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Abstract

This paper evaluates the potential for green hydrogen production in Tunisia using nearly

3 GW of renewable electricity distributed across four strategically selected sites: Haouaria,

Zriba, Sbikha, and Feriana. These locations were chosen for their proximity to the Trans-

Mediterranean (TransMed) natural gas pipeline linking Algeria to Italy, as well as their

strong but underexploited solar and wind energy resources. Each site was optimized

according to land availability and renewable energy potential: Haouaria is wind-dominant,

Zriba employs a hybrid solar-wind configuration, Sbikha focuses on solar, and Feriana

integrates both solar and wind over a large area. The analysis reveals a total green hy-

drogen production capacity supported by approximately 3.1 GW of installed renewable

power, with a base-case LCOH ranging from $1.21 to $2.05 per kilogram. El Haouaria

emerges as the most cost-effective site due to its highly favorable wind conditions, while

the sensitivity analysis shows that LCOH can reach up to approximately $3.8 per kilogram

under higher CAPEX assumptions. The findings underscore the viability of a multi-site

development strategy and highlight northern Tunisia’s comparative advantage for low-cost

green hydrogen production, thanks to its superior resource mix, existing infrastructure,

and better water availability relative to Tunisia’s southern regions.

Keywords: green hydrogen production; hybrid renewable systems; LCOH; solar and wind

potential; Trans-Mediterranean pipeline; North Africa

1. Introduction

Green hydrogen has rapidly emerged as a cornerstone of global efforts to decarbonize

energy systems, gaining strong momentum in recent years. According to the IEA’s Global

Hydrogen Review 2024, plans for low-carbon hydrogen capacity, including green hydrogen,

have tripled over the past three years, with over 440 GW in the project pipelines compared

with less than 150 GW in 2021. Yet, by 2030, only a fraction (approximately 75%) of this

pipeline is expected to materialize due to cost and infrastructure barriers [1]. Despite this

implementation gap, green hydrogen remains central to decarbonization frameworks: a

2024 systematic review reports exponential growth in research and technology deployment

since 2016, with green hydrogen identified as essential for achieving net-zero targets, par-

ticularly in hard-to-electrify sectors such as heavy industry and long-distance transport [2].

The Hydrogen Council projected in 2017 that hydrogen could meet up to 18% of global
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final energy demand by 2050, potentially avoiding 6 gigatonnes of CO2 emissions annually

and generating a market worth 2.5 US trillion $ while supporting 30 million jobs [3].

In this regard, green hydrogen refers to hydrogen gas produced through the elec-

trolysis of water using electricity sourced entirely from renewable energies such as solar,

wind, or hydropower. Unlike grey hydrogen, which is derived from fossil fuels and emits

significant CO2, or blue hydrogen, which captures some emissions, green hydrogen results

in near-zero carbon emissions across its production chain [4,5]. Its production relies on

water electrolysis, a process that electrically splits water molecules (H2O) into hydrogen

and oxygen via two coupled electrochemical half-reactions. At the cathode, the hydrogen

evolution reaction (HER) reduces protons to form H2, while at the anode, the oxygen

evolution reaction (OER) oxidizes water to form O2. These reactions require a minimum

thermodynamic voltage of 1.23 V, though practical systems typically operate between 1.6 V

and 2.2 V to compensate for kinetic overpotentials and resistive losses [6].

Storage and distribution are important value-chain considerations beyond hydrogen

production. Hydrogen can be stored in high-pressure tanks, cryogenic vessels, or un-

derground formations, and poorly optimized storage can contribute up to 20% of total

life-cycle emissions [2]. Although this study focuses on production and LCOH, downstream

storage, transport, and end-use requirements remain relevant to the overall scalability of

green hydrogen systems [3,7]. While hydrogen production via electrolysis has advanced

considerably in terms of technical efficiency and cost reduction, significant challenges

persist beyond the point of production. Chief among these is the absence of a dedicated

infrastructure capable of supporting large-scale hydrogen storage, transport, and distri-

bution. According to IEA, the vast majority of existing energy infrastructure: pipelines,

ports, and storage facilities, was designed for fossil-based gases and liquids, and is not

compatible with hydrogen’s specific physical properties, such as its low volumetric energy

density and high diffusivity [7]. Retrofitting or replacing this infrastructure represents a

major capital investment. In addition, compression, liquefaction, and reconversion steps

introduce substantial energy penalties. Liquefying hydrogen, for instance, can consume

up to 30–40% of its energy content [8], while chemical carriers like ammonia or Liquid Or-

ganic Hydrogen Carriers (LOHCs) require both synthesis and cracking units at origin and

destination, increasing complexity and cost [2]. Safety regulations, permitting, and public

acceptance also present non-trivial barriers, especially for urban storage and high-pressure

transport [7]. As noted by the Hydrogen Council, creating a fully integrated hydrogen

economy will require coordinated deployment across the entire value chain, from elec-

trolyzers and renewables to pipelines, fueling stations, and industrial retrofits [3]. Without

such systemic readiness, hydrogen risks remaining an isolated energy carrier, technically

feasible but economically uncompetitive.

These challenges underscore a critical point: while hydrogen technologies are advanc-

ing rapidly, their successful deployment hinges on context-specific infrastructure, resource

availability, and economic integration. In this regard, the Middle East and North Africa

(MENA) region stands out as a compelling candidate for green hydrogen leadership. With

some of the highest solar irradiance levels and promising wind corridors globally, MENA

countries are uniquely positioned to produce low-cost green hydrogen at scale [9,10]. The

region also benefits from vast unpopulated land, access to seawater for electrolysis, and

geographic proximity to high-demand markets in Europe and Asia, making it well-suited

for both domestic development and export-oriented projects. According to Gado et al.,

optimized hybrid PV-wind systems in selected MENA zones could yield an LCOH be-

low 2 EUR/kg, which is highly competitive with current grey hydrogen benchmarks [10].

Within this broader regional landscape, Tunisia emerges as a particularly promising case.

Spatial suitability assessments have shown that the country’s terrain is almost entirely favor-
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able for green hydrogen development, and national strategy documents reflect a growing

commitment to leveraging this advantage [11]. Tunisia has set ambitious long-term targets,

including six million tonnes of green hydrogen for export by 2050 and the establishment of

hydrogen valleys in the southern desert regions [12]. These developments, supported by

bilateral cooperation with EU partners, position Tunisia not only as a contributor to the

MENA green hydrogen momentum but also as a potential North African hub in the global

hydrogen supply chain.

Building on this national momentum, the present research investigates the feasibility

of a 3 GW green hydrogen production system in Tunisia through a multi-site framework

that combines renewable resource assessment, land availability, technology sizing, and

export-oriented infrastructure planning. Although previous studies have examined green

hydrogen potential in the MENA region, their focus has mainly been on resource availability,

production cost, or spatial suitability. For example, Gado et al. assessed the potential of

hybrid PV-wind systems for low-cost hydrogen production across the MENA region, while

Pinto et al. provided a GIS-based suitability mapping for green hydrogen production

in Tunisia [10,11]. However, these studies do not explicitly address how the produced

hydrogen can be connected to existing export infrastructure, which remains a critical issue

for large-scale deployment.

This gap is particularly relevant in Tunisia, where national plans generally emphasize

hydrogen production in the southern desert regions due to their high solar potential, while

the transport of hydrogen toward European markets remains a major logistical challenge.

In this context, the present study proposes an infrastructure-oriented approach by selecting

four regions located along the TRANSMED natural gas pipeline corridor: Feriana, Sbikha,

Zriba, and El Haouaria. These sites are not selected solely based on solar and wind

potential, but also based on their geographic alignment with an existing cross-border

pipeline that connects Algeria to Italy through Tunisia. By considering the possibility of

hydrogen blending into this infrastructure, the study links production potential with a

realistic export pathway.

The main novelty of this work is therefore the integration of site-specific techno-

economic optimization with existing pipeline infrastructure for green hydrogen export

from Tunisia. Each selected region is analyzed using local meteorological data, land avail-

ability, and renewable resource complementarity. A constraint programming optimization

framework is then used to determine the allocation of photovoltaic panels, wind turbines,

and electrolyzers under spatial constraints. For each site, the model estimates the hydrogen

production potential, the most cost-effective solar-to-wind energy ratio, and the correspond-

ing levelized cost of hydrogen. Unlike single-site studies or resource-only assessments,

this framework evaluates a coordinated multi-node hydrogen production system based

on both renewable energy potential and infrastructure accessibility. This makes the study

distinct from previous work, as the combination of multi-site techno-economic optimization

and TRANSMED pipeline integration has not been addressed before for green hydrogen

production in Tunisia.

2. Materials and Methods

This section presents the materials, datasets, and computational procedures used

to assess green hydrogen production across the four selected Tunisian sites. First, the

study locations are described, along with the key site-specific inputs considered, including

available land, access to water resources, and proximity to the TRANSMED pipeline. This is

followed by the methodology, detailing the analytical workflow, which is used to estimate

site-specific solar and wind energy yields from historical meteorological data and optimize
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the PV–wind configuration and electrolyzer sizing under land and cost constraints to

compute the hydrogen output and the resulting LCOH.

2.1. Overview of the Four Hydrogen Production Stations

The proposed hydrogen farm locations are shown in Figure 1. Feriana is the largest

site, offering approximately 3000 hectares of available space suitable for large-scale solar

and wind installations, while Sbikha provides around 1000 hectares, enabling substantial

hydrogen infrastructure deployment. Zriba, with 450 hectares, is suited for moderate-scale

development requiring optimized land use, whereas El Haouaria, the smallest site with

200–300 hectares, offers strong wind energy potential that compensates for its limited

footprint and may allow future expansion pending land availability studies. Each location

contributes distinct advantages, creating a diversified multi-site configuration that enhances

system resilience and operational reliability. All four sites have identified water sources

sufficient to support electrolysis.

Figure 1. The New Hydrogen Nerve Path: (1) El Haouaria, (2) Zriba, (3) Sbikha, and (4) Feriana.

2.1.1. Station 1—El Haouaria (Cap Bon)

Located on Tunisia’s northeastern coast, El Haouaria’s site, shown in Figure 2, has

access to three main water sources. The Lebna River Basin dam, nearby, offers 30 Mm3 of

low–salinity water, deliverable via a PEHD pipeline with a transfer cost of approximately

3M$. Additionally, the Haouaria plain includes two aquifers, one shallow and one deep,

providing respectively 33 Mm3 and 5.2 Mm3 annually, managed by local authorities.

A wind-powered seawater desalination system is also under consideration, capable of

producing up to 250,000 m3 per year, although environmental impacts must still be assessed.

Figure 2. El Haouaria project land. Yellow pins indicate the candidate project parcels, while the

yellow star marks the city of El Haouaria.
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2.1.2. Station 2—Zriba (Zaghouan)

Zriba site, shown in Figure 3, located in the governorate of Zaghouan, has two reliable

water sources. The Oued Rmel retention lake, situated 10 km away, provides 20 Mm3, of

which only 2% is needed annually. In addition, the Oued Rmel aquifer yields 8.3 Mm3 per

year and is supported by a network of 636 motorized pumping wells.

Figure 3. Zriba project land.

2.1.3. Station 3—Sbikha

The Sbikha site, shown in Figure 4, benefits from three water supply options. The

planned Balaoum Reservoir, located 45 km away, will provide 33 Mm3 and be accessible

via a PEHD pipeline with a projected cost of 3 M$. The Nebhana Dam, 25 km away, has

been recently rehabilitated and can deliver water through a pipeline connection. A third,

more cost–effective option involves a water pipeline located 8 km from the site, with an

estimated connection cost of around 0.5 M$.

Figure 4. Water infrastructure potentially supplying the Sbikha hydrogen facility.

2.1.4. Station 4—Feriana

Although located in a relatively water-scarce region, Feriana has two viable water-

supply options. A planned dam at Boulaaba will offer 48 Mm3 of capacity, of which

less than 1% is required annually. Additionally, the Kasserine aquifer system allows for

deep well drilling at approximately 300 m depth, with estimated drilling costs of 150,000$

per well.

The Feriana site is shown in Figure 5. The pinned location corresponds to the existing

Feriana power station, used here as a geographic reference point, while the proposed

hydrogen project area is expected to be developed in the surrounding available land.
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Figure 5. Feriana site location. The pin marks the existing Feriana power station, while the proposed

hydrogen project area is expected to be located in the surrounding available land.

2.2. Methodology

A tailored methodology is implemented in this paper to guide the selection, design,

and optimization of renewable energy systems for large-scale hydrogen production. The

adopted framework was developed by building on methodological approaches reported in

the literature [13–17], including renewable-resource assessment, site-specific system sizing,

techno-economic evaluation, and optimization-based LCOH estimation. This ensures that

the analysis captures both technical and economic aspects.

2.2.1. Methodology Workflow for Hydrogen System Design and Evaluation

This methodology provides a comprehensive approach to the development of large-

scale renewable hydrogen projects and is structured around three main steps:

1. Data Collection and Energy Yield Analysis: Four years of historical weather data

(2021, 2022, 2023, 2024) were collected to evaluate the renewable energy potential at

each site. The data were obtained from the Open-Meteo API using hourly resolution

to ensure a consistent basis for all locations. These included solar irradiance and wind

speed measurements, which were analyzed to estimate the expected energy yield

for the selected technologies. The solar irradiance data were cross-checked with the

PVGIS database [18], showing deviations below 5%, while interannual variability

remained within about ±8% of the four-year mean. Different modeling approaches

were considered, including statistical analysis and site-specific simulations to predict

energy output. This provides a recent multi-annual basis for comparison, while

longer-term ground validation remains a limitation for future work [19].

2. Optimization of Energy Configuration and Cost Modeling: A constraint-based opti-

mization procedure was implemented to determine the optimal distribution of PV

panels and wind turbines at each site. The algorithm aimed to minimize the LCOH

by accounting for local energy yields, installation costs, land constraints, and spatial

requirements. Once the optimal energy mix was identified, the total farm power was

used to size the electrolyzer systems, set to 60% of the available capacity to ensure

stable hydrogen production. The LCOH was then calculated by combining capital and

operating expenditures over a 20-year horizon, incorporating actualization factors

such as inflation and discount rates to assess long-term economic feasibility.
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3. Scenario and Sensitivity Analysis: To evaluate the robustness of the system under

different economic conditions, a CAPEX sensitivity study is conducted. The analysis

considers variations in key cost parameters, including PV system costs, wind turbine

costs, and electrolyzer costs. This step is used to assess how capital-cost uncertainty

affects the LCOH of the selected deployment configurations.

By integrating data analysis, optimization modeling, and cost assessment, the study,

following the workflow in Figure 6, ensures that both technical and economic objectives

are simultaneously satisfied, providing a solid basis for site-specific decision-making. The

insights gained from this framework can guide similar projects in resource-abundant

regions aiming to achieve scalable and sustainable hydrogen production.

Figure 6. Methodology workflow for hydrogen system design and evaluation.

2.2.2. Energy Yield Estimation Models

To accurately estimate the energy yield from both photovoltaic (PV) panels and wind

turbines, dynamic models were developed using four years of historical environmental

data (2021–2024). These models incorporate daily variations in solar irradiance, ambient

temperature, and wind speed to reflect site-specific performance of renewable technologies

in Tunisia’s climate.

PV Yield Estimation:

The power output of PV panels is sensitive to cell temperature, which varies with both

ambient temperature and solar radiation. First, the cell temperature is estimated based on

the Nominal Operating Cell Temperature (NOCT) model [20]:

Tcell = Tambient + (NOCT − Tambient)
SR

800
(1)

where SR is the solar radiation in W/m², and 800 W/m² is the reference radiation used

in NOCT conditions. This empirical model accounts for heat accumulation on the panel

surface. The instantaneous power output of a single PV module is then calculated using

the temperature-corrected power equation:

PPV = PNom
SR

GT
(1 + α (Tcell − Tref)) (2)

where:

• PNom is the nominal power rating of the panel.

• GT = 800 W/m2, the standard reference irradiance.

• α is the temperature coefficient (typically −0.0035/°C).

• Tref is the reference temperature (25 °C).

Equation (2) reflects how power output decreases with rising cell temperature due to

thermal losses in the semiconductor.

Wind Turbine Yield Estimation:

To model wind turbine output, a smooth S-shaped power curve is used to emulate

real-world turbine behavior. This sigmoid-based model provides continuous output values

from cut-in to rated wind speeds and accounts for cut-off behavior explicitly:

https://doi.org/10.3390/hydrogen7030091
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PWT =







0 if v < vcut-in or v > vcut-out

1
2 ρπR2v3Cp else

(3)

where:

• PWT is the electrical power output of the wind turbine (W).

• v is the wind speed at hub height (m/s).

• vcut-in is the cut-in wind speed at which the turbine starts generating power (m/s).

• vcut-out is the cut-out wind speed at which the turbine shuts down to prevent

damage (m/s).

• ρ is the air density (kg/m3).

• R is the rotor radius (m).

• Cp is the performance coefficient, representing aerodynamic efficiency.

A performance coefficient Cp, whose range is 0.35–0.42, is applied, consistent with

empirical findings from small-scale turbine assessments [21]. In this paper, the coefficients

will be adjusted accordingly based on the Wind turbine choice.

Hybrid Unit Sizing:

To meet a target annual energy demand Ei (MWh/year) at site i, the required numbers

of photovoltaic panels NPV,i and wind turbines NWT,i are given by:

NPV,i =

⌈

βi Ei

YPV,i

⌉

, NWT,i =

⌈

(1 − βi) Ei

YWT,i

⌉

(4)

where:

• βi ∈ [0, 1] denotes the fraction of energy supplied by PV at site i,

• YPV,i is the annual energy yield per PV panel (MWh/panel/year),

• YWT,i is the annual energy yield per wind turbine (MWh/turbine/year).

This formulation provides a flexible sizing method that reflects the energy resource mix

at a given location and allows exploration of solar–wind trade-offs during optimization.

2.2.3. Detailed Computational Methodology

The computational framework used to optimize the layout and sizing of renewable

energy systems for hydrogen production across the four selected sites is presented be-

low. The methodology combines yield-based planning, land–constraint management, and

techno-economic modeling to identify the most cost-efficient distribution of PV panels and

wind turbines. The core goal is to minimize the LCOH while ensuring optimal utilization

of the available land and energy resources.

Energy Distribution Evaluation:

Based on the estimation conducted on energy yields for PV and wind technologies at

each site in this study, a distribution model has been created to allocate renewable units

within the available land. The model uses:

• Unit-specific energy yield data (YPV,i, YWT,i) based on the historical environmental data

(2021–2024).

• Land availability and unit footprint for each technology (APV, AWT).

• Site-specific optimization of the number of PV panels (NPV,i) and wind turbines (NWT,i)

that can be installed.

This evaluation sets the stage for a constrained numerical optimization that determines

the optimal sizing of each technology mix to meet hydrogen production targets at the

lowest cost.

https://doi.org/10.3390/hydrogen7030091
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Performance Indicator, Load Factor:

In addition to the energy yield metrics previously introduced, the load factor is

considered as a complementary performance indicator to evaluate the utilization rate of the

installed renewable capacity. While the optimization framework is primarily driven by the

minimization of the LCOH, the load factor provides additional insight into how effectively

each configuration converts installed power into actual energy production over time.

LF =
Eactual

PratedT
(5)

where:

• Eactual: actual annual energy production (MWh/year).

• Prated: installed power capacity (MW).

• T = 8760: total number of hours in one year.

For each technology, the load factor per site can be expressed using the unit energy

yields, defined earlier:

LFPV,i =
YPV,i

Prated,PV8760
LFWT,i =

YWT,i

Prated,WT8760
(6)

where Prated,PV and Prated,WT are the rated power of one PV panel and one wind tur-

bine (MW).

At the system level, the load factor of the hybrid configuration is defined as:

LFhybrid,i =
NPV,i YPV,i + NWT,i YWT,i

(

NPV,i Prated,PV + NWT,i Prated,WT

)

8760
(7)

This formulation allows a consistent comparison of different PV–wind combina-

tions independently of their installed capacity. The load factor is not directly used

within the optimization objective, but is employed in the sensitivity analysis to assess

the impact of resource variability and technology mix on system performance and energy

utilization efficiency.

Optimization Procedure:

The optimization targets the configuration that minimizes the LCOH for each site

while respecting land and cost constraints. For each location i, the optimization problem

determines the number of photovoltaic panels and wind turbines to be installed. The

model was formulated independently for each site using the local solar yield, wind yield,

available area, component costs, and additional site-dependent costs. The procedure is

described below.

The decision-variable vector for site i is defined as:

xi =

[

NPV,i

NWT,i

]

(8)

where NPV,i is the number of PV panels and NWT,i is the number of wind turbines installed

at site i.

The objective function minimizes the LCOH at each site, defined as the ratio of the

total cost Ci to the hydrogen production over the system lifetime. This formulation follows

approaches commonly adopted in recent hydrogen optimization studies [13,14,22].

LCOHi =
Ci

Hi
(9)

where Hi is the total hydrogen output over a 20-year period given by:

https://doi.org/10.3390/hydrogen7030091
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Hi =
(NPV,iYPV,i + NWT,iYWT,i)× 20 × 1000

55
(10)

where YPV,i and YWT,i are the annual energy yields of one PV panel and one wind turbine

at site i, respectively, expressed in MWh/year. The factor 20 represents the project lifetime

in years, the factor 1000 converts MWh to kWh, and 55 kWh/kg is the assumed specific

electricity consumption required to produce one kilogram of hydrogen.

Cost Model: The total system cost incorporates the capital and operational expendi-

tures of all key components:

Ci = CRE,i + CEle,i + CAdd,i

CRE,i = NPV,icPV,i(1 + fO&M,PVαactualization) + NWT,icWT,i(1 + fO&M,WTαactualization)

CEle,i = PEle,icEle,i

(

1 + fO&M,Eleαactualization

)

CAdd,i = fAdd,i(CRE,i + CEle,i)

(11)

where:

• cPV,i, cWT,i, and cEle,i: site-dependent unit installation costs of PV panels, wind turbines,

and electrolyzers, respectively.

• fO&M,PV, fO&M,WT, and fO&M,Ele: annual O&M cost fractions for PV, wind, and elec-

trolyzer systems, respectively.

• fAdd,i: additional-cost fraction accounting for water supply, grid connection, land

preparation, and other site-dependent auxiliary costs.

• PEle,i: electrolyzer power capacity, sized as 60% of the total renewable farm capacity.

The renewable farm power and electrolyzer capacity are computed as:

Pfarm,i =
NPV,iPPV,i + NWT,iPWT,i

1000
(12)

PEle,i = 0.6Pfarm,i (13)

where PPV,i and PWT,i are the rated powers of one PV panel and one wind turbine at site i,

respectively, expressed in kW, while Pfarm,i and PEle,i are expressed in MW.

Actualization Term: Only the recurring O&M costs are converted to present value

using an actualization factor, while the initial capital costs are considered at year zero. The

actualization factor accounts for inflation (IR) and discount rate (r):

αactualization =
20

∑
n=1

(

1 + IR

1 + r

)n

(14)

where r = 15%, IR = 6%, and the summation period corresponds to the 20-year

project lifetime.

The optimization problem solved for each site can therefore be written as:

min
NPV,i ,NWT,i

LCOHi =
Ci

Hi
(15)

subject to the following bounds:

0 ≤ NPV,i ≤ Nmax
PV,i (16)

0 ≤ NWT,i ≤ Nmax
WT,i (17)

https://doi.org/10.3390/hydrogen7030091
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where the maximum admissible numbers of PV panels and wind turbines are obtained

from the usable site area:

Ausable,i = 0.9Ai (18)

Nmax
PV,i =

⌊

Ausable,i

APV,i

⌋

, Nmax
WT,i =

⌊

Ausable,i

AWT,i

⌋

(19)

Land Use Constraint: The primary constraint of the optimization ensures that the

required land area for either PV or wind does not exceed the available site land (Ai). In

the implemented model, only 90% of the total land is considered usable for renewable

installations, while the remaining 10% is reserved for spacing, access roads, maintenance

paths, and auxiliary infrastructure.

NPV,i ≤ Nmax
PV,i , NWT,i ≤ Nmax

WT,i (20)

In addition, the optimization enforces full use of at least one renewable technology

limit. This constraint is imposed as:

min
(∣

∣

∣
NPV,i − Nmax

PV,i

∣

∣

∣
,
∣

∣

∣
NWT,i − Nmax

WT,i

∣

∣

∣

)

= 0 (21)

This means that the optimal solution must either use the maximum allowable number

of PV panels or the maximum allowable number of wind turbines. This constraint was

introduced to avoid underutilized land configurations and to force the optimizer to compare

high-land-use renewable deployment scenarios.

The complete optimization formulation is summarized as follows:

min
xi

Ci

Hi

s.t. xi =

[

NPV,i

NWT,i

]

0 ≤ NPV,i ≤ Nmax
PV,i

0 ≤ NWT,i ≤ Nmax
WT,i

min
(∣

∣

∣
NPV,i − Nmax

PV,i

∣

∣

∣
,
∣

∣

∣
NWT,i − Nmax

WT,i

∣

∣

∣

)

= 0

Hi > 0

(22)

The full optimization model is implemented in Python V3.12.12 using

scipy.optimize.minimize with the SLSQP method, ensuring smooth convergence under

nonlinear constraints. The computational workflow followed in the implementation is

summarized schematically in Figure 7. For each site, the optimization starts from an ini-

tial condition corresponding to maximum PV deployment and zero wind turbines, i.e.,

x0,i = [Nmax
PV,i , 0]. The site-specific solar yield, wind yield, PV cost, wind turbine cost, elec-

trolyzer cost, O&M fractions, additional-cost fraction, and available land are passed to the

objective function. The optimizer then minimizes the LCOH under the bounds and equality

constraint defined above. If the hydrogen production is zero, the objective function returns

an infinite LCOH value, which prevents infeasible zero-production configurations from

being selected.

https://doi.org/10.3390/hydrogen7030091

https://doi.org/10.3390/hydrogen7030091


Hydrogen 2026, 7, 91 12 of 26

Figure 7. Schematic representation of the implemented SLSQP-based optimization procedure for

LCOH minimization.

3. Results and Discussion

The technical and economic outcomes derived from the three-step methodology previ-

ously described are presented next. The analysis begins with the weather data extraction to

compute the energy yields, followed by the optimization procedure to determine the most

cost-effective configuration for each site by minimizing the LCOH under land and resource

constraints. The following subsections provide a detailed breakdown of these results.

3.1. Energy Production System

To maximize production efficiency and reduce balance-of-system costs, this research

adopts commercial-scale technologies represented by 720 W photovoltaic modules and

7.2 MW onshore wind turbines. The land footprint assumptions were set to 0.00065 ha per

PV module, equivalent to approximately 6.5 m2 per panel including spacing and installation

clearance, and 5 ha per wind turbine, accounting for the spacing required by large onshore

turbines for wake-effect mitigation and operational access. The selected wind turbine size

aligns with the upper limit of commercial onshore models, where utility-scale turbines

in the 6–8 MW class are increasingly considered for large renewable energy projects. For

photovoltaics, the 700+ W class has seen growing adoption due to its ability to reduce the

number of panels required per installed megawatt, thereby improving land-use efficiency

and reducing installation costs. As mentioned previously, the four production sites were

strategically selected based on favorable renewable resources, water availability, and

proximity to the TRANSMED pipeline and its associated compression infrastructure. This

allows the produced hydrogen to benefit from the existing natural gas corridor, reducing

the need for dedicated transportation routes, storage infrastructure, compression facilities,

https://doi.org/10.3390/hydrogen7030091

https://doi.org/10.3390/hydrogen7030091


Hydrogen 2026, 7, 91 13 of 26

and right-of-way costs. Therefore, the cost assessment focuses mainly on renewable energy

generation and hydrogen production, while the additional cost term accounts for auxiliary

facilities, water supply, site integration, and hydrogen injection requirements. To avoid

relying on isolated market prices, the capital costs of PV systems, wind turbines, and

electrolyzers were defined based on recent scientific studies and technical reports, as

summarized in Table 1.

Table 1. Estimated CAPEX ranges and selected cost assumptions for the main components used in

the techno-economic model.

Component Unit Considered CAPEX Range ($/kW) Selected Cost ($/kW) References

PV system 720 W module 250–900 400 [10,15,17,23–25]
Wind turbine 7.2 MW onshore turbine 316–1500 850 [10,15,17,23,24,26]
Electrolyzer MW-scale system 455–1200 800 [10,13,17,23,27–29]

As shown in Table 1, the selected CAPEX values were chosen within the average

range of recent estimates to reflect the expected cost reduction of large-scale renewable

hydrogen systems, while avoiding both overestimation based on outdated conservative

assumptions and underestimation based on overly optimistic isolated targets. Accordingly,

the adopted values are approximately 400$/kW for PV systems, 850$/kW for onshore

wind turbines, and 800$/kW for electrolyzers. To further assess the impact of capital-cost

uncertainty on the LCOH estimation, a sensitivity analysis is conducted by varying the

CAPEX of PV systems, wind turbines, and electrolyzers between the selected values and

the upper bounds reported in the literature. This analysis provides additional insight into

the extent to which the LCOH may increase under higher-cost assumptions and supports

the evaluation of conservative worst-case scenarios.

3.2. Energy Yield Analysis

The solar and wind energy yields from 2021 to 2024 across the four selected locations

(Figures A1–A8)—were analyzed using data collected from the Open-Meteo API for his-

torical weather records [30]. Feriana, offering approximately 1500 hectares of available

land, stands out for its stable and high solar output, especially during summer months.

Wind performance is more irregular but still contributes effectively during spring and fall.

Overall, Feriana is clearly suited for a solar-dominant configuration, with wind playing a

smaller supporting role. Sbikha, with 500 hectares, shows slightly stronger and more con-

sistent wind output than Feriana, while solar remains solid and regular. That makes Sbikha

suitable for a mixed system, though solar would still take the lead in terms of capacity.

Zriba, limited to 450 hectares, shows balanced performance in both solar and wind. Solar

energy is reliable, and wind yield has good peaks despite noticeable fluctuations. Given

the smaller land size, a balanced hybrid setup helps maximize energy production from

the site. El Haouaria has the least space, approximately 200 hectares, but it clearly leads in

wind energy. The wind output is both high and steady across the years. While solar is also

consistent, the limited land and outstanding wind performance make wind the dominant

choice here.

Figure 8 summarizes the annual energy yield per panel and Figure 9 provides

the annual energy yield per wind turbine for each location between 2021 and 2024.

These data provide a quantitative basis for comparing site performance and determin-

ing optimal configurations.
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Figure 8. Annual solar energy yield per PV panel for each location from 2021 to 2024.

Figure 9. Annual wind energy yield per turbine for each location from 2021 to 2024.

• Feriana: With 1500 hectares of land and high solar yields (1.33 MWh/PV annually),

Feriana anchors the system. Its wind potential (18–20 GWh/turbine) is strongest in

non-summer months, offering seasonal complementarity that enables reliable, year-

round production.

• Sbikha: Wind yields average just 11 GWh/turbine, significantly lower than other sites.

With steady solar output (1.25 MWh/PV) and 500 hectares available, Sbikha is best

suited for solar-only deployment to maximize land efficiency.

• Zriba: Though limited to 450 hectares, Zriba supports both solar (1.23 MWh/PV) and

wind (18.9 GWh/turbine). A well-balanced hybrid setup is needed to exploit its space

efficiently and maintain steady annual output.

• Haouaria: With exceptional wind yields (29–32 GWh/turbine) and just 100–200 hectares

of land, Haouaria is a wind-centric site. Its high wind consistency justifies full special-

ization in wind energy.
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These findings, averaged over four years, serve as a benchmark to estimate the energy

yield of each technology. They are later used to calculate the total hydrogen production by

multiplying the per-unit annual yield by the estimated number of installed units and the

project lifetime, forming the basis for LCOH evaluation.

3.3. Energy Evaluation Setup

Following the energy yield analysis, the focus is on translating the site-specific solar

and wind potential into concrete energy configurations. Using the previously calculated

unit energy outputs, shown in Figures 8 and 9, along with land availability constraints and

cost parameters, an optimization procedure was conducted to determine the most efficient

allocation of PV panels and wind turbines across the four selected sites.

Rather than adopting a uniform strategy, the optimization considered each site’s land

capacity, resource quality, and economic impact to minimize the overall LCOH. This process

provided a tailored configuration for each location, specifying the number of PV panels and

wind turbines to be installed in order to maximize hydrogen production while ensuring

cost-efficiency and land sustainability.

The optimization results determine the optimal number of PV panels and wind tur-

bines that can be deployed at each site while satisfying land and cost constraints. The

site-dependent inputs, namely solar yield, wind yield, and available land, are summarized

in Table 2. The remaining parameters are treated as fixed across all locations: the PV system

is represented by 720 W modules with a unit cost of 280$/panel and a land footprint of

0.0006 ha/panel, while the wind system is represented by 7.2 MW onshore turbines with a

unit cost of 6 M$/turbine and a land footprint of 5 ha/turbine. The electrolyzer cost is set

to 800$/kW, and additional system costs are assumed to represent 25% of the total capital

cost. Annual operation and maintenance costs are fixed at 2% of the corresponding capital

cost for all technologies, including PV systems, wind turbines, and electrolyzers.

Table 2. Site-dependent input parameters for the energy distribution optimization.

Location
Solar Yield

(MWh/Unit)
Wind Yield
(GWh/Unit)

Available Land (ha)

Feriana 1.33 20 1500
Sbikha 1.25 11 500
Zriba 1.23 19 450
Haouaria 1.23 32 200

3.4. Overall Integration and Outcomes

The analysis of hydrogen production and renewable energy integration across the

four selected locations yields the following results. The calculations consider land avail-

ability, renewable energy yields, and system costs. The following results report the number

of PV panels, the number of wind turbines, the farm power, the electrolyzer capacity, and

the LCOH values for each location.

The results, in Figures 10 and 11 as well as Table 3, highlight the potential for optimiz-

ing green hydrogen production using renewable energy sources across the four locations.

The LCOH varies between 1.21$/kg and 2.05$/kg depending on the site-specific energy

yields, land availability, and infrastructure configurations.
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Table 3. Aggregated Results Across the Selected Deployment Configurations

Metric Value

Average LCOH ($/kg H2) 1.809
Total PV Panels 2,212,500
Total Wind Turbines 211
Total Farm Power (MW) 3112.20
Total Electrolyzer Power (MW) 1867.32

Figure 10. Overview of renewable energy infrastructure by region for the selected deployment

configurations: (a) electrolyzer capacity per region in MW, (b) photovoltaic deployment in number of

panels, (c) wind turbine deployment in number of wind turbines, and (d) total installed renewable

power in MW.

Figure 11. LCOH values for the selected deployment configurations at each location, with the average

value included.
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El Haouaria relies exclusively on wind turbines due to its strong wind resource and

limited available land, achieving the lowest LCOH among the selected configurations at

1.21$/kg H2. Its wind yield reaches 32 GWh per turbine, which is almost 34% higher than

the next strongest wind sites, Feriana and El Zriba, and nearly three times higher than

Sbikha. This explains its high hydrogen output per production unit, even though its total

installed capacity remains limited by land availability. El Zriba adopts a balanced 50% solar

and 50% wind configuration, achieving an LCOH of 2.05$/kg H2, where the combination

of both resources compensates for the limitations of relying on a single technology. Feriana

also adopts a 50% solar and 50% wind configuration, achieving an LCOH of 1.93$/kg H2.

Owing to its much larger available land area, Feriana becomes the highest production site,

with the largest installed renewable capacity and electrolyzer power among all locations.

Sbikha relies entirely on solar deployment due to its weaker wind yield, achieving an

LCOH of 2.05$/kg H2.

To further validate the obtained results, the LCOH range calculated in this study was

compared with recent values reported in the literature, as summarized in Table 4. The

obtained LCOH values, ranging from 1.20 to 2.05$/kg, are competitive with comparable

MENA, European, and global renewable-hydrogen studies.

Table 4. Comparison of the obtained LCOH values with recent literature.

Study Region Technology LCOH ($/kg)

Razi et al. [9] MENA PV–Wind hybrid 2.0–6.5
Bhandari et al. [16] Europe PV + electrolyzer 2.2–8

Mazza et al. [17] Tunisia
PV–Wind layouts +

electrolyzer
1.34–4.06

Mendler et al. [22] Global PV–Wind optimal 2.0–7.5
This study Northern Tunisia PV–Wind hybrid 1.20–2.05

In addition to the economic comparison, the water requirement for hydrogen produc-

tion was estimated to address the sustainability of local water use. The annual hydrogen

production at each site was calculated from the annual renewable electricity output and the

water consumption factor of 18 L/kg H2 was then adopted to account for the stoichiometric

water requirement, purification losses, and auxiliary water needs [31,32]. The resulting

annual water requirements are summarized in Table 5.

Table 5. Estimated annual hydrogen production, water requirement, and share of local quantified

water resources for each site.

Site
Annual H2

Production
(t/Year)

Water
Requirement
(Mm3/Year)

Quantified Local
Water Resource

Available Water
(Mm3)

Annual Share (%)

Feriana 76,295 1.373 Boulaaba dam 48.0 2.86

Zriba 21,366 0.385
Oued Rmel

retention lake +
aquifer

28.3 1.36

Haouaria 20,945 0.377

Lebna dam +
shallow/deep

aquifers +
desalination

68.45 0.55

Sbikha 17,045 0.307 Balaoum reservoir 33.0 0.93

Total 135,652 2.442 – – –
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The total annual water requirement for all the locations is therefore estimated at ap-

proximately 2.44 Mm3/year. At the site level, the required water represents approximately

2.86% of the quantified Boulaaba dam capacity for Feriana, 1.36% of the combined Oued

Rmel retention lake and aquifer resources for Zriba, 0.55% of the quantified water resources

considered for Haouaria, and 0.93% of the Balaoum reservoir capacity for Sbikha. These

values suggest that the water demand associated with the proposed hydrogen production

remains limited compared with the identified local water resources. In the cost assessment,

the delivered-water cost, including extraction, treatment, purification, and pumping, was

assumed to be approximately 0.50$/m3 based on recent estimates for high-consumption

water users in Tunisia. This assumption is also consistent with reported desalination-

related costs for hydrogen production, which add only about 0.01–0.02$/kg H2 to the

overall production cost [17]. Therefore, the water-related contribution is considered within

the additional-cost term and remains limited compared with the total LCOH.

3.5. Sensitivity Analysis: Impact of CAPEX Variation on LCOH

To further evaluate the robustness of the selected deployment configurations, a sensi-

tivity analysis was conducted by varying the capital costs of PV systems, wind turbines,

and electrolyzers within the ranges reported in the literature. In this analysis, the selected

architecture of each site is kept fixed, meaning that the number of PV panels and wind

turbines is not re-optimized for each cost scenario. Instead, the LCOH is recalculated

under different CAPEX combinations to assess how sensitive each selected solution is to

capital-cost uncertainty.

The PV CAPEX was varied between 400 and 900$/kW, the wind turbine CAPEX

between 850 and 1500$/kW, and the electrolyzer CAPEX between 800 and 1200$/kW.

The results, seen in Figure 12, show that the impact of CAPEX variation differs signifi-

cantly between locations depending on the selected technology mix and resource quality.

El Haouaria remains the most resilient site, with an LCOH range of 1.223–2.042$/kg H2,

mainly due to its high wind yield and exclusive reliance on wind power. Feriana shows

a wider range of 1.954–3.381$/kg H2, reflecting the large scale of its mixed solar–wind

configuration and its higher exposure to simultaneous PV, wind turbine, and electrolyzer

cost increases. El Zriba and Sbikha reach higher upper-bound LCOH values of 3.594

and 3.815$/kg H2, respectively, indicating stronger sensitivity under conservative cost

assumptions. Overall, the analysis confirms that the selected configurations remain compet-

itive under favorable cost conditions, while higher CAPEX assumptions can substantially

increase LCOH, particularly for lower-yield or solar-dominated configurations.

(a) Feriana (b) El Zriba

Figure 12. Cont.
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(c) El Haouaria (d) Sbikha

Figure 12. LCOH sensitivity analysis for the selected deployment configurations: (a) Feriana, (b) El

Zriba, (c) El Haouaria, and (d) Sbikha.

4. Conclusions

This paper assessed the feasibility and cost-effectiveness of green hydrogen production

in northern Tunisia by analyzing four strategically located sites along the TRANSMED

pipeline. Using nearly 3.1 GW of renewable energy capacity and a constraint-based opti-

mization framework, the research identified site-specific configurations that minimized the

LCOH while accounting for land availability, resource potential, and infrastructure access.

The results showed that a diversified, multi-site strategy enabled robust and econom-

ically viable hydrogen production, with base-case LCOH values ranging from 1.21$/kg

to 2.05$/kg H2. El Haouaria emerged as the most cost-effective site due to its strong

wind resource, while Feriana provided the largest production capacity because of its larger

available land area. The analysis also demonstrated the importance of combining wind and

solar power to enhance energy stability and reduce cost sensitivity. The CAPEX sensitivity

analysis further showed that LCOH values can increase up to approximately 3.8$/kg H2

under conservative cost assumptions. The water assessment also showed that the estimated

annual water demand remains limited compared with the quantified local water resources

at the selected sites, representing only 0.5–2.9% of the total available water at each site.

A key finding of this work was the strategic advantage offered by the existing

TRANSMED pipeline corridor, which could support future hydrogen integration and

reduce the need for fully new long-distance transportation infrastructure. The present

study concluded that northern Tunisia holds strong potential as a regional hub for green

hydrogen production and export, especially when leveraging existing assets and tailoring

energy deployment to site-specific strengths. These findings lay the groundwork for fu-

ture research into dedicated hydrogen transport through retrofitted natural gas pipelines,

aiming to further optimize North Africa–Europe hydrogen logistics.
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Nomenclature

Symbol Description Unit

Hi Total hydrogen produced at site i kg

YPV,i Annual energy yield per PV panel for site i MWh/unit/year

YWT,i Annual energy yield per wind turbine for site i MWh/unit/year

NPV Number of installed PV panels –

NWT Number of installed wind turbines –

αE→H2
Energy required to produce 1 kg of hydrogen kWh/kg

CTotal Total cost of the project $

CPV Cost per PV panel $

CWT Cost per wind turbine $

Pelectrolyser Required electrolyser capacity MW

Celectrolyser Cost per MW of electrolyser capacity $/MW

αO&M,WT O&M cost adjustment factor for wind turbines –

αactualization Actualization term for 20 years –

IR Inflation rate %

r Discount rate %

α Additional cost coefficient %

APV Area required per PV panel ha/unit

AWT Area required per wind turbine ha/unit

Ai Total available land area in site i ha

Abbreviations

IEA International Energy Agency

LCOH Levelized Cost of Hydrogen

CAPEX Capital Expenditures

OPEX Operational Expenditures

PV Solar Photovoltaic Panels

WT Wind Turbines

Appendix A

This appendix provides the meteorological inputs used in the renewable energy assess-

ment. For each investigated region (Feriena, Sbikha, Zriba, and El Haouaria), two figures

are reported over the period 2021 to 2024: the first shows the solar radiation time series

used to characterize PV resource availability, and the second shows the wind speed time

series used to characterize wind resource availability. These datasets support the site to site

comparison and the subsequent sizing and cost optimization results.
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Figure A1. Solar radiation in Feriena over the period 2021 to 2024.

Figure A2. Wind speed in Feriena over the period 2021 to 2024.
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Figure A3. Solar radiation in Sbikha over the period 2021 to 2024.

Figure A4. Wind speed in Sbikha over the period 2021 to 2024.

https://doi.org/10.3390/hydrogen7030091

https://doi.org/10.3390/hydrogen7030091


Hydrogen 2026, 7, 91 23 of 26

Figure A5. Solar radiation in Zriba over the period 2021 to 2024.

Figure A6. Wind speed in Zriba over the period 2021 to 2024.
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Figure A7. Solar radiation in El Haouaria over the period 2021 to 2024.

Figure A8. Wind speed in El Haouaria over the period 2021 to 2024.
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