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A B S T R A C T

Renewable hydrogen is a promising pathway to decarbonise hard-to-electrify sectors, though its widespread 
deployment remains hindered by economic challenges. Hydrogen valleys, integrated regional systems, have 
emerged as a strategic solution to scale up hydrogen infrastructure and demand. This study assesses the techno- 
economic feasibility of a hydrogen valley in southeastern Crete, based on the CRAVE-H2 project, using a Mixed- 
Integer Linear Programming (MILP) optimisation model. The system serves multiple end-uses: touristic fuel cell 
buses and a vessel, as well as cold ironing for ships at berth. In addition to renewable generators, electricity can 
be supplied via a hybrid storage system or purchased from the grid, with dispatch optimised according to hourly 
market prices. A customised modelling framework is developed within PyPSA using the Linopy extension, 
enabling the inclusion of piecewise affine approximations of non-linear performance curves for electrolysers and 
fuel cells, alongside operating range constraints. Hydrogen leakage is also explicitly modelled to assess its 
environmental and economic implications. The model delivers optimal component sizing, energy dispatch 
strategies, and key performance metrics, including Levelised Cost Of Hydrogen (LCOH), aggregated Levelised 
Cost Of Energy (LCOE) and carbon intensity. Most scenarios yield competitive LCOH values between 5.36 and 
8.21 €/kgH2, increasing to 15 €/kgH2 under full decarbonisation due to extensive storage investments. Hydrogen 
emissions, that may exceed 10 % of total production in worst-case scenarios, become more pronounced in fully 
decarbonised scenarios. These findings underline the importance of emissions tracking and provide practical 
insights to inform the design of cost-effective, low-emission hydrogen valleys.

1. Introduction

Hydrogen is increasingly recognised as a key enabler of decarbon
isation pathways, owing to its flexibility as an energy vector and its 
ability to interconnect multiple sectors, particularly those that are 
difficult to electrify and considered hard to abate [1]. Despite a growing 
interest and numerous announced projects aimed at expanding 
low-emission hydrogen production, the development of a clean 
hydrogen economy still faces substantial technical, economic, and 
policy-related challenges [2].

Among the various government strategies to foster hydrogen 
deployment, one of the most promising and fast-emerging concepts is 
that of hydrogen valleys. These are geographically defined hydrogen 
ecosystems, ranging from industrial zones and urban districts to entire 
regions or islands, that span the full hydrogen value chain. By inte
grating multiple applications, hydrogen valleys enhance economic 
viability and highlight the cross-sector potential of hydrogen-based 

energy systems [3].
Island contexts in particular can benefit from such configurations. 

Hydrogen valleys can support high shares of renewable energy sources, 
provide targeted solutions for port infrastructures, and offer decarbon
isation pathways for local transport, especially in tourism-oriented 
mobility [4].

A comprehensive overview of ongoing hydrogen valley initiatives 
has been provided by Bamapou et al. [5], complemented by the mapping 
efforts of the Clean Hydrogen Partnership [6], which catalogues inter
national projects at various stages of development.

1.1. Literature review on hydrogen valley models

1.1.1. Hydrogen valleys in the current modelling framework
Hydrogen valleys are a recent development in the energy sector and 

energy system modelling. Positioned between detailed plant-level 
models and large-scale spatial models, they balance technical fidelity 
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with manageable spatial and temporal scopes. Unlike large-scale models 
based on Linear Programming (LP), which require simplifying assump
tions for tractability, hydrogen valley models operate at regional or local 
levels and allow more detailed representations of system components 
and operational aspects.

Given their novelty, few modelling frameworks exist for hydrogen 
valleys, and no standardised methodology has emerged. Their hybrid, 
multi-sectoral nature aligns well with Mixed-Integer Linear Program
ming (MILP), which enables flexible, yet tractable modelling of discrete 
operations and approximated non-linear behaviours [7].

While only a few studies explicitly refer to “hydrogen valleys”, many 
reflect their defining features: geographic boundaries, full value chain 
coverage, and multi-sectoral integration.

1.1.2. Spatially resolved and multi-nodal models
Some of the most advanced studies focus on the spatial and infra

structural configuration of hydrogen supply systems. Mendler et al. [8] 
developed the HYSCOPE model, a dynamic, spatially resolved optimi
sation framework that integrates system dynamics with 
techno-economic analysis. Applied to a German case study, it assesses 
the effects of spatial resolution, clustering methods, hydrogen exchange 
mechanisms, and import/export options on performance and cost. This 
model, which uses a non-linear solver, bridges the gap between 
large-scale energy modelling and detailed component-level 
representation.

Similarly, Rosén et al. [9] examined a hydrogen valley formed by 
three Swedish urban nodes, evaluating the benefits of interconnection 
via hydrogen pipelines. Their MILP-based model includes investment 
decisions in infrastructure and models gas dynamics using linearised 
Euler equations, a feature rarely included in hydrogen-focused optimi
sation models. Results highlight the role of spatial coordination in 
lowering costs and improving renewable energy utilisation.

1.1.3. Component-level detail and electrolyser modelling
Other studies emphasise technological detail and component-level 

modelling. Guichard et al. [10] integrated a reversible solid oxide cell 
with an offshore wind farm in PyPSA, introducing variable electrolyser 
efficiency via five discrete points derived from a non-linear curve. 
Though less detailed than continuous piecewise-linear MILP approxi
mations, this remains the only known PyPSA implementation capturing 
load-dependent efficiency.

Dadkhah et al. [11] used a Mixed-Integer Non-Linear Programming 
(MINLP) model to optimise a hydrogen refuelling station system serving 
fuel cell vehicles and participating in electricity markets. The model 
incorporates non-linear electrolyser efficiency, grid tariffs, and reserve 
market dynamics. While not explicitly termed a hydrogen valley, the 
system spans multiple sectors and value chain stages. Results show that 
market participation can reduce hydrogen break-even prices, particu
larly under favourable policy conditions.

1.1.4. Multi-sector integration and valley-scale applications
Several studies examine fully integrated hydrogen valleys across 

multiple end-use sectors. Petrollese et al. [12] assessed a system in 
Cagliari, Italy, serving four applications: a stationary fuel cell, hydrogen 
refuelling station, natural gas grid injection, and biological methana
tion. Developed in Aspen Plus and coupled with techno-economic 
analysis, the model evaluates performance under different renewable 
energy mixes. It is among the few studies including fuel cells as demand 
sources for electric and thermal loads.

Genovese et al. [13] proposed a virtual hydrogen valley in Calabria, 
Italy, with centralised hydrogen production distributed via fuel cell 
hybrid trains to seven refuelling hubs. These serve diverse applications, 
including buses, forklifts, scooters, a ferry and an aircraft. Their model 
integrates dynamic train propulsion simulations, infrastructure sizing, 
and a 10 % hydrogen leakage assumption. Under optimistic conditions, 
an LCOH as low as 5.4 €/kg is achievable, with emissions reductions of 

up to 3.2 ktCO2eq/year and €51 million in health benefits.
Port environments also offer potential for hydrogen ecosystems. 

Conte et al. [14] studied the port of Genova as a multi-energy hub for 
cold ironing, supplying ships with electricity and hydrogen. Their model 
includes Photovoltaic (PV) and wind, Battery Energy Storage System 
(BESS), and a Hydrogen Energy Storage System (HESS) composed of an 
electrolyser, hydrogen tank, and fuel cell. Using a stochastic model 
predictive control approach, the system manages dispatch under un
certainty, based on ship schedules and load profiles. Results show full 
demand coverage, avoided diesel use, and economic gains from shore 
power services.

1.2. Identified gaps and novelty and aim of the work

Despite growing interest, key gaps remain in current modelling. The 
role of stationary fuel cells as dispatchable power sources during 
renewable shortfalls is rarely explored, and hydrogen leakages, despite 
their environmental relevance due to hydrogen’s indirect Global 
Warming Potential (GWP) [15,16], are scarcely included in 
techno-economic assessments.

This study aims at addressing the identified gaps through the 
implementation of the following features: 

• This study is directly aligned with the real-world CRAVE-H2 
hydrogen valley project [17], supporting the decarbonisation of 
Crete through green hydrogen supply to hard-to-abate sectors. The 
techno-economic analysis simulates system operations and evaluates 
key performance metrics to guide project design, deployment, and 
strategic decisions.

• While few studies explore hydrogen valleys serving multiple end 
users, this work assesses the techno-economic feasibility of supplying 
green hydrogen for touristic buses, a vessel, and electricity for port 
cold ironing. It also considers the use of a stationary fuel cell as a 
backup or complementary power source, making it one of the few 
analyses to integrate such a component. This enhances the multi- 
vector nature of the system by extending its role beyond hydrogen 
supply alone.

• This study introduces an innovative methodological contribution by 
implementing a continuous Piecewise Affine (PWA) approximation 
of non-linear, load-dependent performance curves for electrolysers 
and fuel cells within the PyPSA framework [18]. The formulation 
also incorporates modulation limits based on minimum operating 
points, a common feature in MILP environments [19,20]. Achieved 
through a modified network configuration, this approach departs 
from PyPSA’s standard representation of hydrogen technologies. 
While PyPSA is widely used for large-scale energy modelling due to 
its flexibility, open-source nature, and efficient data handling, its 
default components lack detailed resolution for hydrogen systems. 
By integrating PyPSA with the Linopy package [21], this work en
ables greater customisation and accuracy, offering a balance be
tween detail and computational effort.

• Another key contribution of this work is the explicit modelling of 
hydrogen leakages, both intentional (e.g. venting and purging) and 
unintentional (e.g. fugitive emissions), along the entire value chain. 
This feature, largely absent in existing hydrogen system models, al
lows for more comprehensive environmental assessments, particu
larly considering hydrogen’s global warming potential (GWP) and its 
indirect effects on atmospheric chemistry [16]. Beyond environ
mental concerns, the model captures the techno-economic impacts of 
hydrogen losses. In worst-case scenarios, cumulative emissions can 
exceed 10 %, depending on system layout, technology type, and 
operational strategy [15,22], potentially reducing overall efficiency 
and economic performance. Incorporating these effects supports 
more realistic evaluations and highlights the importance of mitiga
tion strategies to reduce emissions and related costs.
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The remainder of this work is structured as follows: Section 2 out
lines the methodology adopted for the modelling of the hydrogen valley, 
detailing the input data used for the case study, as well as the main 
techno-economic and environmental indicators; Section 3 presents and 
discusses the results; while key conclusions are summarised in Section 4.

2. Methodology

This section outlines the modelling methodology for simulating the 
hydrogen valley, which aims at finding the optimal plant configuration 
and sizing as well as the optimal dispatch of energy flows, simulated 
across a yearly horizon with hourly timesteps.

The description will cover the presentation of the case study (Section 
2.1), plant layout (Section 2.2), implementation within PyPSA model
ling framework (Section 2.3), the key objectives and derived KPIs, cat
egorised into techno-economic and environmental indicators (Section 
2.4), the simulated scenarios (Section 2.5), and, lastly, the estimated 
demand profiles together with all the exogenous input data used in the 
optimisation model (Section 2.6).

2.1. Case study overview

This study analyses a hydrogen valley planned in southeastern Crete, 
developed under the EU-funded CRAVE-H2 project [17]. The initiative 
supports the decarbonisation of the island by producing and distributing 
hydrogen for multiple applications, while improving the integration of 
variable renewable energies into the local energy system. The modelled 
hydrogen-based system targets two main end uses: tourism-oriented 
mobility, including fuel cell-powered buses and a vessel, and cold 
ironing for large ships at berth [23].

Given the limited spatial scope of the valley in its initial phase, 
concentrated around a central hub and aggregated local demand, a 
spatially zero-dimensional technical-economic optimisation model was 
developed within a MILP framework.

2.1.1. Energy system in Crete and role of the modelled hydrogen valley
Crete, one of the largest islands in the Mediterranean, has historically 

operated as an isolated energy system. Despite the island’s strong 
renewable potential, particularly in solar and wind power, which could 
theoretically meet its total electricity needs, the integration of renew
able energy remains limited. This is mainly due to the poor stability of 
the grid, which hinders the development of additional renewable 

capacity. As a result, the decarbonisation of Crete depends to a large 
extent on interconnections with external regions [24]. To overcome this 
limitation, a high-voltage interconnection with mainland Greece was 
approved [24–26], with construction recently completed and the line 
now in operation [27].

In the last few years, where the power system has been operated as a 
non-interconnected island, renewables (PV, wind, and hydro) contrib
uted slightly over 20 % of Crete’s annual electricity consumption, which 
totals around 3000 GWh with a peak demand of 710 MW. The rest was 
still met predominantly by oil- and heavy fuel-based power plants [25,
28,29].

In this context, the CRAVE-H2 hydrogen valley not only targets 
emissions reduction in hard-to-abate sectors but also aligns with Crete’s 
broader energy transition strategy. In the near future, it may serve as a 
strategic node for two planned interconnections with Egypt and 
Cyclades archipelago for a large renewable energy harvest [30,31]. 
These future links, however, are not considered in this study, which 
focuses on the short-term assessment of the valley’s current 
configuration.

Moreover, the system is modelled as operating on a non- 
interconnected island. Despite the recent commissioning of the power
line with mainland, assumption enhances the model’s relevance to other 
non-interconnected islands that could benefit from hydrogen-valley 
deployment.

2.1.2. The role of hydrogen in CRAVE-H2 end-use sectors
Within the evolving energy landscape outlined above, hydrogen 

plays a key role in supporting decarbonisation across strategic sectors, 
offering a complementary pathway to renewable electrification. Its use 
is particularly valuable in energy-intensive applications where battery- 
electric solutions face technical or operational limitations.

Hydrogen is widely recognised as a clean fuel with strong potential in 
heavy-duty transport, such as buses and trucks, thanks to its high energy 
density. This enables longer driving ranges and shorter refuelling times 
compared to battery-electric alternatives [1]. However, the large-scale 
deployment of fuel cell technologies in transport remains contingent 
on long-term policy support to ensure economic viability [32].

Beyond road transport, hydrogen is also emerging as a decarbon
isation solution for ports and maritime operations. It offers a cleaner 
substitute for diesel and bunker fuel, both in auxiliary power systems 
and propulsion [33]. Several studies underline the environmental ben
efits and potential cost competitiveness of hydrogen-based marine 

Fig. 1. Scheme of the CRAVE-H2 hydrogen valley model.
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propulsion [34–36].
One relevant application is cold ironing, i.e. supplying electricity 

from shore to docked ships, allowing them to switch off their on-board 
diesel generators. Although effective in reducing port emissions [37,
38], cold ironing requires significant electrical capacity, which can put a 
strain on local grids. This is particularly problematic in areas such as 
Crete, where grid stability remains a major challenge. Furthermore, in 
areas with a carbon-intensive electricity mix, as in the case of Crete, cold 
ironing may offer only limited environmental benefits, also given its 
costly infrastructure requirements [39]. One alternative examined in 
this study involves the use of stationary fuel cells powered by locally 
produced green hydrogen for cold ironing. This approach improves 
environmental performance while reducing dependence on the elec
tricity grid, an important factor in the analysed context.

These considerations are particularly relevant given the economic 
weight of tourism and port activities on the island, which make their 
decarbonisation a strategic priority for Crete’s broader energy 
transition.

2.2. System layout

The modelled system is based on the actual layout of the CRAVE-H2 
valley, reflecting the hydrogen end-uses described in previous sections, 
and includes the following key components: 

• A PV plant and a wind farm, supported by a BESS, forming the 
renewable power generation node;

• Crete’s electric grid, allowing for both import and export of 
electricity;

• A hydrogen production and gaseous storage chain, composed of an 
electrolyser, a Low-Pressure Storage Tank (LPST), a compressor, and 
a High-Pressure Storage Tank (HPST);

• A Hydrogen Refuelling Station (HRS) for end-use distribution, sup
plied by the HPST;

• A stationary fuel cell unit, fed by the LPST.

Fig. 1 illustrates the valley scheme, together with the end uses of 
hydrogen and electricity. Further details on demand profiles are pro
vided in Section 2.6.1.

To minimise the use of grid electricity, which remains largely reliant 
on fossil fuel-based generation, and thereby reduce associated CO2-eq 
emissions, the system employs hybrid storage solutions, namely the 
BESS and the LPST buffer connected to the fuel cell, to meet the electric 
demand during periods of low renewable generation. The model’s reli
ance on grid electricity or storage is driven by its optimisation objec
tives: it tends to favour grid use based on purely economic perspectives, 
while shifting toward storage solutions when environmental constraints 
are imposed. Moreover, excess energy from renewable generators can be 
sold to the grid to improve the profitability of the system. Finally, spe
cific hydrogen leakage rates are associated to several components, 
namely the electrolyser, the compressor, the HRS, the two storage tanks 
and the fuel cell.

2.3. Modelling implementation in PyPSA

The model is developed within a MILP framework, using the Python- 
based library PyPSA [18], which is originally formulated for LP. To 
accommodate mixed-integer features, PyPSA is coupled with the Linopy 
library [21].

The system is modelled using PyPSA’s standard component formu
lations [40], where core elements such as buses, links, and storage units 
were implemented according to the native definitions provided by the 
tool.

However, specific adaptations are introduced for the electrolyser and 
fuel cell components to more accurately represent their technical 
behaviour and operational constraints within the hydrogen valley 

context. These custom features are described in the following 
subsections.

The PyPSA default components are employed as follows: 

• Generators: representing the PV field, wind farm, and the electricity 
grid;

• Links: modelling the electrolyser, fuel cell, pipelines, powerlines, 
compressor, and HRS dispenser;

• Stores: representing LPST and HPST;
• Storage Units: representing the BESS.

The objective function is formulated to minimise the total annualised 
cost CA,tot (in M€/year) of the system, as follows: 

fobj =min
{
CA,tot

}
(1) 

The CA,tot parameter is calculated as the sum of the annualised cost 
contributions from all i-th components: 

CA,tot =
∑

i
CNPCi =

∑

i

(
CCAPEXi ⋅ CRFi +CFOMi +CVOMi +CARCi

)
(2) 

The various contributors appearing in Eq. (2) are defined as: 

CCAPEXi = cCAPEXi ⋅ Si (3) 

CRFi =
r

1 − (1 + r)− ni (4) 

CFOMi = cFOMi ⋅ Si (5) 

CVOMi =
∑T

t
cVOMi ⋅ Pi(t) ⋅ Δt (6) 

CARCi =

(

cRCi ⋅
∑

RYi

r
1 − (1 + r)− RYi

)

⋅Si (7) 

where: 

• cCAPEXi is the specific investment cost for component i, in €/kW for 
most components and in €/kWh for storage units (BESS, LPST and 
HPST). The total Capital Expenditure (CAPEX) for component i, 
CCAPEXi , is obtained by multiplying cCAPEXi by the installed component 
size Si.

• cFOMi is the specific fixed Operation and Maintenance (O&M) cost, 
typically expressed as a percentage of the capital cost. The resulting 
fixed O&M cost is denoted as CFOMi .

• cVOMi (t) is the variable O&M cost, which depends on the energy flow 
and thus varies over time. To compute the total cost contribution 
CVOMi , the specific cost is multiplied by the total energy consumed, 
which is obtained by integrating the power profile Pi(t) over time 
steps Δt across the entire time horizon T (set to 8760 h). This cost 
term is used in the model to account for electricity purchases from 
the grid.

• CRF is the capital recovery factor, used to annualise capital and 
replacement costs. It is a function of the interest rate r and the 
component lifetime n (in years).

• CARCi represents the annualised replacement costs, which is non-zero 
only for the electrolyser, fuel cell and BESS. This term accounts for 
the replacements of the stack (for the electrolyser and fuel cell) and 
module (for the BESS) occurring during the project lifetime. It is 
calculated based on the replacement year RYi of component i and the 
specific stack/module replacement cost cRCi , expressed as a per
centage of the component’s specific capital cost. Under current as
sumptions, stack replacements for the electrolyser and fuel cell are 
scheduled to occur twice during the project lifetime, every 7 years, 
while the BESS is assumed to be replaced once, in year 10.
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The terms CFOMi , CVOMi and CARCi constitute together the total 
Operational Expenditure (OPEX) of each component i.

Given the objective function (i.e., minimisation of the total annual
ised cost), the optimisation computes the cost-optimal hourly dispatch 
that meets all demands while sizing all components. No exogenous ca
pacity bounds are imposed, meaning that all components can be freely 
invested in at the size that best serves the cost-minimisation objective.

It should be noted that the objective function is formulated without 
accounting for revenues from excess electricity export. This approach is 
intended to discourage disproportionate investments in renewable ca
pacity that would otherwise prioritise electricity export over hydrogen 
production and cold ironing supply. To assign a value to excess renew
able energy, treated as curtailed from the optimisation perspective, a 
post-processing step multiplies this amount by a fixed price, simulating 
its sale to the grid in accordance with the current Greek Feed-in Tariff 
(FIT) scheme for RES plants on non-interconnected islands such as Crete 
[41]. This method enables a realistic economic valorisation of surplus 
renewable energy without influencing the optimisation process of the 
hydrogen-centred energy system, as also applied in Ref. [42].

2.3.1. Electrolyser and fuel cell modelling
The reduced spatial scope of the model compared to typical PyPSA 

applications shifted the focus to a higher level of detail in the repre
sentation of key components of hydrogen conversion, namely the elec
trolyser and stationary fuel cell.

In standard PyPSA models, these components are represented using 
“link” elements, which assume a fixed conversion efficiency. However, 
actual electrolysers and fuel cells exhibit non-linear efficiency curves 
that vary with the input power. Furthermore, their operation typically 
excludes very low partial load conditions (usually below 5 %–20 % of 
rated power), where it is more efficient to shut down the unit rather than 
operate inefficiently [43].

Capturing these features required the introduction of binary vari
ables, thus moving from the default LP formulation of PyPSA to a MILP 
framework. This is enabled by integrating the PyPSA network into a 
Linopy model, which allows retrieval of variables and the addition of 
custom constraints.

To represent the variable efficiency behaviour, a PWA linear 
approximation is developed, as described in Ref. [19]. Specifically, for 
the electrolyser, a five-segment PWA linearization is adopted, based on a 
MW-scale system already applied in Ref. [42], while fuel cell perfor
mance curve and modulation range are assumed as in Ref. [19].

A complete description of the adapted modelling approach, 
including the mathematical formulation and set of constraints, is pro
vided in Section S1 of the Supplementary Material.

2.3.2. Modelling implementation of hydrogen leakages
Another novelty introduced in this study is the implementation 

within the model of both intentional and unintentional hydrogen leak
ages across the value chain.

Leakage rates currently reported in the literature are subject to sig
nificant uncertainty, mainly due to the scarcity of experimental mea
surements, which would require high-precision sensors that are not yet 
commercially available. To address this uncertainty, each simulation 

was run twice, assuming the lowest and highest emission rates reported 
in Ref. [15]. Accordingly, the main results are presented as ranges or as 
average values with associated error bands.

The technical implementation of the leakage modelling into the 
system structure is detailed in the Appendix B section.

The assumed leakage rates for each component of the hydrogen 
value chain are summarised in Table 1.

2.4. Indicators

The optimisation results primarily provide the optimal sizing of 
system components and the optimal dispatch of energy flows across all 
timesteps. Based on these outputs, a set of Key Performance Indicators 
(KPIs) is derived to assess the system’s behaviour and its competitive
ness from both techno-economic and environmental perspectives.

2.4.1. Techno-economic indicators

• Electrolysis renewable share (RSEL, in %), reflecting the amount of 
renewable power input over the total electricity supplied to the 
electrolyser.

RSEL =

∑T

t

(
PEL,RES(t)⋅ Δt

)

∑T

t

( (
PEL,RES(t) + PEL,grid(t)

)
⋅ Δt

)
(8) 

where PEL,RES(t) and PEL,grid(t) represent the power supplied to the elec
trolyser at time step t by the renewable block (PV, wind farm and BESS) 
and the electric grid, respectively. These values are integrated over the 
entire time horizon T = 8760 hours to compute the total energy supplied 
from each source. 

• Levelised Cost of Hydrogen (LCOH, in €/kgH2). It is typically calcu
lated as a key indicator to assess the cost-effectiveness and economic 
competitiveness of hydrogen systems, enabling straightforward 
comparisons across different configurations. However, in a multi- 
vector system such as the one modelled here, applying the conven
tional formulation would lead to a significant overestimation. This is 
because the full cost contributions from power generation assets, 
sized to meet both electricity and hydrogen demands, would be 
entirely attributed to hydrogen production. To address this, an 
adjusted formulation is proposed, wherein the cost contributions 
from renewable generators and the electric grid are weighted ac
cording to the share of energy actually supplied to the electrolyser 
relative to their total production. Additionally, the total leaked 
hydrogen amount MH2,leaked is subtracted from the produced quantity 
MH2,produced to account economically for emission losses.

LCOH=
NPCRES ⋅ESRES + NPCgrid ⋅ESgrid + NPCH2,value chain

MH2,produced − MH2,leaked

(9) 

where NPCRES is the aggregated term for the renewable block (PV, wind 
farm, and BESS), which includes annualised costs and the revenues from 
selling curtailed electricity under the FIT scheme (counted as negative 
costs), as explained in Section 2.3. NPCgrid accounts for the electricity 
purchases from the grid, while NPCH2,value chain encompasses all expenses 
associated with the electrolyser, LPST and HPST, compressor and HRS. 
The costs associated with the fuel cell are excluded from this formula
tion, as this component is linked to electricity supply and not to 
hydrogen production. The term ESi denotes the electrolysis share of 
generator i (with i = RES, grid) and is calculated as follows: 

Table 1 
Upper and lower leakage rate (% mass) estimates by component [15].

Component Lower leakage rate [%] Upper leakage rate [%]

Electrolysera 0.1 % 9.2 %
Compressorb 0.14 % 0.27 %
HRSb 1 % 3 %
Storage tanksc 0.005 %/h 0.01 %/h

a % referred to the output flow.
b % referred to the input flow.
c % referred to of the amount of hydrogen stored per hour [44].
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ESRES =
EEL,RES

ERES
=

∑T

t

(
PEL,RES(t)⋅ Δt

)

∑T

t
(PRES(t)⋅ Δt)

(10) 

ESgrid =
EEL,grid

Egrid
=

∑T

t

(
PEL,grid(t)⋅ Δt

)

∑T

t

(
Pgrid(t)⋅ Δt

)
(11) 

where PRES(t) and Pgrid(t) represent the total power output at time step t 
from the renewable block and the grid, respectively. These quantities are 
integrated over the full time horizon to compute Ei, i.e., the total yearly 
energy supplied by generator i. 

• Aggregated Levelised Cost of Energy (LCOE, in €/kWh). To provide a 
unified techno-economic indicator for the entire hydrogen valley 
system, an aggregated Levelised Cost of Energy (LCOE) is introduced, 
similarly to what Moccia calculated as Levelised Cost of System 
(LCOS) in Ref. [45]. This metric captures the overall cost of sup
plying both electricity and hydrogen. The LCOE is defined as:

LCOE=
NPCtot

Eelectricity +
(

EH2,produced − EH2,leaked

) (12) 

where Eelectricity is the total electric energy supplied to the load, while 
EH2,produced and EH2,leaked represent the energetic content of produced and 
leaked hydrogen based on the Lower Heating Value (LHV). 

• Electric load coverage (ELCi, in %). To evaluate how the electric load 
is distributed among different sources, the electric load coverage ELC 
is calculated for each generator or group i, according to the following 
formulation:

ELCi =
Eelectricity,i

Eelectricity
(13) 

where Eelectricity,i is the amount of electricity supplied to the load by 
generator or group i, while the subscript i refers to the renewable block 
(PV, renewable and BESS), the electric grid, and the fuel cell.

2.4.2. Environmental indicators

• Hydrogen Carbon Intensity (CIH2, in kgCO2-eq/kgH2). The environ
mental impact in terms of CO2-equivalent emissions associated with 
the consumption of grid electricity is estimated by assuming the 
average carbon intensity of the Cretan electric grid CIgrid, equal to 
650 gCO2-eq/kWh [29], which is significantly higher than the national 
average for mainland Greece (206 gCO2-eq/kWh [46]). Consequently, 
the monitoring of carbon emissions associated with hydrogen pro
duction via grid-connected electrolysis becomes particularly impor
tant, especially in contexts where the emission intensity of the grid 
remains high. Accordingly, the carbon intensity of the produced 
hydrogen is defined as the ratio between the total CO2-equivalent 
emissions and the net amount of available hydrogen, calculated as 
the total hydrogen production minus the amount lost through 
emissions:

CIH2 =
CIgrid ⋅Egrid ⋅ESgrid

MH2,produced − MH2,leaked
(14) 

• Hydrogen Emissions (HE, in t). Since the environmental impact of a 
hydrogen valley is not limited to CO2-eq emissions associated with 
grid electricity use, but also includes climate-altering hydrogen 
emissions, this aspect is assessed by estimating the potential range of 
hydrogen released across the system. Hydrogen emissions are 

calculated based on the hydrogen mass flow rate and the leakage 
rates associated with the electrolyser, compressor, HRS and fuel cell. 
For the two storage tanks, emissions are evaluated as standing losses 
at each timestep, and thus depending on the Level of Hydrogen 
(LOH) stored.

The total hydrogen emissions HE are calculated as: 

HE=
∑T

t

(
∑

i

(
LRi ⋅ ṁH2,i(t)

)
+
∑

j

(
LRj ⋅ LOHj(t)

)
)

⋅ Δt (15) 

where ṁH2,i(t) is the hydrogen mass flow rate processed by component i 
(with i = electrolyser, compressor, HRS, fuel cell) at timestep t, LRi is the 
leakage rate associated with component i, LOHj(t) is the level of 
hydrogen stored in tank j at timestep t, and LRj is the leakage rate per 
hour for storage tank j at timestep t, with j referring to LPST and HPST. 
Total emissions are computed by integrating the hourly losses through 
the full time horizon T = 8760 hours. 

• Relative Hydrogen Loss (HE, in %). Defined as the ratio of hydrogen 
losses due to leakage across the entire value chain (MH2,leaked) over 
the total hydrogen produced (MH2,produced):

RHL=
MH2,leaked

MH2,produced
(16) 

The detailed methodology used to calculate MH2,leaked is provided in 
the Appendix section.

2.5. Scenarios

The optimisation is performed based on a cost minimisation objec
tive, as shown in Eq. (1), with additional environmental constraints 
incorporated to evaluate the performance of the hydrogen valley under 
various conditions.

Different scenarios are investigated: 

• First, a baseline scenario without CO2 constraints is simulated to 
determine the optimal economic configuration. Assuming therefore 
no limitations on greenhouse gas emissions, it serves as a benchmark 
for assessing system performance in the absence of environmental 
constraints. Average values of hydrogen leakage rates are assumed.

• The resulting grid-related CO2-eq emissions are then used as a 
reference for a sensitivity analysis assuming CO2-eq-constrained 
scenarios, in which progressively stricter emission limits are applied, 
reducing allowable emissions in 10 % increments, up to a fully 
decarbonised scenario. Each sensitivity analysis scenario is run twice 
with the upper and lower limits of the hydrogen emission estimates 
to assess the impact of this variability on the KPIs.

2.6. Demand estimation and input data

To exploit the cross-sectoral potential of hydrogen valleys, the 
modelled system is designed to serve different types of energy demand, 
acting as a flexible hub connecting different end users. Hydrogen is 
supplied to a fleet of three fuel cell-powered touristic buses and a fuel 
cell-powered passenger ship (Section 2.6.1). In addition, the system 
includes an electricity demand profile associated with cold ironing op
erations for large merchant ships docked at port (Section 2.6.2). These 
applications reflect hydrogen’s growing role as a clean energy carrier in 
the transport and maritime sectors.

2.6.1. Hydrogen demand
The bus fleet is composed of three coaches, each covering a daily 

mission of approximately 700 km. This results in one refuelling per bus 
per day, with a hydrogen consumption of about 50 kg, assuming a tank 
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capacity of 60 kg of hydrogen per coach and a specific consumption of 7 
kg H2 per 100 km [47].

Regarding the ship load, a demand profile is derived from a previous 
study conducted as part of the CRAVE-H2 project [48]. The scenario 
assumes the replacement of a 0.6 MW diesel engine with a fuel cell 
system operating at 50 % efficiency, leading to an hourly hydrogen 
consumption of approximately 36 kg. Additional details regarding the 
trips and refuelling scheduling are provided in Table 2, while Fig. 2 il
lustrates the hourly refuelling profile for a representative day during the 
tourist season.

2.6.2. Electricity demand
The model incorporates an electricity demand profile representing 

cold ironing operations for large ships docking at the port. It is assumed 
that the hydrogen valley supplies electricity to the port authority, with 
the renewable supply either supported by a hybrid storage system (fuel 
cell and BESS) or supplemented by grid electricity during renewable 
shortfalls, as shown in Fig. 1.

Consistent with the modelling of the passenger ship’s hydrogen de
mand, the cold ironing demand profile is developed using data provided 
by CRAVE-H2 project partners and detailed in Ref. [47]. Specifically, 
monthly energy requirements are estimated using methodologies 
established in the literature [14,49], and based on publicly available 
data from the Heraklion Port Authority. From this baseline, a weekly 
electricity demand profile is constructed and normalized to reflect the 
estimated monthly energy consumption, as illustrated in Fig. 3.

2.6.3. Input data
This section presents all the exogenous input data used in the model, 

summarising data provided by the CRAVE-H2 project consortium and 
assumptions derived from the literature. All the data are listed in 
Table 3.

3. Results

3.1. Base scenario

First, the unconstrained CO2-eq scenario, referred to as the base 
scenario, is examined with the objective of identifying the purely 
techno-economic optimal configuration of the plant.

Given the wide uncertainty in hydrogen leakage rates reported in the 
literature, the base scenarios adopt average values between the upper 

Table 2 
Assumptions for H2 demand estimations.

Parameter Value

Bus fleet
Fleet size 3 coaches
Operating period Full year
Tank capacity (per coach) 60 kgH2

Specific consumption (per coach) 0.07 kgH2/km
Daily mission (per coach) 700 km
Trips per day 1
Refuelling frequency 1 per day per coach
Total H2 demand 150 kgH2/day

Passenger ship
Fleet size 1 ship
Operating period From 1 May to 31 October
Specific consumption 36 kgH2/h
Trip duration 2 h
Trips per day 2
Refuelling frequency 2 per day
Total H2 demand 144 kgH2/day

Fig. 2. Daily hydrogen refuelling demand during touristic season (from May 1 to October 31).

Fig. 3. Cold ironing electrical demand, a) Monthly demand estimates [48], b) normalized weekly profile.
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and lower estimates. The optimal system sizing resulting from this base 
scenario is presented in Fig. 4 and Table 4.

It is evident that the optimisation process chooses to not invest in 
storage solutions besides the HPST, which is used to supply the HRS. 
Therefore, the system strongly depends on the electric grid supply rather 
than exploiting renewable energy storage options based on the BESS and 
the LPST, the latter being closely linked to the use of fuel cells.

During the peak hydrogen demand period, which runs from May to 
October when touristic ferries are in operation, the electrolyser operates 
at nominal capacity, as can be noted in Fig. 5. In this phase, the electric 
grid plays a critical role in stabilising the power supply by compensating 
for the variability of renewable generation. As a result, grid electricity 
accounts for more than 67 % of the electrolyser’s total energy input on a 
yearly basis. With a renewable share of slightly less than 33 %, the 
produced hydrogen exhibits a high carbon intensity of just above 27 
kgCO2-eq/kgH2. This finding aligns with the IEA’s Global Hydrogen Re
view [1], which states that every 100 gCO2-eq/kWh of electricity results 
in approximately 5 kgCO2-eq/kgH2. Consequently, when large shares of 
high-carbon grid electricity are used, as in Crete where the grid intensity 
approaches 700 gCO2-eq/kWhe, the carbon footprint of electrolytic 
hydrogen exceeds that of hydrogen produced from unabated natural gas.

From an economic perspective, the system demonstrates satisfactory 
competitiveness, yielding an LCOH of 6.47 €/kgH2, a value consistent 
with findings from other LCOH studies focused on HRSs [69,70]. 
Additionally, the aggregated LCOE is estimated at 75.54 €/MWh. As 
discussed in Section 2.4.1, few studies have conducted levelised cost 
analyses for multi-vector energy systems, which introduces a degree of 
uncertainty when benchmarking economic performance. Nevertheless, 
the result aligns with the findings of Moccia [45], who reported LCOE 
values ranging from 55 to 119 €/MWh, depending on assumptions 
regarding the integration of renewable and nuclear energy sources in a 
dual electricity-hydrogen supply configuration.

The main KPIs from the base scenario simulation are summarised in 
Table 5.

3.2. CO2-eq-constrained scenarios

When CO2 emissions caps are imposed, the system configuration 
undergoes significant changes, particularly as the fully zero-carbon 
condition is approached. In this scenario, the restriction on the use of 
grid electricity (due to the associated carbon intensity) drives substan
tial investments across all storage technologies, as well as in signifi
cantly larger renewables capacity. As shown in Fig. 6, reporting average 
values of hydrogen leakage rates, notable capacity increases are 
observed in both the PV-BESS and fuel cell-LPST systems. Special 
attention should be given to the latter, where the fuel cell capacity 

Table 3 
Input data used in the model.

Value Ref.

Photovoltaic
Power availability 2019 capacity factor timeseries in 

valley’s site (Atherinolakkos)
[50]

CAPEX 650 €/kW [51]
OPEX (annual) 2 % of CAPEX [52]
FIT selling price 63 €/MWh [41]
Lifetime Project lifetime ​

Wind farm

Availability 2019 capacity factor timeseries in 
valley’s site (Atherinolakkos)

[53]

CAPEX 1120 €/kW [51]
OPEX (annual) 3 % of CAPEX [42]
FIT selling price 72 €/MWh [41]
Lifetime Project lifetime ​

Electric grid

Purchase price 2019 Greece retail electricity 
time series (0.06382 €/kWh 
average)a + 0.001 €/kWhb

[55]

Connection cost 200 €/kW [56]
Carbon intensity 650 gCO2-eq/kWh [29]

Battery storage

CAPEX (module + BOP) 306 €/kW [57]
OPEX (annual) 2 % of CAPEX [58]
Replacement cost 

(module)
50 % of CAPEX [58]

Lifetime of module 10 years [58]
Lifetime of BOP Project lifetime ​
Charging efficiency 95 % [58]
Discharging efficiency 95 % [58]
Min. SOC 20 % [58]
Max. SOC 100 % [58]
C-rate 1C ​

Electrolyser

CAPEX (stack + BOP) 1188 €/kW [59]
OPEX (annual) 3 % of CAPEX [42]
Efficiency PWA of efficiency curve [42]
Modulation range 5–100 % (of nominal power) [43]
Replacement cost 

(stack)
30 % of CAPEX [60]

Lifetime of stack 65000 h (2 replacements during 
lifetime)

[61]

Lifetime of BOP Project lifetime ​

Hydrogen compressor

CAPEX 330 €/kWH2 (11000 €/(kgH2/h)) [62]
OPEX (annual) 2 % CAPEX [63]
Electric consumption 

(compression from 30 
to 350 bar)

1.52 kWe/kgH2 [64]

Lifetime Project lifetime ​

Fuel cell

CAPEX 2000 €/kW [65]
OPEX (annual) 3 % of CAPEX [66]
Efficiency PWA of efficiency curve [19]
Modulation range 5.8–100 % (of nominal power) [19]
Replacement cost 

(stack)
46 % of CAPEX [66]

Stack lifetime 65,000 h (2 replacements during 
lifetime)

[61]

Lifetime of BOP Project lifetime ​

Hydrogen storage tanks

CAPEX 500 €/kgH2 for LPST (type I 
storage) 
1100 €/kgH2 for HPST (type III 
storage)

[67]

OPEX (annual) 2 % of CAPEX [63]
Min. LOH 20 % ​
Max. LOH 100 % ​

Table 3 (continued )

Value Ref.

Operating pressure 30 bar for LPST, 350 bar for HPST Project data
Lifetime Project lifetime ​

Hydrogen refuelling station

CAPEX 650 €/kW Combination of 
[68] and project 
data

OPEX 2 % of CAPEX [68]

Other assumptions

Project lifetime 20 years ​
Discount rate 5 % ​

a The hourly electricity retail price trend in 2019 is provided in section S2 of 
the Supplementary Material.

b A constant tariff, provided by project partners [54], is added to the hourly 
wholesale electricity price to account for service charges, dispatching costs, 
taxes, and other regulatory fees. This adjustment also reflects the higher elec
tricity production costs in Crete compared to mainland Greece.
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exceeds that of the electrolyser, and the optimal sizing of the LPST 
reaches over 8000 kg of hydrogen.

From the generation side, the model reveals a shift in investment 
preference toward PV systems over wind turbines as BESS capacity in
creases. This trend suggests that the optimisation process leverages the 
cost advantages of solar energy, which, when coupled with sufficient 
storage, becomes more economically attractive than wind power under 
constrained emission scenarios.

It should be noted that different hydrogen leakage rate estimates can 
influence the optimal sizing of system components. Higher leakage rates 
may lead to slight oversizing of certain components to compensate for 
increased hydrogen losses and maintain supply reliability. However, this 
impact is generally limited, with most components exhibiting size var
iations of less than 6 % between the lowest and highest hydrogen 
leakage scenarios.

The imposition of CO2-eq emission caps has a significant impact on 
the system’s total costs, as illustrated by the LCOH and LCOE trends in 
Figs. 7 and 8, respectively. These figures highlight the contribution of 
each system component to the total cost, along with the revenues from 

excess renewable energy valorised through the FIT scheme, which are 
represented as negative costs reducing the overall value. To better 
capture the variability introduced by hydrogen emissions, the results are 
shown as average values between scenarios with the lowest and highest 
leakage rates, with error bands representing the full uncertainty range.

Competitive LCOH values, ranging from 5.36 to 8.21 €/kgH2, are 
achieved in all scenarios except for the fully decarbonised one, where 
the average cost sharply increases to around 15 €/kgH2. This is mainly 
due to the substantial investment required for the LPST, which is closely 
tied to the operation of the fuel cell and significantly impacts overall 
cost-effectiveness.

As the system transitions toward zero-carbon configurations with 
increasing renewable capacity, the revenues from excess electricity, 
represented by negative cost contributions, play an important role in 
mitigating the rise in investment costs. In this context, the FIT applicable 
to non-interconnected islands such as Crete [41] becomes a key factor. 
The most favourable outcome is observed in the 60 % CO2 cap scenario, 
with LCOH values of 5.36 and 5.73 €/kgH2 for the lowest and highest 
hydrogen leakage assumptions, respectively. Nevertheless, FIT revenues 
alone are insufficient to keep the LCOH below the 10 €/kgH2 threshold in 
the fully decarbonised scenario, highlighting the need for additional 
support mechanisms and related incentives.

As observed in Fig. 7, the total LCOH trend (including excess elec
tricity revenues) is not strictly monotonic: more stringent CO2-eq con
straints lead to slight cost reductions before rising again in the fully 
decarbonised scenario. This behaviour is driven by two main factors. 

Fig. 4. Optimal sizes in the base scenario assuming average H2 leakage rate values: a) Capacity referred to input flow; b) Capacity referred to storing size.

Table 4 
Optimal components sizes in the base scenario with average H2 leakage rate 
values.

Optimal sizes

Component Size Unit of measurement

PV 2283 kW
Wind 1705 kW
Grid connection to electrolysis 702 kW
Grid connection to electric demand bus 3424 kW
Electrolyser 702 kW
Fuel cell 0 kW
Battery 0 kWh
Compressor 12 kgH2/h
HRS dispenser 72 kgH2/h
LPST 0 kgH2

HPST 201 kgH2

Fig. 5. Efficiency (a) and operating point (b) of the electrolyser across the year in the base scenario.

Table 5 
KPIs from the base scenario simulation (assuming 
average H2 leakage rate values).

Indicator Result

RSEL 32.41 %
CIH2 27.1 kgCO2-eq/kgH2

LCOH 6.47 €/kgH2

LCOE 75.54 €/MWh
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First, the multi-vector structure of the demand supplied by the valley 
leads the optimisation process to minimise the total system cost across 
all energy carriers, rather than focusing on each vector individually. As a 
result, in the unconstrained scenario, the model may prioritise the 
cheapest overall electricity supply strategy, even if it results in slightly 
higher hydrogen production costs. Second, the revenues from excess 
renewable energy, calculated post-optimisation, reveal cost-optimal 
configurations at intermediate CO2-eq constraint levels, resulting in a 
balanced mix of grid electricity and renewable capacity. Without ac
counting for these revenues, the LCOH would exhibit a more predict
able, monotonic increase. This effect is more clearly illustrated in Fig. 8, 
which shows the evolution of the aggregated LCOE. When focusing only 

on the positive cost contributions (i.e. excluding FIT revenues), a 
consistent upward trend emerges. Notably, the lowest aggregated LCOE 
occurs under stricter CO2-eq caps than the LCOH minimum, with the 
most cost-effective configuration reached at a 30 % CO2-eq emissions 
level, reflecting the key role of the excess renewable energy sales when 
increasing PV, wind and BESS capacities.

The variability introduced by hydrogen emissions is less pronounced 
than in the LCOH results, as indicated by the narrower error bands. This 
result is expected, as the impact of hydrogen losses is mitigated when 
assessing the feasibility of the overall system costs, which also includes 
electricity supply.

Shifting the focus from hydrogen to electricity demand, it is worth 

Fig. 6. Optimal sizes in CO2-eq emissions cap sensitivity analysis assuming average H2 leakage rate values: a) Process flow components; b) Storage components.

Fig. 7. LCOH across the various CO2-eq emissions-constrained scenarios, assuming average H2 leakage rate values with error bands reflecting lowest and high
est estimates.

Fig. 8. Aggregated LCOE for the techno-economic assessment of the entire system with increasing CO2-eq emission caps, assuming average H2 leakage rate values 
with error bands reflecting lowest and highest estimates.
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examining how the electric load is met by the various system compo
nents. Fig. 9 illustrates the share of electricity supplied by renewable 
generators and battery, the electric grid, and the fuel cell, under the 
assumption of the average hydrogen leakage rate. As shown, the large 
share of grid electricity in the base scenario is gradually replaced by 
growing contributions from renewables and BESS as the CO2-eq emis
sions cap tightens. The fuel cell, by contrast, contributes marginally in 
the 20 %, 10 % and fully decarbonised scenarios. This limited role re
flects its poor cost-effectiveness, primarily due to the low round-trip 
efficiency of converting electricity into hydrogen and back into 
electricity.

3.3. Hydrogen emissions

For a comprehensive environmental assessment of the modelled 
system, hydrogen leakages must also be considered. Fig. 10 presents the 
total hydrogen emissions across the sensitivity scenarios, both in 

absolute terms and as a percentage of total hydrogen produced.
The amount of leaked hydrogen remains relatively constant across 

the scenarios, particularly in relative terms, except for the fully deca
rbonised scenario where a marked increase is observed. This spike is 
primarily due to the substantial expansion of the LPST, whose leakage is 
directly proportional to the quantity of stored hydrogen.

The wide variability observed in the emission ranges, as discussed in 
Section 2.4, is mainly caused by the limited availability of experimental 
data in the literature. It can be noted that the electrolyser is the domi
nant source of this uncertainty, largely due to the potential inclusion of 
purging operations [22]. These, along with venting, are classified as 
intentional emissions and differ from other leakage events, which are 
typically unintentional, such as permeation losses in storage systems. A 
more detailed breakdown of emission losses along the hydrogen value 
chain is provided in Fig. 11, referring to an average emissions estimate 
under the fully decarbonised scenario.

It is important to emphasise that the quantification of hydrogen 
emissions presented in this work should not be interpreted as an exact 
prediction of leakage levels, but rather as an indication of the potential 
scale of losses under different conditions, ranging from favourable to 
unfavourable. The intention is to encourage stakeholders to proactively 
consider investments in leakage monitoring and prevention systems, 
such as the deployment of high-precision sensors along the hydrogen 
value chain. In addition, careful handling of electrolysers is crucial, in 
particular acting on purging events, which are often cited in the litera
ture as being mainly responsible for hydrogen leakage, by reducing them 
and recombining the expelled hydrogen. With proper mitigation stra
tegies, total hydrogen emissions can be kept below 2 % of total pro
duction even in a zero-carbon scenario, as shown in Fig. 10.

4. Conclusions

A techno-economic optimisation model, developed within a MILP 

Fig. 9. Electric load coverage assuming average H2 leakage rate values with 
increasing CO2-eq emission caps.

Fig. 10. Lowest and highest possible hydrogen emissions amounts in the CO2-eq emission caps sensitivity analysis. a) Absolute quantity; b) Relative quantity to 
total production.

Fig. 11. Hydrogen losses across the value chain in fully decarbonised scenario assuming average values of leakage rates. Losses in the fuel cell are excluded, as they 
relate to electricity use rather than hydrogen demand.
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framework, was designed to assess the performance of a hydrogen valley 
currently under construction in southeastern Crete, supplying both 
hydrogen and electricity for tourism-oriented mobility and cold ironing 
of large ships at berth. To enhance the technical realism of key com
ponents, a customised modelling configuration for electrolysers and fuel 
cells was implemented in PyPSA, combined with Linopy for greater 
flexibility. In particular, this novel approach enables the representation 
of a continuous PWA approximation of the non-linear efficiency curves, 
while also accounting for modulation limits imposed by minimum 
operating thresholds, a level of detail not typically supported in default 
PyPSA implementations.

To ensure a more comprehensive evaluation, the model also in
corporates estimates of hydrogen leakage rates as reported in the liter
ature, providing the basis for further GWP calculations (through the 
quantification of potential atmospheric hydrogen release) and the eco
nomic consequences of losing a non-negligible share of the produced 
hydrogen along the value chain.

Finally, the sale of excess renewable energy is calculated post- 
optimisation to avoid diverting the capacity planning focus away from 
hydrogen production. This is done under the assumption of a favourable 
FIT scheme applicable to RES systems in non-interconnected areas of 
Greece.

The system was tested under a range of operational scenarios, 
beginning with a baseline case without CO2-eq emission constraints, 
which served as a reference point for a sensitivity analysis. This analysis 
progressively introduced tighter CO2-eq emission caps, ultimately 
leading to a fully decarbonised configuration.

The main conclusions drawn from this modelling effort can be 
summarised as follows: 

• When revenues from excess renewable energy are excluded, the 
system favours grid-dependent configurations to minimise costs. 
Although this approach yields competitive techno-economic in
dicators, it does not meet decarbonisation standards. In the uncon
strained scenario, hydrogen production results in a carbon intensity 
of approximately 27 kgCO2-eq/kgH2, exceeding the 10–12 kgCO2- 
eq/kgH2 benchmark for natural gas-based hydrogen.

• Imposing emission caps reshapes the system layout, with fully dec
arbonised scenarios requiring high investments in renewable and 
storage capacity. These changes significantly raise costs, particularly 
due to fuel cell inefficiencies. Nevertheless, favourable FIT schemes 
available in non-interconnected regions like Crete help offset costs, 
maintaining LCOH between 5.36 and 8.21 €/kgH2 across most sce
narios. In the fully decarbonised case, LCOH rises to around 15 
€/kgH2 (average between leakage scenarios), underlining the need 
for complementary incentives.

• The inclusion of FIT revenues substantially improves system per
formance, both economically and environmentally. This compensa
tion mechanism incentivises larger renewable installations and shifts 
the cost-optimal configuration (in terms of LCOE) from the uncon
strained case to a configuration emitting 70 % less CO2-eq emissions.

• Fuel cells prove to be a useful backup in off-grid scenarios, com
plementing BESS to address renewable shortages. However, due to 
their low round-trip efficiency, their viability is closely linked to a 
market environment characterised by targeted incentives for feeding 
electricity into the grid, which are currently absent in Greek legis
lation, and considerable volatility in electricity prices. Future work 
could explore appropriate FIT levels to support these applications.

• Hydrogen emissions, particularly those from purging and venting, 
should be taken into account in both environmental and cost as
sessments. Fully decarbonised layouts show slightly higher losses (up 
to 12.28 % in worst-case scenarios, compared to 9.8 % in uncon
strained scenarios) due to storage oversizing. These results highlight 
the importance of investing in hydrogen emission monitoring sys
tems and optimising electrolyser operation. With mitigation strate
gies, leak rates could realistically remain below 2 %, even in 
configurations with high renewable energy content.

Limitations of this study include its zero-dimensional spatial reso
lution, which prevents the assessment of hydrogen transport costs. 
While these are expected to be minimal due to the limited geographical 
scope of the hydrogen valley in its initial phase, their exclusion remains 
a modelling simplification. Future work will expand the spatial dimen
sion to a regional scale to assess how the geographic distribution of value 
chain elements affects both performance and cost.

Moreover, in the absence of explicit temporal/conditional re
strictions in the referenced FIT documentation, all curtailed RES energy 
is treated as FIT-eligible, representing a best-case revenue estimate. 
Future work should test alternative eligibility rules (e.g., time-of-day 
filters) and, if needed, conduct a system-wide market analysis for 
Crete to capture congestion-related constraints. This, in turn, would 
provide a basis for examining how hydrogen valleys interact with local 
networks, particularly their potential contribution to ancillary services 
and balancing markets.
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Appendix B 

Modelling implementation of hydrogen leakages

Hydrogen emissions, both intentional and unintentional, are modelled by converting PyPSA standard “links” into “multi-links”, allowing con
nections to multiple input and output buses.

In this framework, the links representing the hydrogen flow components are modified to include a bifurcation that directs the leakage flow to a 
dedicated emission bus, where a Negative Dispatch Generator (NDG) collects the total leaked hydrogen. Specifically, each adapted link is connected to 
two output nodes, with the efficiency parameters defined as follows: 

ṁj,out(t)=
(
εj − LRj

)
⋅ṁj,in (t) (B1) 

ṁj,leaked(t)= LRj ⋅ṁj,in (t) (B2) 

MH2,j,leaked =
∑T

t
ṁj,leaked(t)⋅ Δt (B3) 

where ṁj,out, ṁj,in , ṁj,leaked represent the output, input, and leaked hydrogen flow rates, respectively, and εj is the actual conversion efficiency while LRj 

denotes the leakage rate. All quantities are defined for each component j at every timestep t, where j refers to the electrolyser, compressor, HRS 
dispenser and fuel cell. The total leaked hydrogen mass MH2,j,leaked is obtained by integrating the leakage flow values over the full simulation interval 
T = 8760 hours.

It is important to note that ṁin for the electrolyser actually corresponds to its hydrogen output flow (as the actual input is electricity), which is then 
reduced to account for emission losses downstream in the system. Moreover, εj is set to 1 for the electrolyser as the efficiency is modelled as described 
in Section S1.

For the two hydrogen storage tanks (LPST and HPST), leakage due to permeation is modelled through the “standing_loss” parameter of PyPSA’s 
“StorageUnit” component. The total hydrogen emissions from storage are calculated as (with j = LPST and HPST): 

MH2,leaked,storage =
∑T

t

(
∑

j

(
LOHj(t − 1) ⋅Ej ⋅ LRj

)
⋅ Δt

)

(B4) 

with LOHj is the hourly level of hydrogen in tank j with rated capacity Ej. The hourly loss in timestep t is calculated based on the LOH in previous 
timestep, and it is integrated over the full time horizon T = 8760 hours to obtain the total leaked hydrogen mass.

In principle, venting losses during start-up and shut-down could be modelled dynamically using the electrolyser’s on/off status. However, given 
that these losses are very small (approximately 0.06–0.5 % of total production), they have been represented as a continuous loss proportional to the 
produced hydrogen flow, which is a reasonable simplification in view of the trade-off between model detail and computational burden.

Nearly all hydrogen emissions in electrolysis stem from purging, which occurs continuously while the electrolyser is operating. Moreover, the 
upper bound of 9.2 % is reported as a conservative value and is unlikely in practice, while purging rates around 3–4 % are considered more realistic 
[44].

Acronyms

BESS Battery Energy Storage System
BOP Balance of Plant
CAPEX Capital Expenditure
FIT Feed-in Tariff
GWP Global Warming Potential
HESS Hydrogen Energy Storage System
HRS Hydrogen Refuelling Station
KPI Key Performance Indicator
LCOE Levelised Cost of Energy
LCOH Levelised Cost of Hydrogen
LHV Lower Heating Value
LOH Level of Hydrogen
LP Linear Programming
MILP Mixed-Integer Linear Programming
MINLP Mixed-Integer Non-Linear Programming
NDG Negative Dispatch Generator
O&M Operation and Maintenance
OPEX Operational Expenditure
PV Photovoltaic
PWA Piecewise Affine
RES Renewable Energy Sources
SOC State of Charge
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