present
an advantage for battery storage as it would allow a more constant
electrolyser load. Another way of improving battery storage profitability
is revenue stacking, whereby the battery is used for other services when
not needed by the hydrogen production system. Additionally, battery
storage could be advantaged for higher grid electricity prices, as
reducing costly grid withdrawal is one of the potential strengths of
battery storage. The system typically relies on the grid during prolonged
periods of unfavourable weather, which can be associated with lower PV
production across the rest of the bidding zone, thereby justifying a
higher electricity cost. For this reason, we conducted the same analysis
using an increased electricity cost of 200 EUR/MWh. The results indi-
cated a slight improvement in battery storage profitability, but not a
major impact (see Appendix Table A.2). Furthermore, analysing an off-
grid scenario could lead to different evaluations.

The results of the sensitivity analysis on land availability underscores
its crucial role in cost-effectiveness and the environmental impact of
renewable hydrogen production systems (Chapter 3.5), especially per-
taining to the Italian context. Italian legislation on “Aree idonee” [65]
(suitable areas for renewable projects) allows regional authorities to
define suitable and unsuitable zones for renewable installations and to
prioritize environmental and cultural preservation while supporting
renewable targets. Certain agricultural areas may be allowed to host
renewable projects, albeit under strict conditions, emphasising prox-
imity to industrial zones or alignment with state initiatives. This
constraint could limit the land available for renewable installations,
thereby potentially pushing the system away from its cost-optimal
configuration, and it could result in a higher LCOH and an increased
emission intensity. These insights highlight how important it is for
project developers to secure adequate land early on during the planning
phase to avoid compromising both the economic and environmental
goals. Policymakers could consider refining land-use regulations to

1302

International Journal of Hydrogen Energy 141 (2025) 1294-1304

facilitate renewable energy projects in underutilised or dual-use areas,
thereby becoming aligned with Italy’s commitment to balancing
renewable targets with land preservation.

5. Conclusions

Hydrogen is a promising pathway towards the decarbonisation of
hard-to-abate industries, although a significant cost gap remains,
compared with fossil fuel-based supply. In this article, we have analysed
a hydrogen production system in an Italian-centred case study. We have
used Particle Swarm Optimisation to find the optimal component sizes
and examine the impact of incentives on the LCOH and emissions.

An LCOH of 7.73 EUR/kg was obtained in the base case, thus high-
lighting a substantial cost gap with fossil fuel-based hydrogen produc-
tion. Incentives, such as project calls on hydrogen production in
abandoned industrial areas, are crucial to reduce these costs. Analysing
incentives of up to 70 % of CAPEX, we found that the LCOH can be
reduced to 3.29 EUR/kg, which, however, is not enough to reach cost
parity considering the 2023 natural gas prices. Moreover, this incentive
is slightly below the funding some of the awarded projects receive.

The findings also suggest that cost reductions incentivise the instal-
lation of more PV power and the storage of excess energy, thereby
reducing grid withdrawal and the carbon footprint. We found that the
emission intensity reduced from 3.27 kgcozeq/kgn2 to 0.47 Kgcozeq/
kgpa. The incentives showed an effect that is comparable to anticipating
the expected cost reduction, particularly for electrolysers and solar PV.
However, achieving cost parity with natural gas requires more favour-
able renewable energy inputs, such as the integration of wind energy or
a more advantageous location.

The downside of incentives or lower equipment costs is that the plant
footprint increases. If the available land is limited, as may be the case for
industrial clients, non-optimal configurations may be observed with
higher levelised costs and emissions. The most significant driver of the
footprint is PV installation, which provides the input electricity and
therefore influences the sizing of all the other components.

Hydrogen storage covers durations of more than 17 h, which can be
further increased with incentives and cost reductions. These large ca-
pacities are reached as a result of the advantage of hydrogen as an en-
ergy vector downstream of the electrolyser, which enhances supply
security. Conversely, battery storage is not cost-effective for a grid-
connected case, as indicated in this article. The sensitivity analysis
regarding battery storage cost suggests that, even in the future, the
business case for battery storage will likely remain challenging in grid-
connected applications if used solely for hydrogen production.

By conducting a sensitivity analysis on electrolyser and solar PV
CAPEX, we discovered a robust linear relationship between the equip-
ment cost and LCOH for the investigated case study. This relationship
allows for cost estimates without the need for simulations, representing
a significant advantage.

The present work could be enhanced by adding more details for the
modelling of the components, particularly regarding the electrolyser,
battery degradation and self-discharge. The lack of optimisation in plant
scheduling and the impact of dynamic, volatile electricity prices are
recognised limitations of this study. Future research will examine
alternative plant configurations and connection schemes to assess the
influence of grid interaction on the design and costs of a plant. Addi-
tionally, upcoming studies will explore more favourable sites with su-
perior renewable energy resources to address some of the constraints
identified in this study.
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