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green synthetic fuels produced
In the MENA region
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Department of Energy Systems Analysis, Institute of Networked Energy Systems, German Aerospace
Center (DLR), Stuttgart, Germany

The use of fossil fuels is the main cause of greenhouse gas emissions and
a major driver of climate change. Although direct electrification can replace
fossil fuels in many applications, certain sectors will continue to require
high-density energy sources in the future, such as long-distance aviation,
maritime shipping, and some high-temperature processes in the industry. For
these applications, electricity-based synthetic gases and fuels, produced from
renewable energies through Power-to-X (PtX) processes, represent a sustainable
solution. This paper presents a novel approach for the large-scale estimation
of PtX production costs and potentials, considering regional solar and wind
power conditions. At its core is the DLR_ITEMS GlobalFuel framework, which
calculates local production costs using temporally and spatially resolved data.
The framework uses linear optimization to design cost-optimal systems by
dimensioning the components for maximal efficiency. It accommodates various
converter and storage technologies, enabling high utilization rates even with
fluctuating renewable electricity supply. The methodology supports the analysis
of multiple pathways by integrating different technologies and assumptions,
including wind power, photovoltaics or concentrated solar power, electrolysis,
and synthesis. This analysis provides a spatially detailed overview of future
PtX generation potential and its levelized production costs. Additionally, the
inclusion of domestic demand for renewable energy (RE) and green fuels enables
realistic estimates of the export potentials of individual countries, highlighting
production and export hot spots. This work focuses on the cost potentials of
Fischer=Tropsch fuel production in the Middle East and North Africa (MENA)
region. The findings indicate that domestic demand in large territorial countries
has a moderate impact on the increase in levelized production costs for export
potential. In contrast, small countries often have to fully utilize their limited
renewable energy resources for domestic supply of electricity and green fuels.
The analysis identifies the most favorable fuel potentials in the MENA region,
with cost-optimal ranges between 190 and 220 €/MWh and an estimated annual
production potential of 3,400 TWh in 2030. Of this, approximately 3,100 TWh
could be available for export markets.
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1 Introduction

Te adoption of climate-neutral technologies and energy
sources is essential across all sectors and applications to meet global
climate protection targets (Teske et al., 2021). A no-regret solution
is the extensive direct electrifcation of processes, heating systems,
vehicle drives, and more, using renewable electricity (Schreyer etal.,
2024). However, certain applications—such as long-haul aviation,
heavy goods transport, and shipping—are difcult to electrify and
will continue to require high energy density fuels in the long
term (Pregger et al., 2020).

In these cases, green synthetic gases and fuels ofer a climate-
neutral alternative to fossil fuels by enabling a CO, cycle rather
than releasing fresh CO, into the atmosphere. Synthetic gases,
like methane, and liquid fuels, such as methanol or ammonia, can
be produced using renewable energy (RE), hydrogen, and CO,.
Compared to biomass, the solar and wind energy potentials in the
Middle East and North Africa (MENA) region are signifcantly
higher, with relatively low requirements (Fthenakis and Kim 2009).
T erefore, this article focuses on the potential and costs of fuels
that can already be produced today using energy from photovoltaics
(PV), concentrating solar thermal power (CSP) plants, and onshore
wind power plants, along with current conversion technologies in a
typical Power-to-X (PtX) production route.

Current energy system analyses for Europe indicate that many
countries with a high energy demand and reliance on fossil
fuel imports today will also import renewable energy sources in
the future (Guidehouse 2022; Verheugt 2023; Seck et al., 2022).
Several studies have already investigated possible European import
corridors for renewable energies and the associated opportunities
for a secure energy supply (Pregger et al., 2011; Fasihi et al., 2017;
ENTSOG 2023). Awell-founded representation of import potentials
and costs in energy system analyses enables a realistic analysis of
the transformative system developments in the European countries
and the associated infrastructure requirements for energy supply
(Kanudia et al., 2013; Fattahi et al., 2024; Neumann et al., 2024).
Hydrogen has long played a prominent role in this context, while
the option of importing synthetic hydrocarbons with higher energy
density has gained increasing attention in recent years.

To meet the growing future demand for synthetic fuels
(synfuels), it is essential to identify regions and countries where
these fuels can be produced cost-efectively. Comprehensive techno-
economic analyses play a crucial role in this process by estimating
and comparing energy potentials and the associated production
costs based on the resource availability and standardized production
models. Since hydrogen and synfuel production remain highly
energy-intensive, even with anticipated efciency gains, regions with
abundant and favorable RE resources hold a signifcant advantage.
T e availability of land, access to water resources, skilled labor, and
proximity to industrial infrastructure also play important roles in
the selection of production sites.

In recent years, several studies have been carried out to
perform a techno-economical analysis of the potentials and future
production costs of diferent types of renewable synfuels [see,
e.g., overviews provided by (Brynolf et al., 2018; Schemme et al.,
2020)]. Advanced model-based analyses of local systems using a
developed open-source tool (pyGRETA) were recently published
by Buchenberg et al. (2023). Tey estimated the potentials and
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costs of synfuels produced using RE via PEM electrolyzers
and Fischer—Tropsch (FT) synthesis for diferent future years
in selected countries worldwide, focusing on decentralized and
of-grid production routes. Pfennig et al. (2023) developed a
PtX potential atlas as a web application. Te atlas shows the
production potential for hydrogen and fve synthetic hydrocarbons
in 2050 for selected locations worldwide. Furthermore, it provides
information on transportation costs for PtX product liquefaction
and shipping from the production site to Europe. IRENA (2022)
presented global cost and potential estimates for green hydrogen
in 2050 based on wind and PV energy. Teir analysis used a
geospatial approach that accounted for exclusion zones, assumed
dedicated (of-grid) plants, and included cost and e¥ciency
parameters for electrolyzers, considering country-specifc interest
rates. Lux et al. (2021) determined supply curves for hydrogen
and synthetic methane production in the MENA region using
an energy system optimization model for 2030 and 2050. Te
modeling takes into account various production concepts, including
diferent electrolyzers, gas storage, water desalination, direct air
capture (DAC) of CO,, liquefaction, compression, and catalytic
methanation, as well as the necessary expansion of the power
system infrastructure (producers, storage, and electricity grid). Te
spatially and temporally resolved modeling adopts the perspective
of the energy system and is therefore not suited to evaluate the
optimal production concept from the perspective of the investor
or operator. Brandle et al. (2021) estimated and compared local
supply costs of renewable and natural gas-based hydrogen in
94 countries for 2030 and 2050. Tey used clustered, country-
level data on wind and PV potentials, along with capital cost
assumptions for RE and low- and high-temperature electrolyzers,
and applied a linear optimization model to determine the optimal
combinations of RE and electrolyzer technologies based on country-
and technology-specifc hourly capacity factor profles. Heuser et al.
(2020) modeled global production costs and a future supply scheme
for green hydrogen, identifying locations with favorable PV and
wind conditions and mapping potential hydrogen trade relations.
Te cost-optimal allocation of demand and supply regions takes
into account costs for inland pipeline transport and shipping of
liquefed hydrogen.

Most of the studies focus only on selected locations, and some
pursue system cost optimization in order to determine the optimal
energy mix or the optimal integration in the energy system. In
contrast, our modeling approach with the framework DLR_ITEMS
GlobalFuel (alias GlobalFuel) is used to calculate cost potentials
for large regions such as continents with a relatively fne spatial
(e.g., 50 x 50 km) and temporal (hourly) resolution from the
local/regional perspective of an investor or operator. It enables
the implementation of solar and wind power, converters such as
electrolysis, synthesis, or water desalination, electricity and gas
storage, transport options, other infrastructure components, and
purchases of external resources. T ose components can be set up
in a fexible way to approach diferent PtX routes and scenarios
for analysis. T e model results provide a detailed insight into cost-
optimal designs of production routes in order to determine, for
example, regional generation centers, required storage capacities, or
optimal capacity utilization. T is paper describes the methodology
of the framework GlobalFuel and shows results for domestic
and export cost potentials of fuels based on FT synthesis. FT
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fuels are highly drop-in compatible and can be used directly in
existing engines and infrastructure without requiring signifcant
modifcations. Furthermore, the follow-up products, such as
kerosene, diesel, and gasoline, have a wide range of applications,
primarily in the transport sector.

However, modeling the technical generation potential alone is
not sufcient to realistically estimate a country’s export potential.
A key aspect to consider is that the developments and investments
required for export purposes rely on an additional expansion of
both renewable electricity generation and synthetic fuel production.
It is crucial that this expansion does not come at the expense
of the exporting countries’ own energy transition, which would
otherwise undermine global climate protection goals. For a better
assessment of export potentials and costs, this aspect was considered
in our application of the GlobalFuel model. We have estimated
the long-term MENA countries’ potential domestic demand for
renewable electricity and synfuels and taken this into account when
determining spatially diferentiated cost potentials for exports. Te
aim is to investigate the challenges that such developments and
corresponding visions could pose and their impact on the remaining
export potential under the assumption of land competition.

2 Materials and methods

An overview of the overall approach and methodology of
modeling cost potentials for FT fuels is also presented in Braun et al.
(2022). Te work includes a comprehensive analysis of RE potential
(see section 0) and energy scenario (see Section 2.2). T e resulting
hourly RE yields, maximal installable RE capacities, and domestic
energy demands serve, among others, as input for the subsequent
fuel cost-potential analysis. Elements of the fuel cost-potential
analysis are illustrated in Figure 1, which shows the scope of
the developed GlobalFuel framework. Te framework includes
an optimization model, a fuel potential analysis, a cost-potential
manipulation, and various visualizations of results. T e optimization
model represents the customized PtX process (see Section 2.4),
taking into account the RE yield, as well as detailed techno-economic
assumptions regarding PtX components and commodities. It
primarily calculates component capacities and plant system costs,
from which levelized production costs are derived. Te potential
analyses consider the maximum installable RE capacities and the
ratio between the installed RE power plant capacity and the amount
of produced fuel in the optimization model. Tis results in the
actual fuel potential. Te raw production costs and potentials are
regionalized to countries and then further manipulated by domestic
energy demands and CO, cost potentials, resulting in the fnal cost
potentials of green FT fuels (see Section 2.6).

T e calculations are carried out for a large number of locations
defned by a grid across the entire MENA region with a spatial
resolution of
0.45° x 0.45° (approximately 50 km x 50 km) and for 2030, 2040, and
2050. Te MENA region consists of 17 countries, namely, Algeria
(DZ), Bahrain (BH), Egypt (EG), Iran (IR), Irag (IQ), Jordan (JO),
Kuwait (KW), Lebanon (LB), Libya (LY), Morocco (MA), Oman
(OM), Qatar (QA), Saudi Arabia (SA), Syria (SY), Tunisia (TN), the
United Arab Emirates (UAE), and Yemen (YE).
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2.1 Modeling RE potentials

Te time series of RE generation is calculated using the DLR
Energy Data Analysis Tool (EnDAT), based on Scholz (2012) and
Stetter (2014). To determine the potential of each considered RE
technology to deliver energy for synfuel generation, EnDAT uses
information on available land areas and installation densities as
well as meteorological data. Land availability depends on land cover
type, exclusion criteria, and competing uses. To avoid competition
between the three RE technologies considered (CSP-PT, PV, and
onshore wind), we assume a land utilization factor of 33% each for
the potential land cover types: bare, grass, shrub, and sparse lands.
T e weather data used correspond to a representative meteorological
year from the MERRA-2 dataset. According to Stetter (2014), 2002
is selected as the representative year for the MENA region. Global
horizontal irradiance (GHI), the temperature at 2 m above the earth's
surface, and the absolute wind speed are used. Furthermore, the
Direct Normal Irradiance (DNI) is derived according to Stetter
(2014). Finally, EnDAT applies power plant models of the considered
technologies and thus calculates installable capacities in suitable
areas and the corresponding hourly generation profles. More
information on the generation of RE potentials and time series can
be found in Supplementary Material.

Corresponding to the resolution of the MERRA-2 reanalysis
data, a spatial resolution of 0.45° x 0.45° (approximately 50 km x
50 km) is used. T e temporal resolution of the data is hourly. For
each grid cell considered, a time series of the RE generation potential
over 1year with 8,760 points is therefore available. For PV and
onshore wind, the generation potential is the electrical output of the
plant; for CSP, it is the thermal output of the solar feld.

2.2 Development of demand scenarios for
MENA countries

Te potential future energy demand was estimated separately
for the two regions—Middle East and North Africa—across several
scenario variants.

e A reference Scenario (REF) follows the “Current Policies
Scenario” from the IEAs World Energy Outlook.

e Te alternative moderate RE strategy (ALT) represents a
comparison case refecting a moderate path for efciency
improvements, RE expansion, and fuel demand.

e Te advanced 100% RE scenario (ADV) follows narratives

in which each country achieves 100% RE and complete CO,

emission avoidance by 2050.

ALT with 100% synthetic fuels in 2050 (ALT2) combines the

moderate efciency and RE expansion strategies of the ALT

scenario with the assumption that all remaining fossil fuels are
fully replaced by 2050, thereby meeting the 100% RE target.

Te scenarios were developed using a simple storyline and
simulation approach in order to obtain results that are as transparent
and understandable as possible. T ey do not claim to be optimal in
terms of costs or other indicators and criteria but are intended to
show a fundamentally possible, exemplary development according
to normative goals and assumptions. Te methodology is based
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FIGURE 1

10.3389/fenrg.2025.1550419

Concept of modeling fuel production routes and obtaining cost-potential curves.

on bottom-up energy scenario modeling with an accounting
framework and a calibration of the model with country-specifc
statistical data (in particular from the IEA World Energy Balances)
on one hand and available regional scenarios that ft the narratives of
a far-reaching energy transition on the other hand. T e participation
of an international MENA advisory board in the underlying research
project (Pregger 2022) enabled a review and discussion of the
key narratives by experts from the MENA region. Te MENA
countries’ own demand was estimated through 2050 based on
plausible long-term targets for the use of synthetic energy sources
(green hydrogen and power-to-liquid (PtL)) and renewable energies.
From today’s perspective, these are the maximum estimates that
can be used to quantify a possible impact on the availability and
costs of renewable electricity and, thus, on export potential. A
focus was placed on the bottom-up estimation of future fnal
energy demand in the transportation sector, supplemented by rough
estimates of electricity and fuel demand for the other sectors.
Further information on the scenarios and the demand assessment
methodology can be found in Supplementary Material.

2.3 Modeling levelized production costs

Te aim is to estimate economically reasonable levelized
production costs. T is can be achieved by designing a cost optimal
production plant in which all components are coordinated to ensure
that no component is oversized while fulflling the production
requirements. T erefore, the model optimizes the building capacity
of each component by minimizing the total system costs. Te
cost-optimal solution is determined using linear programming,
which involves defning a mathematical model based on linear
relationships. Te linear relationships are implemented in the
general algebraic modeling system (GAMS) using the CPLEX
solver. Te production route comprises diferent components:
commodities, sources, converters, storage units, transport links, and
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sinks. Model components of the same type share similar parameters
and are obtained using the same mathematical equations.

« Commodities represent energy carriers or physical goods such
as electricity, hydrogen, or CO,. Te model balance is based
on these commodities. For each time step, all incoming and
outgoing fows must sum up 0 for each commaodity, ensuring
that sources and sinks are balanced. Commodities can be
imported, produced, stored, transported, or consumed.
Sources are used to model commodity fows entering the
system’s boundary as imports. For example, the electricity
provided by a PV or wind power plant or the purchase of CO,
from the cement industry builds a source. T e available amount
of commodities can be hourly or annually limited.

Converters convert commodities into other commodities. For
example, an electrolyzer converts electricity and water into
hydrogen. Terefore, commodity requirements per unit of
commaodity outputs are defned as specifc demand parameters.
Storages receive a medium or commodity, hold it for a specifed
duration, and then release it subsequently. T e storage can be
charged in times of abundance and discharged when needed. A
typical storage unit would be a battery that stores electricity.
Transport links are used to transport commaodities from one
location to another, e.g., within a country to demand centers
or exports to other countries.

Sinks are used to model commodity fows leaving the system
boundary for consumption. For example, hydrogen demand is
represented as a sink. Sinks can be used to force the model to
build a fuel production plant and optimize its system costs. T e
amount of commodities consumable by a sink can be indicated
or limited by a profle or annual sum.

Multiple model components can be defned and linked to each
other for building a production route. T e production route of this
work is defned in Section 2.4. Since we are modeling a system

frontiersin.org


https://doi.org/10.3389/fenrg.2025.1550419
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Braun et al.

FIGURE 2
Flowchart for modeling electricity supply linked to the PtL process.

that is operated with fuctuating RE, a high temporal resolution
is advisable. Te framework allows the temporal resolution to be
determined by the available data. In our modeling, we use a temporal
resolution of 1 h, which is very common as a compromise between
model accuracy and computational load.

2.4 Definition of the PtL route

Based on the general approach shown in Section 2.3, we defne
the specifc PtL production route for the optimization model in
this section. In simple terms, the production of FT fuel requires
electricity, water (H,O), and carbon dioxide (CO,). Figure 2 shows
modeling elements considered for the PtL route to produce FT fuels.

A key underlying assumption in this analysis is that both the
electricity supply system and the PtL plant are designed and built
from scratch, following a greenfeld development approach. Tis
ensures the additionality of renewable electricity for the production
of green fuels in order not to impair the transformation of the
entire energy system of the countries. In this analysis, consistent
with previous assessments, we focus on of-grid power plants that
operate independently of the main energy grid. To accommodate
the dependency on scenario assumptions, the production costs are
calculated for three diferent RE electricity sources (CSP, PV, and
onshore wind).

To mitigate the risk of exacerbating water scarcity in the MENA
region, we assume that all water used is sourced from seawater
desalination. Our cost estimates are based on a seawater reverse
osmosis (SWRO) system, primarily powered by renewable electricity.

FT synthesis requires carbon monoxide (CO), which is produced
from CO, through a reverse water-gas shif (RWGS) reaction. Te
CO, required for the RWGS reaction can be captured from the
ambientair using directair capture (DAC) or from industrial processes
using carbon capture and use (CCU). Since DAC is a very new and
energy-intensive technology, CCU is, in general, the cheaper option
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but has limited potential depending on the industrial activities and
emissions. Te two largest industrial emitters of CO, are the iron
and steel and the cement industries (Leeson et al.,, 2017). For this
work, CO, from these two industries is considered a source for the
domestic fuel supply through CCU. Te CO, potential of CCU for
each country is limited to its own CO, emissions from the iron
and steel and cement industries. Te future CO, emissions and,
therefore, limits for synthetic fuel production are dependent on the
underlying scenario. For this work, a CO, scenario from Hu (2019)
was taken, which assumed current policies and ambitious technology
development, resulting in comparatively low industrial CO, emissions
in the future. Figure 3 shows the estimated CO, potentials calculated
with technology-specifc emission factors and corresponding scenario
functions of Hu (2019) aggregated to countries. In contrast to the use
of CCU for domestic supply, the export fuel potentials rely exclusively
on unlimited CO, from DAC to ensure 100% green fuel production.

For hydrogen generation, proton exchange membrane (PEM)
electrolysis is considered. PEM electrolysis exhibits a superior
dynamic operation behavior, ofering the potential to connect the
device directly to fuctuating power sources (Albrecht et al., 2016).
Compared to alkaline electrolysis (AEL), PEM shows a better
load change behavior and a wider part load range (Topler and
Lehmann 2017; Tremel and Auf, 2018). Compared to the solid
oxide electrolyzer cell (SOEC), PEM electrolysis exhibits a higher
technology readiness level (Zelt et al., 2021).

To ensure synfuel production using 100% green electricity, the
system operates autonomously with integrated storage options and
no electricity input from the power grid. In the case of PV and
onshore wind, Li-ion battery storage is considered, while in the case
of CSP, a thermal energy storage (TES) system using molten salt
is assumed. We consider a bufer storage unit like a gas tank for
hydrogen storage.

Teoutput product of the PtL process is FT fuel, from which other
fnal products such as kerosene, diesel, and gasoline can be refned. FT
fuel is produced via FT synthesis involving the RWGS reaction.
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FIGURE 3

Energy- and process-related CO, potentials of the iron and steel and cement industries for the considered years and countries, based on Hu (2019).

FIGURE 4

Considered MENA region and spatial resolution of the analysis using the GlobalFuel model. Considered export ports (purple) and CO, emission sites
from iron and steel production (red) and cement production (yellow). Furthermore, the figure shows an example of the location of the PtL plant site
and the built HVDC line for the given pixel with its RE power plant for green electricity generation.

Necessary investments in power transmission lines are
included in the synfuel production costs to ensure that
infrastructure expenses are not passed on to the general public.
Due to long transmission distances, high-voltage direct current
(HVDC) lines with DC converters are assumed (see also
Figure 4).

Te various components of a PtL route can have diferent
locations and, therefore, require diferent transport routes for
electrical energy and raw materials. It is assumed that the
PtL plant—including electrolysis, hydrogen storage, and FT
synthesis—is located close to the nearest port, minimizing transport
distances for the possible export of the produced FT fuels. In
addition, iron and steel and cement plants are usually located near
the coast, which shortens the transport distances for CO, (see
Figure 4). Water electrolysis near the port ofers the advantage of

Frontiers in Energy Research

sourcing H,O from nearby seawater desalination plants, eliminating
the need to transport water through the desert. T e short transport
distances of H,O, CO,, and FT fuel are, therefore, neglected in the
cost analysis. T e locations of the export ports are taken from the
World Port Index (WPI) dataset from MSI (2020) (see Figure 4). For
the distance of the HVDC line between the RE power plant and the
PtL plant, the beeline distance is assumed for simplifcation.

2.5 Implementation of the optimization
model
Te production route is represented through fow balances

that include the capacities of the system components. Te
cost calculation provides the total costs that are minimized by
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TABLE 1 Model variables and parameters of the different component types.

Component type Model variable

Source component  Output fow
 Capacity
« Curtailment

10.3389/fenrg.2025.1550419

Input parameter

« Specifc CAPEX

 Specifc OPEX

« Lifetime

* Availability

« Interest rate

« Output profle (upper, lower, and fxed)

Converter component « Input fow per input commaodity
« Output fow per output commaodity

« Capacity

« Specifc CAPEX

« Specifc OPEX

« Inputs/demands of commodities

« Outputs of commodities

« Minimal partial load

« Lifetime

« Availability

« Interest rate

« Output profle (upper, lower, and fxed)

Storage component « State of charge (SoC)
« Storage capacity
« Charging capacity

« Discharging capacity

« Specifc CAPEX of storage capacity
« Specifc OPEX of storage capacity
« Charger (converter component)

« Discharger (converter component)
« Starting SoC

« Ending SoC

* Minimal SoC

« Availability

« Lifetime

« Interest rate

Transport component  Capacity

« Distance

« Specifc CAPEX
 Specifc OPEX

« Losses per distance
« Costs per freight

« Freight load

the model. Te cost calculation also includes the component
capacities and, additionally, feedstock costs. Te model includes
generation, converters, storage components, and commodities.
Components and commaodities of one type share similar parameters,
as shown in Table 1. T'e model variables are determined using
the optimization model. Input parameters are assumptions that
enter the model as constants. Te specifc component capacities
and capital expenditure (CAPEX) refer to the maximum output
fow of the component. T e specifc CAPEX refers to the capacity
of the component. Te specifc fxed operating expenses (OPEX)
are expressed as annual shares of the CAPEX for the respective
technologies.

2.5.1 Flow balances
Te RE power plant supplies the system, as a generation
component, with hourly RE electricity generation pg(t).
Curtailment p,,(t) allows the model to limit the power plants
output and is considered an endogenous variable. T e output fow
is obtained of the model as shown in Equation 2-1:
pout(t) = pgen (t) - pcur(t)' (2'1)
Converter components convert the input fow p;,(t) of a
commodity, using an output-specifc demand factor d, into an
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output fow p, . (t) of the same or a diferent commodity, as shown
in Equation 2-2:

pou’[(t) =d: pin (t) (2_2)

T e hourly state of charge (SoC) of storage components SOC(t)

is obtained using the previous state of charge SOC(t - 1), the input
Tow p;,(t), and the output Fow p,,(t), as shown in Equation 2-3:

SOC(t) = SOC(t—1) +p;, (1) - Th—p,, (1) - 1h. (2-3)

Te input and output Fows of each commodity are balanced so

that they are equal at each point in time, as shown in Equation 2-4:

> () =2

Pin Pout

(2-4)

2.5.2 Cost calculation

Te annual costs Cg (calculated as shown in Equation 2-5) of
each generation and converter component are determined using
the specifc CAPEX, CAPEX reference R, annuity factor f, .,
and the specifc operating cost factor fopex. For the HVDC line,
the CAPEX reference R, is the product of the installed capacity
Pinst @and the line length D. For all other considered converter
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components, the CAPEX reference R, is simply the installed
capacity Py

Cg = CAPEX - Regpey - (f (2-5)

an T fopex)'

Te annual cost Cg of a storage component has additional
costs for the storage capacity E;,y wWhich are multiplied by the
corresponding specifc CAPEXg, as shown in Equation 2-6:

Cs = (CAPEXp - Pipgt + CAPEX - Ejpg) - (fopn + (2-6)

fopex)'

Teannuity factor f, is calculated (as shown in Equation 2-7)
via the annuity method. With the annuity method, investment costs
are calculated to an annuity under consideration of the amortization
period N and the interest rate i.

_ @i

a+iN-1 @7

ann
Te commodity costs C. are calculated (as shown in
Equation 2-8) based on the feedstock quantity, which is the sum of
its output Fows p,,,(t), and its specifc costs SC. In this study, specifc
costs are applied to water and CO,. For CO, reference, specifc costs
are utilized. T e resulting costs for CO, procurement are rescaled
when applying the CO, cost potentials outlined in Section 2.5.1. For
the other commodities, such as heat, electricity, and hydrogen,
the costs are depicted by investment and operational costs of
corresponding components.

Cc=3 (1) -SC.

Pout

(2-8)

T e model’s total plant cost Ct'otal is the sum of all partial costs
C of the components and commodities. Equation 2-9 builds the
objective function of the optimization model.

Coal =2 Ce*+ > Cs+ 3 Ce.

T e corresponding net production costs (levelized costs of fuel,
LCOF) of each pixel are then calculated using the total plant costs
under consideration of the CO, potentials Cyy, Equation 2-14 and
the maximal fuel potential E,,,,, as shown in Equation 2-10:

(2-9)

LCOF = Juo,

max

(2-10)

2.5.3 System constraints

Te system is optimized for 1 full year of production, using
an hourly time resolution. T e model is constrained to produce a
specifed yearly amount of PtX Ep defned as the sum of the output

fow from FT synthesis p51>(t), as shown in Equation 2-11:

8760

Epx = > PEIE (D).
t=1

(2-11)

Additional constraints are as follows: the output fows of each
component are limited to their respective capacities. Te SoC of
each storage component is also limited to its storage capacity.
Furthermore, the initial and fnal SoC of each storage component
are set to 50% of their storage capacity. T is ensures that no external
energy enters the closed system. Finally, all output fows and inputs
are positive real numbers .
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2.6 Fuel potential analysis

Te fuel potential analysis derives the techno-economic
maximum fuel potential E,, for each pixel. A scaling factor
foqe I8 calculated for each RE technology from the maximal
installable RE capacity Cap,,,, and the actual installed capacity
of RE power plants of PtL plant modeling Cap,,,4, @ shown in
Equation 2-12:

Capmax
Capmodel

scale — (2-12)
Tis scaling is then applied to the fuel potential E,,yqe, Which

corresponds to the installed capacities of the RE power plant in the

PtL plant model, resulting in the maximal fuel potential E,,, as

shown in Equation 2-13:

(2-13)

Emax = fscale " Emodel-

2.7 Derivation of cost-potentials

For the derivation of the fnal cost potentials, the domestic
demands calculated in Section 2.2 and the CO, cost potentials are
applied to the raw production cost and fuel potentials.

Te land utilization factors for each RE technology were
assumed to exclude any overlap of land areas. Hence, the cost
potentials of each RE technology case are summarized into one
cost-potential curve.

T efuel potential and levelized production costs within the same
grid cell are interconnected, as illustrated in Figure 5.

2.7.1 Application of domestic demands

Each determined countries’ own demand was taken into
account to allocate the modeled fuel generation potentials between
usage for domestic and export markets. Terefore, domestic
potentials were matched with the most cost-efective fuel generation
options, while export potentials were assigned to more expensive
alternatives. Furthermore, favorable RE potentials were reserved
for meeting future domestic electricity demand in the remaining
sectors, including industry, transport, households, and services,
as well as for hydrogen generation, grid losses, and conversion
losses. Tis leads to a gap between the most expensive domestic
potentials and the cheapest export potentials. By taking countries’
own demand into account, an infuence on both the total
potential and the production costs of synfuels for export can
be determined.

2.7.2 Application of CO, cost-potentials

Te pixel-wise modeling of fuel levelized production costs is
carried out using with specifc reference costs for CO,. Te actual
county-specifc CO, cost potentials are applied in a post-processing
step. T erefore, the lowest fuel cost potentials in a country are
matched with the lowest CO, potentials. Once a CO, cost potential
is exhausted, the next-cheapest potential is used. In addition, the
CO, potential with the lowest cost is allocated frst to meet domestic
synthetic fuel demand, while the remaining CO, potential is used for
export fuel production. T e assumed CO, costs in 2030/2040/2050
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FIGURE 5
Composition of the cost-potential curve from the spatial model output.

are 39/34/30 €/tco, from the iron and steel industry, 42/28/15
€/tco, from the cement industry (based on Leeson et al., 2017),
and 60/40/32 €/to, from DAC (based on Fasihi et al., 2019). Te
Tnal total plant costs, under the consideration of the CO, potentials
Ciotal» are calculated using Equation 2-14. TTis incorporates the
model’s total plant costs C. ., the reference CO, costs Crceéz, the
co,» and the actual-specifc CO,

total’
reference-specifc CO, costs SC
costs SCeo,-

SCeo,
SC

ref
co, "’

Crotal = o

total

C

C -D. (2-14)

ref
co,

Te levelized production costs are then recalculated using
Equation 2-10.

2.8 Techno-economic assumptions

Te literature research shows a wide range of techno-
economic assumptions. For example, the investment cost of
utility-scale solar PV in 2030 can range from 350 to 1,050 $/kW
(Ghadim et al., 2025). In this study, assumptions were chosen
from sources that present values within an average range to avoid
creating an overly optimistic or pessimistic scenario. Te techno-
economic assumptions are provided in Supplementary Material.
An overview of the modeling components is provided
as follows.

e Te PV power plant is defned as consisting of tilted,
permanently mounted PV panels.

e Te CSP power plant with a parabolic trough includes a solar
feld for a system using thermal oil as the heat transfer fuid, a
TES system as a common two-tank molten salt system, and a
conventional steam turbine.

e Te onshore wind power plant corresponds to a typical new
plant with moderate technological development (4.4-5.5 MW
nominal capacity).
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Electricity is transmitted viaan HVDC line with a DC converter
station at the beginning and the end.

Water electrolysis is PEM electrolysis based on a 100-
MW system.

Te assumptions for FT synthesis already include the RWGS
reaction and hydrocracking for product preparation and
separation with a share of 60% diesel, 25% kerosene, and
15% naphtha.

T e battery corresponds to a Li-ion system.

T e hydrogen storage unit refers to a gas tank that serves as a
bufer storage in which the hydrogen is stored under pressure.
T eassumptions for the costs of the starting materials H,O and
CO, are assumed to be exogenous.

H,O is obtained from water desalination, which is operated
with a share of renewable electricity of 77%.

For CO,, costs are based on current extraction methods from
cement production, specifcally oxyfuel combustion and amine
scrubbing.

For all components, a lifetime of 20 years is expected.

An exemplary weighted average cost of capital (WACC) of 6%
is used as the interest rate for all investments in technologies in
all countries.

Te cost assumptions for CO, from cement or iron and steel
production are taken from Leeson et al. (2017), who discussed
only capture processes with a CO, purity higher than 95%.
Te cost assumptions for DAC are taken from Fasihi et al.
(2019), who discussed only systems with a CO, purity higher
than 99%. T e high CO, purity of the CO, stream allows further
pretreatment to be omitted.

Many of the used technologies such as CSP, PV, onshore wind,
SWRO, PEM electrolysis, battery storage and hydrogen storage
show a high technology readiness level (TRL) of 9 for large-
scale implementation. For technologies like DAC (TRL 5), CCU
(TRL 6), and FT synthesis with integrated RWGS (TRL 6), further
development is necessary for large-scale implementation. But all
of those technologies are expected to reach a TRL of 9 until 2030
(Zelt et al., 2021; O'Connell et al., 2018).
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FIGURE 6
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Local levelized production costs for FT fuel with electricity from CSP, PV, and onshore wind in 2030, 2040, and 2050.

3 Results

Te resulting levelized costs and potentials of FT fuel
for the diferent techno-economic assumptions are presented
below. Modeling using GlobalFuel was carried out here as an
example of a PtL route; the method and calculated indicators
can also be transferred to other PtX products such as hydrogen,
methane, methanol, or ammonia. Which of these products may
be more proftable depends, among other factors, on the regional
infrastructure for transportation and the presence of established
markets for chemicals. Quantities of the fuel refer to its lower
heat value.

3.1 Local levelized production costs

Figure 6 show the local FT fuel costs separately according to
the power generation technology used. For the visualization on
a map, the pixel-based results are post-processed with a contour
function that aggregates the results into cost categories. T e white
areas show areas that were excluded due to land cover, geological, or
meteorological constraints.

Itis found that FT fuel production with electricity from CSP and
PV achieves the lowest costs on the Atlantic coast south of Tarfaya,
around the Red Sea in Egypt and Saudi Arabia, Yemen, Oman,
southeastern Iran, and southern Libya. Te FT fuel production with
electricity from onshore wind energy achieves the lowest costs on the
Atlantic coast south of Tarfaya, southern Libya, southeastern Egypt,
southeastern Iran, central Algeria, and central Saudi Arabia.

3.2 Starting levelized production costs

Figure 7 shows the starting LCOF, representing the lowest
possible production costs derived from the pixel-by-pixel analysis by
country and power generation technology for the years 2030, 2040,
and 2050. Based on the uniform assumption of a 6% WACC across
all countries, the most favorable production costs in the MENA

Frontiers in Energy Research

10

region are primarily found in Oman, Yemen, Saudi Arabia, Egypt,
and Morocco. Oman ofers the lowest absolute production costs at
196, 155, and 123 €/MWh in 2030, 2040, and 2050, respectively.
Alongside the countries mentioned before, Iran, Libya, and the UAE
are also favorable, with slightly higher fuel production costs.

T e cheapest fuel production costs in Algeria, Libya, Morocco,
Oman, Saudi Arabia, and Yemen are achieved with electricity from
CSP, closely followed by PV. In contrast, the remaining MENA
countries achieve the cheapest fuel production costs with electricity
from PV. However, the use of CSP in Egypt and the United Arab
Emirates is only slightly more expensive (up to approximately
15 €/MWh) than PV-based fuel generation.

Morocco also exhibits competitive fuel production costs with
onshore wind power. Furthermore, Algeria, Kuwait, Iran, and
Libya demonstrate relatively low production costs for onshore wind
compared to solar energy sources.

Te production costs decrease over time due to the assumed
learning curves of the technologies used. By 2050, the lowest
production costs have decreased by an average of 36% for CSP, 38%
for PV, and 32% for onshore wind compared to 2030.

3.3 Possible effects of own consumption
on export potentials

Figure 8 shows the resulting fnal energy demand scenarios for
the transport sector estimated for the MENA countries considered.
Compared to the 9,600 PJ in 2015, according to the statistics,
the bottom—-up assumptions made for mileage, efciency, and
electrifcation result in a maximum demand of approximately
23,000 PJ per year in the reference case for 2050 and 15,000 PJ per
year in the moderate consumption case (ALT and ALT2). In the
ADV scenario, the assumptions of maximum possible efciency and
electrifcation developments result in total consumption for 2050
falling below today’s values, although the situations in North Africa
and the Middle East are very diferent. T e results of the estimation
of the total fnal energy demand for all sectors per country can
be found in Supplementary Material.
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FIGURE 7

Starting LCOF for FT fuel generation potentials based on considered years, RE technologies, and MENA countries.

FIGURE 8

Results of the estimation of final energy demand in transport in the MENA countries for all scenarios.

Te resulting electricity consumption to be covered by
renewable energies by 2050 is shown in Figure 9, with a distinction
by sector and application. Te ALT2 scenario represents the
maximum development with an increase in total electricity demand
by a factor of 12 in the entire MENA region compared to 2021
(by a factor of 6 in the ADV scenario). Assuming 100% renewable
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electricity generation, this means an increase in installed capacity
for wind and solar power in the ADV scenario to approximately
4500 GW in a mixed RE supply derived from the existing
potentials, with renewable electricity generation of approximately
9,700 TWh in 2050 for all MENA countries considered. In the
ALT2 scenario, both the generation capacities and annual electricity
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FIGURE 9
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Results of the estimation of renewable electricity demand in the MENA countries for all scenarios.

volumes demand in 2050 are more than twice as high. As a
result, the demands on the electricity system in the two 100% RE
scenarios are enormous, with maximum annual expansion rates of
between 500 and 600 GW of installed solar and wind power plant
capacity in the ALT2 scenario. Country-specifc scenario data can
be found in Supplementary Material, including an overview chart
of sectoral electricity consumption.

To estimate the infuence of domestic demand on the cost
potentials, the best RE locations for the country’s own supply are
used in each case. Additional technology expansion for export
to Europe begins with the remaining available land potential.
Depending on the ambitious climate protection targets assumed
in the scenarios, this assumption has a maximum impact on the
production costs of electricity and synthetic fuels for export. Te
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efects on the costs and potentials of fuel production for export
are presented under the assumptions made and the estimated
pessimistic case of maximum own demand in Figure 10.

For favorable countries, the starting costs for export potentials,
afer the deduction of their own demands, are moderately higher
than those for generation potentials in 2030, 2040, and 2050. Te
estimated development of generation costs in the energy scenarios
considered over the three scenario years is €6, €4-6, and €8-10/MWh
in Oman; €8, €6, and €9/MWh in Yemen; €14, €9-13, and €11-
15/MWh in Saudi Arabia; €12, €8-9, and €11-13/MWh in Egypt; and
€8, €5-8, and €9-16/MWh in Morocco.

Inthe energy scenarios, domestic demand in 2030 is very similar,
so relevant diferences in costs and potential only emerge in the
years that follow. T e increase in domestic demand in all countries
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FIGURE 10
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LCOF delta between the starting LCOF of generation and that of export potentials.

over time suggests that the deltas and, thus, the starting costs for
export potentials are increasing. However, in some cases, the deltas
are lower in future years. T'is is due to the fact that the starting
costs of generation potentials increase more than the starting costs
of export potentials. Tis is mainly because of the change in the cost
structure of the CO, potentials. In more detail, the decrease in the
CO, cost for the cheapest export potentials is lower than the decrease
in the CO, cost for the cheapest generation potentials.

Figure 10 shows the country-specifc results in the form of
cost diferences for the lowest possible generation costs in the
event that self-consumption is taken into account for each of the
four energy scenarios considered. In contrast to the REF case, in
which self-consumption is largely generated by renewable electricity
for conventional electricity consumers, self-consumption increases
sharply in the alternative scenarios—particularly in ADV and
ALT2—due to the additional demand for hydrogen and synthetic
fuels. Te cost diferences increase accordingly, but they develop
very diferently in absolute terms, especially depending on the
country-specifc potentials.

To summarize, in favorable large territorial countries, the
increase amounts to up to 7 €/MWh in 2030 and up to 16 €/MWh in
2050. For rather small countries with limited renewable electricity
potential and high population density, their own demands show
a relevant efect on their fuel export potential. It is found that
in countries like Bahrain, Lebanon, Qatar, Kuwait, and the UAE,
the available RE sites are largely or entirely utilized for domestic
electricity and synfuel production in 100% RE scenarios.
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3.4 Technical cost potentials of production

Figure 11 presents the cost potentials of FT fuel generation
in the entire MENA region for the years 2030, 2040, and 2050.
Notably, it reveals that much of FT fuel production relies on
electricity generated from PV, which accounts for approximately
71% of the total. CSP contributes approximately 22% to FT fuel
generation, with comparable costs. In contrast, wind energy from
onshore installations plays a relatively minor role, accounting for
approximately 7% of the total, primarily driven by more expensive
potential. T e lower share of CSP compared to PV is mainly due to
the larger total excluded area as PV systems can be built on steeper
slopes; for example, the lower potential of wind, compared to that
of solar technologies, can be attributed to the rather poor wind
conditions relative to the high solar radiation in the MENA region.

Figure 12 illustrates the cost potentials of the fuel generation
potential in 2030, 2040, and 2050 for the considered MENA
countries. For the entire MENA region, the modeling results
in a potential FT fuel production of 170,000 TWh/yr in 2030,
which increases to 210,000 TWh/yr in 2050. Compared to
Germany’s estimated demand of approximately 370 TWh/yr
of conventional fuels in 2050, based on a broad mix of
drive technologies [scenario ‘Brennstofmix’ in Kriger and
Doré (2022)], the total FT fuel generation potential is
extremely high.

Figure 12 further provides insights into the potentials,
highlighting their associated costs. In 2030, fuel potentials
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FIGURE 11

Cost potentials of the FT fuel generation potential in the entire MENA region in 2030, 2040, and 2050.

FIGURE 12

Cost potentials of the FT fuel generation potential in 2030, 2040, and 2050 for the considered MENA countries.

between 190 and 200 €/MWh are concentrated in Oman, with
approximately 7 TWh/yr available. When considering cost options
below 210 €/MWh, additional fuel potentials emerge in Saudi
Arabia (28 TWh/yr) and Yemen (7 TWh/yr), while Oman’s potential
increases to approximately 130 TWh/yr. By 2040, the cheapest fuel
options between 150 and 160 €/ MWh are found in Oman, with
approximately 87 TWh/yr available. Expanding this cost range to
below 170 €/ MWHh reveals a diverse set of countries with substantial
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fuel potential: Egypt (62 TWh/yr), Oman (500 TWh/yr), Saudi
Arabia (92 TWh/yr), and Yemen (2,300 TWh/yr). By 2050, the most
afordable fuel options below 130 €/MWh will be dispersed across
several countries, including Egypt (3 TWh/yr), Oman (3 TWh/yr),
Saudi Arabia (30 TWh/yr), and Yemen (3 TWh/yr). However, when
considering slightly higher costs below 140 €/ MWh, a broader range
of countries ofers signifcant fuel potentials: the UAE (21 TWh/yr),
Egypt (130 TWh/yr), Iran (41 TWh/yr), Morocco (13 TWh/yr),
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FIGURE 13
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Cost potentials of the FT fuel export potential in 2030, 2040, and 2050 for the considered MENA countries. The export potentials are derived by
considering the countries’ own demand of the countries in the ALT2 energy scenario.

Oman (950 TWh/yr), Saudi Arabia (290 TWh/yr), and Yemen
(5,200 TWhyr).

Figure 13 illustrates the cost potentials of the FT fuel export
potential in 2030, 2040, and 2050 for the considered MENA
countries. Te export potentials are derived by considering the
countries’ own electricity and synfuel demand in the ALT2 energy
scenario. In this scenario, the countries’ needs to reach the
100% RE target are relatively high, as an upper estimate of a
possible reduction in export potential. T is has a signifcant impact,
especially on countries with small areas and high populations.
Bahrain, Kuwait, Lebanon, Qatar, and the UAE show lower export
potentials compared to their technical generation potential. In
some of these countries, no export potential emerges in the
long term due to increasing own demand. For large territorial
countries, their own electricity and synfuel demands do not have
a signifcant efect on the total potential. However, as the most
cost-efective RE locations are reserved for meeting the domestic
electricity demand, the costs of fuel export potentials increase. T is
efect is further reinforced by the assumption that the most cost-
efective CO, potentials are allocated to the countries’ own synfuel
production.

For 2030, the cheapest fuel export potentials between 200 and
210 €/MWh are approximately 110 TWh/yr, located in Oman.
When considering cost options between 210 and 220 €/MWh,
additional fuel potentials emerge in Oman (400 TWh/yr) and
Yemen (2,600 TWh/yr). By 2040, the most afordable fuel options
between 160 and 170 €/MWh are found in Oman (496 TWh/yr)
and Yemen (2,300 TWh/yr). Expanding this cost range to 170-180
€/MWh reveals a diverse set of countries with substantial fuel
potential: Egypt (900 TWh/yr), Morocco (13 TWh/yr), Oman
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(2,000 TWh/yr), Saudi Arabia (2,600 TWh/yr), and Yemen
(7,000 TWh/yr). By 2050, the cheapest fuel options between
130 and 140 €/MWh will be located in Oman (690 TWh/yr)
and Yemen (5,000 TWh/yr). When considering slightly higher
costs between 140 and 150 €/ MWh, a broader range of countries
ofers signifcant fuel potential: Egypt (1,200 TWh/yr), Oman
(3,200 TWh/yr), Saudi Arabia (6,000 TWh/yr), and Yemen
(6,200 TWh/yr).

Te export cost potentials shown correspond to the extreme
energy scenario ALT2, which results in relatively high export
costs. As illustrated in Figure 14, the lowest costs for export
potentials are lower under the assumption of own consumption
according to the ADV scenario than in the ALT2 scenario. Te
moderate REF and ALT energy scenarios without achieving climate
neutrality result in lowest costs for export potentials. Te real
costs of exports may, therefore, be signifcantly lower than the cost
potentials estimated under the assumptions made in this assessment,
as shown in Figure 13,

To summarize, the prospects for producing synfuels using
green electricity in the MENA region appear highly promising.
Te estimates range from approximately 3,400 TWh in 2030 at
costs between 190 and 220 €/MWh and approximately 6,700 TWh
in 2050 at costs between 120 and 140 €/ MWh. Te majority of
this potential comes from countries such as Egypt, Morocco,
Oman, Saudi Arabia, and Yemen. Considering countries’ own
demands, the export potentials in the same corresponding cost
ranges amount to 3,100 TWh in 2030 and 5,700 TWh in 2050. In
comparison, the demand for PtL fuels in Germany is signifcantly
lower, with estimates suggesting up to 140 TWh in 2030 and up to
430 TWh in 2050 (Kriiger and Doré 2022).
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FIGURE 14
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Cost shares of system components and commodities. The cost shares are the mean values of the corresponding cheapest 10% of locations in

the year 2030.

3.5 Production cost structure

Figure 14 illustrates the cost breakdown of system components
and commodities of PtX plant optimization. Te cost shares are
represented by the mean values of the cheapest 10% of locations
in 2030 for the corresponding renewable electricity sources: CSP,
PV, and onshore wind. Notably, the RE power plant constitutes the
largest share, with approximately 56%, 43%, and 53%, respectively.
T e high cost share indicates that the economic assumptions of the
RE power plant are especially sensitive to the resulting production
costs. Storage costs, including battery/TES and hydrogen storage,
also account for a signifcant proportion, approximately 18%, 15%,
and 22%, due to the nature of fuctuating RE sources in combination
with the required minimum loads for fuel production. Te high
storage capacities and the associated costs are mainly due to the
required minimum load. T is indicates that the required minimal
load for the FT synthesis is also a sensitive parameter for the resulting
production costs.

Te cost share for PEM electrolysis is approximately 8%, 19%,
and 10%, respectively. CO, procurement accounts for moderate
shares of approximately 9%, 9%, and 6%. It has to be mentioned that
the cost structure is presented for the most cost-efective potentials,
with CO, sourced from the iron and steel industry as the lowest-
cost option. In contrast, under the given assumptions, the costs
of CO, from DAC would be approximately 1.5 times higher. Tis
increase in CO, costs would translate into an approximate 5%, 5%,
and 3% increase in production costs for the three considered RE
technologies, respectively. T ese fndings suggest that the choice of
the CO, source has a signifcant impact on the resulting production
costs. Figure 14 further shows that FT synthesis (5%, 5%, and 3%),
power transmission (3%, 8%, and 5%), and water procurement (less
than 1% in each case) account for relatively low-cost shares. Notably,
the electricity transmission costs for CSP are substantially lower
than those for PV and onshore wind. As discussed in Section 2.4,
the model structure and component layout difer between CSP
and PV/onshore wind. Te reduced electricity transmission costs
associated with CSP can be attributed to the fact that energy can be
bufered in the TES system before transmission, resulting in a lower
peak load. Placing the energy storage at the RE source site instead of
the demand site leads to lower electricity transmission costs. T us,
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the shown production costs for fuel with electricity from PV and
onshore wind can potentially be lower.

T e higher production costs for fuel production with electricity
from onshore wind are mainly due to higher storage requirements
and higher specifc investment costs of the wind turbine.

3.6 Full load hours and capacities

In general, the local wind and solar conditions afect the full load
hours or capacity factor of the RE power plant. High capacity factors
in power generation enable higher capacity factors for electrolysis
and FT synthesis, leading to lower production costs without having
to increase the storage capacities.

Figure 15 illustrates the resulting full load hours for the RE
power plant, PEM electrolysis, and FT synthesis and the specifc
storage capacity. T e specifc storage capacity refers to a storage
capacity converted into fuel equivalents per capacity of FT synthesis.
Tefull load hours for the RE power plant are approximately 2,200 h
(CSP), 1,600 h (PV), and 1800 h (onshore wind), respectively. T eir
load is slightly below their potential maximum. T is suggests that a
modest reduction in capacity, accompanied by a slight curtailment,
may be a more cost-efective approach. Te full load hours for
PEM electrolysis are approximately 8,300 h (CSP), 3,600 h (PV),
and 5,100 h (onshore wind). Te load in the case of PV and
onshore wind is comparatively lower than that in the case of CSP.
High-load electrolysis can only be achieved with a higher energy
storage capacity. Under the assumptions made, low-load electrolysis
with high capacity appears to be more cost-efective than high-
load electrolysis with low capacity. T e total storage capacities are
approximately 60 kWhg o /KWers (CSP), 40 kWhy,o/KWers (PV),
and 190 kWhy,o,/KWerg (wind onshore). T is shows a signifcantly
higher need for storage capacities in the case of onshore wind.
Interestingly, the specifc capacity of the TES system in the case
of CSP is higher than that of the battery in the case of PV and
onshore wind. Te low specifc storage capacity in the case of PV
and onshore wind indicates that the storage capacity of the battery
is only designed to ensure that the minimum load required for
PEM electrolysis is maintained at all times. T e more cost-efective
hydrogen storage system is used to guarantee the required minimum
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FIGURE 15

10.3389/fenrg.2025.1550419

Resulting full load hours for the RE power plant, PEM electrolysis, and FT synthesis and the specific storage capacity (referring to a storage capacity
converted into fuel equivalents per capacity of FT synthesis). The values are expressed as the mean of the corresponding cheapest 10% of locations in

the year 2030.

load of the FT synthesis. In the case of CSP, the TES system enables
more cost-efective energy storage than the battery. Based on the
assumptions made, it appears to be more cost-optimal for CSP to
increase the load of electrolysis using a TES system. However, a
signifcant proportion is still stored in the form of hydrogen. For
onshore wind power, it is likely that a relatively large H, storage
facility will be required to compensate for prolonged periods of
low wind speeds. Shutting down production during these periods
could lead to lower storage requirements and potentially reduce
production costs.

4 Discussion

T eresults presented are subject to uncertainties, which can add
up due to numerous uncertainties in techno-economic assumptions
and input data. T e results must, therefore, always be viewed in the
light of the assumptions made and the underlying methodology. For
example, the selected weather year, with its fuctuation in solar and
wind power, has a signifcant infuence on the design of the PtL
plant and its costs. Years with more or less weather fuctuations and
extreme weather events can lead to diferent capacity factors of the
components or the need for more or less storage capacity, which,
in turn, leads to diferent potentials and production costs. In this
work, a representative weather year was chosen in order to minimize
the inaccuracy. T e assumptions about the availability of land are
also uncertain, which has an infuence on the overall potential for
renewable electricity and PtL. For example, areas change due to
construction activity, forest fres, desertifcation, renaturation, etc.,
so that the availability of land for the use of RE deployment can
change in the future. Furthermore, the terrain, e.g., in mountainous
areas, can have an impact on the construction, operation, and
maintenance costs of RE power plants (Feng et al., 2025). However,
this aspect is neglected so as to reduce the complexity. T e utilization
factors by land cover type, which were applied evenly to the
MENA regions, also have a large infuence on the overall potential
and, therefore, represent a major uncertainty. Te potentials are
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determined on the basis of land areas that can be advantageous
and disadvantageous due to their meteorological conditions. If the
upper limit for the use of a certain land cover type could be set
depending on regional conditions, a higher favorable potential could
be considered in the analysis.

As found, the CO, cost potentials have a noteworthy impact on
the resulting levelized production costs of synfuel. T ese potentials
can increase if imports of CO, are considered or decrease through
alternative pathways that achieve carbon neutrality in industries
such as iron and steel (Hu, 2019). Moreover, the costs of CO, capture
and utilization can vary, with DAC potentially ofering a more cost-
efective solution than our initially assumed conservative scenario.

In addition, the analysis of the technical potential is based
on a uniform and moderate interest rate and, therefore, does not
take into account the country-specifc investment environment and
possible investment risks. T ese can signifcantly infuence the costs
of hydrogen and its derivatives in each country and, thus, also
afect the selection of potential export countries. A corresponding
cost-potential analysis under the consideration of country-specifc
investment risks was conducted by Terrapon-Pfaf et al. (2025).

Compared to the results shown, lower costs could be achieved
through further system optimization if free capacities of existing
infrastructures such as refneries and power transmission lines
are used, thus reducing the extent of the new infrastructure
required. Furthermore, there is potential to reduce the high share of
storage costs through a renewable electricity mix consisting of solar
technologies and wind power, as well as other renewable options if
available.

Furthermore, a stand-alone system was assumed for modeling,
which neither feeds electricity into the grid nor draws electricity
from the grid. Tis ensures fuel production from 100% green
electricity by full additionality of the RE power plant capacities. If
the RE power plant and fuel production plant are connected to the
power grid, the fuel production plant would have to be operated in a
net-zero mode in order to guarantee the additionality of renewable
electricity generation. In net-zero operation, the same amount of
electricity that the fuel production draws from the grid must be
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fed into the grid by the RE power plant over a certain period of
time. T is mode of operation enables a higher utilization and, thus, a
reduction in costs for electrolysis and FT synthesis and cost savings
for batteries, TES, and hydrogen storage. However, in an energy
system that is not 100% based on RE, the electricity drawn from the
grid is not guaranteed to be 100% green electricity.

In this cost-potential analysis for PtL, PEM electrolysis in
combination with FT synthesis was selected as the production route.
Other technologies, such as alkaline electrolyzers or solid oxide
electrolyzers, lead to diferent fuel potentials and production costs
due to changes in techno-economic parameters. For example, a
higher efciency of water electrolysis can reduce the demand for
electricity and, thus, the RE power plant costs. Te potential can
generally be increased through more efcient technologies, and
the results may change accordingly compared to our prospective
assumptions.

T e fuel production costs also depend on transportation costs
within the country. For example, a favorable RE potential in one
region can be used to achieve low fuel production costs despite
electricity transmission costs at a location in another region. In
the cost-potential analysis, the port-location strategy was selected,
in which the PtL plants are located near ports. Other strategies
and other assumptions for transportation costs result in diferent
transportation structures, which infuence the production costs and,
therefore, also the location of the low-cost hotspots.

Te calculated technical production costs for FT fuel from PV
and CSP electricity are very close to each other. T e electricity costs
for CSP are signifcantly higher than for PV, which is mainly due
to its power block that includes a steam turbine and TES. T e costs
for TES are already included for CSP, while additionally required
batteries are not included in the calculation of PV electricity costs.
However, these storage costs are included in the production route
when using PV electricity. In addition, CSP can have advantages
over PV that are not refected in cost modeling. T e steam turbine of
CSP plants can be operated with a backup burner that uses biomass,
fossil, or synthetic fuels. Te option of backup operation enables
an increase in secured output (capacity remuneration), can provide
balancing energy on demand, and contributes to grid stability.

To be able to run the PtL plant optimization on a large number
of locations and scenarios, some simplifcations were performed
to reduce the computational runtime. T e cost calculation neglects
transport costs for H,O from seawater desalination plants, CO, from
industry sites, and FT fuel to export hubs and costs for further
plant components such as CO, storage. Furthermore, technical
simplifcations are performed for detailed process characteristics
such as self-discharge or time-dependent capacity loss of storages
or load-dependent efciencies, especially for the fuctuating load
of the electrolysis. Te impact of these simplifcations needs to
be observed in further studies. Moreover, an investigation into
integrated modeling of seawater desalination or DAC could provide
insights into the synergies of these processes with the PtX process.

Te results can be partly compared with those of the current
literature. In Buchenberg et al. (2023), for example, the calculated
costs for FT fuels are 110 €/MWh in Africa by 2050. In comparison,
Pfennig et al. (2023) estimated synthetic hydrocarbons costs
between 110 €/MWh and 130 €/ MWh in MENA countries by 2050.
Lux et al. (2021) calculated costs between 70 €/ MWh and 120
€/MWh for green hydrogen and synthetic methane in the MENA
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region by 2050, respectively. Calculations of Brynolf et al. (2018)
resulted in production costs in the range of 200-280 €,4,5/MWh fuel
in 2015 and 160—210 €,4;5/MWh fuel in 2030.

Furthermore, we have made assumptions about the potential
domestic demand for renewable electricity and fuels in order to
consider the countries’ own energy requirements. Te extent to
which the assumed development paths are possible under the
current and expected political, economic, and social framework
conditions could not be taken into account. T e scenarios, thus,
formulate possible requirements for the national transformations
of the energy supply that appear necessary for climate protection
from a global perspective and are fundamentally feasible from a
purely techno-economic point of view. Other assumptions will lead
to diferent results, but the order of magnitude of the infuence
on export potentials and costs could be demonstrated. Particularly,
with regard to the potential demand for green synthetic fuels,
there is a high degree of uncertainty about how and in what
quantities electricity-based fuels can be produced, transported,
distributed, and integrated into the fuel markets in the countries.
It can be assumed that in the necessary infrastructure development
for electricity generation, hydrogen electrolysis, storage units, and
synthesis plants for hydrocarbons or ammonia, there will be no
separation between domestic demand and export, but investments
need an economic perspective for both. However, due to the high
fnancial strength of potential importing countries, exports could be
refnanced better and earlier than supplying the domestic market.
Te early implementation of export routes could also provide an
important impetus for investments in renewable technologies for
the energy markets of the exporting countries. In this case, the
expansion of electricity generation from renewable energies would
also be prioritized to supply new export routes and, thus, delay the
domestic supply of electricity from renewable energies. Our study
follows the narrative that this does not happen in order to avoid
criticism of energy colonialism. T erefore, even in the case of parallel
expansion for both purposes, the best land potentials are allocated to
domestic supply and deducted to determine the cost-potentials for
export. In this sense, our approach represents a maximum estimate
of the efect of self-supply on export potential.

Tere are still many unanswered questions regarding the rapid
and massive expansion of renewable energies, fuel production
routes, and the parallel implementation of energy cooperation
between European and MENA countries. T is also requires high
standards in both the exporting and importing countries in terms
of the renewability and environmental friendliness of the electricity
used and the green fuels produced. It also requires a willingness to
pay more for energy in the future than in the past.

5 Conclusion

Tis study advances the research feld by addressing the
development of methods for the techno-economic assessment of
PtX products, resulting in a novel modeling framework with high
temporal and spatial resolution. It also provides detailed estimates
of levelized production costs and renewable energy potentials in the
MENA region through a transparent, scenario-based approach.

By leveraging a bottom—up modeling of production routes
and incorporating techno-economic characterization of current and
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future technologies, this study addresses key research questions
regarding the role of renewable electricity, hydrogen, and PtL in
the MENA region as well as their potential as import options for
Europe. Te fndings confrm that the MENA region has signifcant
renewable energy potential, capable of supporting cost-efective PtL
production.

Te estimated PtL production costs decrease from
approximately 196 €/MWh in 2030 to 123€/MWh in 2050,
highlighting the substantial opportunities for green fuel production
in the MENA region. However, the competitive landscape between
PtL fuels and alternative synthetic energy carriers, such as hydrogen,
underscores the need for strategic planning in resource allocation
and export priorities. Additionally, addressing domestic renewable
energy and synfuel demands, particularly in smaller MENA
countries, signifcantly impacts export potentials as these nations
will prioritize their own needs.

T e estimated scenarios show enormous opportunities but also
very great challenges for the supply of renewable energies in the
MENA countries. T is results in a huge need for infrastructure and
targeted investment in the expansion of RE technologies, which
is not yet on the political agenda in most countries. Taking into
account the countries’ own demand for renewable electricity and
synfuels leads to adjusted cost-potentials for exports. T is leads to
rather small impacts on the potential for large territorial countries
and the MENA region as a whole. Nevertheless, the consideration
of countries’ own demand increases the costs of the synfuel export
potentials.

Solar-based electricity production (PV and CSP) emerges as
the most economically viable route, although wind power can
complement production in specifc regions like Morocco and Iran,
reducing costs through hybrid systems. Other possible RE sources
such as ofshore wind, ocean energy, or hydropower are not
taken into account but are likely to play only minor roles in the
MENA region.

Te quantitative estimates for diferent renewable electricity
supplies appear plausible in comparison with previous work.
Although the RE potential is unevenly distributed, almost all MENA
countries and regions have a signifcant potential at low costs and
are, therefore, suitable for PtX production.

T eresults also emphasize the pivotal role of system components
in determining PtL production costs, with electricity generation
plants accounting for the largest share of costs (40%-60%) and
storage systems (battery, TES, and hydrogen storage) contributing
15%—25%. However, the ability to operate the fuel synthesis process
at lower partial loads has the potential to signifcantly reduce the cost
share of the storage components.

Despite the clear technical potential, the realization of large-
scale PtL production and exports depends on overcoming
substantial challenges, including infrastructure development,
investment mobilization, and alignment with political and socio-
economic frameworks in MENA countries. Ensuring sustainable
exports to Europe requires addressing domestic renewable energy
demands and fostering local stakeholder engagement. Using
the DLR GlobalFuel Framework, the study identifes potential
production hot spots where green fuels could be produced cost-
efectively, but achieving these targets necessitates a comprehensive
approach, integrating technological, economic, and political
strategies.
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Te fndings highlight the maturity of key technologies like
renewable electricity generation (PV, CSP, and wind), electrolysis,
synthesis processes, and seawater desalination but also stress the
urgency of advancing integration technologies and addressing
systemic challenges. As the energy transition unfolds, the focus
must expand beyond technical potentials to include market design,
governance, and cross-border collaboration, ensuring that PtL
production becomes a feasible and sustainable pillar of future
energy systems.
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