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The utilization of electricity-based fuels (e-fuels) is a potential strategy component for achieving greenhouse gas
neutrality in the European Union (EU). As renewable electricity production sites in the EU itself might be scarce
and relatively expensive, importing e-fuels from the Middle East and North Africa (MENA) could be a comple-
mentary and cost-efficient option. Using the energy system model Enertile, supply curves for hydrogen and
synthetic methane in the MENA region are determined for the years 2030 and 2050 to evaluate this import
option techno-economically. The model optimizes investments in renewable electricity production, e-fuel pro-
duction chains, and local electricity transport infrastructures. Analyses of renewable electricity generation po-
tentials show that the MENA region in particular has large low-cost solar power potentials. Optimization results
in Enertile show for a weighted average cost of capital of 7% that substantial hydrogen production starts above
100 €/MWhyj in 2030 and above 70 €/MWhy; in 2050. Substantial synthetic methane production in the model
results starts above 170 €/MWhcu4 in 2030 and above 120 €/MWhcpy4 in 2050. The most important cost
component in both fuel production routes is electricity. Taking into account transport cost surcharges, in Europe
synthetic methane from MENA is available above 180 €/MWhcp4 in 2030 and above 130 €/MWhcp4 in 2050.
Hydrogen exports from MENA to Europe cost above 120 €/MWhy in 2030 and above 90 €/MWhy in 2050. If
exported to Europe, both e-fuels are more expensive to produce and transport in liquefied form than in gaseous
form. A comparison of European hydrogen supply curves with hydrogen imports from MENA for 2050 reveals
that imports can only be economically efficient if the two following conditions are met: Firstly, similar interest
rates prevail in the EU and MENA; secondly, hydrogen transport costs converge at the cheap end of the range in
the current literature. Apart from this, a shortage of land for renewable electricity generation in Europe may lead
to hydrogen imports from MENA. This analysis is intended to assist in guiding European industrial and energy
policy, planning import infrastructure needs, and providing an analytical framework for project developers in the
MENA region.

1. Introduction

To counter the threats of global warming, the international com-
munity of states agreed in the 2015 Paris Agreement to balance green-
house gas (GHG) emissions and sinks in the second half of the 21st
century (United Nations, 2015). Subsequently, the European Commis-
sion (EC) sharpened their climate protection target in the European
Green Deal and is now aiming for GHG neutrality by 2050 (Council of
the European Union, 2009; European Commission, 2019). While all
scenarios in the EC’s underlying in-depth analysis (European

* Corresponding author.

Commission, 2018a, 2018b) make strong use of energy efficiency mea-
sures and renewable energy sources (RES), the scenarios with net-zero
GHG emissions in 2050 also strongly rely on electricity-based
hydrogen (Hy) and other synthetic fuels. In its “Hydrogen Strategy”
the EC makes hydrogen a key priority to achieve Europe’s clean energy
transition (European Commission, 2020). Overall, these electricity-
based fuels (e-fuels) are climate-neutral substitutes for fossil fuels,
assuming that only renewable electricity and balance-neutral carbon
sources are used in the synthesis process (Graves, Ebbesen, Mogensen, &
Lackner, 2011; Zeman & Keith, 2008). Substituting fossil fuels with e-
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fuels offers the advantage of reducing carbon dioxide (CO,) emissions
across sectors while continuing to use well-established application
technologies. For gaseous and liquid hydrocarbons, most existing in-
frastructures can be retained.

The deployment of e-fuels is heavily dependent on costs and avail-
able quantities. These two properties in turn depend on the availability
of suitable RES. If e-fuels are to play a substantial role, large additional
amounts of renewable electricity are required. In Europe itself, the
availability of land for renewable electricity generation to produce e-
fuels may be limited due to high electricity demands and low acceptance
of renewable generation facilities. Therefore, importing e-fuels might be
an alternative, complementary, or even necessary option. In addition,
the production of e-fuels in regions close to the equator could be more
cost-efficient due to favorable solar conditions. However, other cost
factors such as transportation to Europe or the availability of climate-
neutral CO for fuel synthesis must be taken into account. For Europe,
the MENA (Middle East and North Africa) region is of particular interest
as a potential exporter of e-fuels.

Few peer-reviewed studies have examined in detail the generation
potential of e-fuels in the MENA region, their generation costs, and their
potential export to Europe:

Timmerberg and Kaltschmitt (2019) investigate the cost and poten-
tials of electricity-based hydrogen in North Africa and its transport to
Europe as a blend with natural gas in existing pipelines. Hydrogen
production is therefore investigated only in the vicinity of existing
natural gas pipelines in North Africa. Using linear optimization,
hydrogen supply costs from MENA to Central Europe in 2020 amount to
between 54 €/MWhyy, and 119 €/MWhy, depending on the underlying
parameter scenario. Timmerberg and Kaltschmitt (2019) find that the
existing pipeline capacity is the limiting factor and not the potentials of
renewable energies required for hydrogen supply from North Africa to
Central Europe.

Hank et al. (2020a) develop five Power-to-X (PtX) pathways
(methane, methanol, ammonia, liquefied hydrogen, and hydrogen
bound in liquid organic hydrogen carriers). In a case study, they eval-
uate these PtX pathways for an exemplary medium- to large-scale pro-
duction site in Morocco for the year 2030. The analysis is based solely on
local renewable electricity generation. Downstream long-distance
transport to Northwestern Europe is part of the cost assessment.
Gaseous hydrogen in Morocco has an ex works production cost of 90
€/MWhH2,LHV2. Additional liquefaction, intermediate storage, and
shipping from Morocco to Germany increases the hydrogen supply cost
to 126 €/MWhyo 1ny. Gaseous synthetic methane (CHy) is available in
Morocco at a production cost of 124 €/MWhcp4, 1ny. Liquefied transport
to Germany increases the methane supply cost to 145 €/MWhcha, Luv.

Ueckerdt et al. (2021) estimate the supply cost of synthetic methane
produced in a renewable-rich country and subsequently shipped for
about 4,000 km. The basis of their analysis is an average electricity price
of 50 €/MWhg in 2030 and 30 €/MWhg in 2050, which reflects the
average costs of electricity supply of a wind- and solar PV-based power
system in Australia. They determine cost-optimal electrolysis utilization
using the electricity price variability of wholesale market data for
Australia as of 2019. They assume that their analysis could fit the supply
of e-fuels produced in Northwest Africa (e.g. Morocco) and transported
to Northwest Europe (e.g. Germany). For 2030 they estimate a synthetic
methane supply cost of 114 €/MWhCH4,LHV3 in Europe. For 2050 their
estimate is 65 €/MWhCH4,LHV3-

In addition to peer-reviewed literature, there is also grey literature
and online tools that address e-fuels generation in the MENA region. The
International Energy Agency (2019) identifies North Africa and the

2 The energy content of hydrogen is given in terms of the lower heating value
(LHV) of hydrogen, which describes the amount of thermal energy released
during the combustion of hydrogen without water condensation.

3 Values read from a figure.
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Middle East as promising areas for electricity-based hydrogen produc-
tion. It estimates the cost of electrolytic hydrogen in the long-term as 43
€/MWhy gy in the Middle East® ¢ * and 41 €/MWpyp gy in North
Africa® 9 4, Agora Verkehrswende, Agora Energiewende, and Frontier
Economics (2018) estimate the final product cost of synthetic methane
in North Africa and the Middle East as 140 €/MWhcp4 in 2030 and to
110 €/MWhcpy in 2050. They base their cost estimates on PV and hybrid
PV-wind power systems. Fraunhofer IEE (2021) has developed a PtX
potential atlas in a web application. The atlas shows the generation
potential for hydrogen and various synthetic hydrocarbons in 2050 for
selected locations worldwide. It also provides information on transport
costs from the PtX production site to Europe. As an example, production
and liquefaction of hydrogen at a production site in Morocco and sub-
sequent transport to Germany costs on average 102 €/MWhy in 2050.
The export of liquefied synthetic methane costs 127 €/MWhcyg4 for the
same country combination.

There is currently no literature that looks in detail at e-fuel genera-
tion in the MENA region beyond individual site assessments. Based on
these preliminary considerations the central research questions in this
paper are:

e What is the techno-economic generation potential of the e-fuels
hydrogen and synthetic methane in the MENA region?

e What is the optimal power generation mix for e-fuel production in
MENA?

e Which countries offer the most favorable conditions for the pro-
duction of hydrogen and synthetic methane?

e Which technical components of e-fuel production are decisive for the
generation costs?

e How does e-fuel generation in MENA perform compared to Europe,
and are exports to Europe feasible?

Addressing these questions will make it possible to derive strategies
for future European e-fuel imports, for example by allowing domestic
production options in Europe to be weighed against imports. Since the
lead time for infrastructures such as gas pipelines is typically several
years, an assessment of whether there is a need for transportation
infrastructure from the MENA region to Europe is valuable. Addition-
ally, the derived costs are valuable for determining use cases of e-fuels in
various sectors and for comparing strategies based on e-fuel against
other decarbonization options.

The analysis of the generation potentials of electricity-based
hydrogen and synthetic methane in the MENA region is conducted for
the years 2030 and 2050 using an energy system optimization model.
The approach requires that e-fuel production is based solely on renew-
able electricity.

The paper is structured as follows: Section 2 introduces the model-
ling approach, scenario design, and most important input parameters
including e-fuel production chains. Section 3 presents the model results.
Section 4 summarizes the findings and derives key conclusions.

2. Methodology and data
2.1. Methodology

E-fuel supply curves in the MENA region are calculated and analyzed
using the energy system model Enertile (Fraunhofer Institute for Systems
and Innovation Research [ISI], 2019). Enertile is a software package
aimed at optimizing the future cost of energy supply in Europe and the
MENA region. It combines the interlinked supply of electricity, heat, and

4 Values in International Energy Agency (2019) are given in USD/kgps.
Conversion with energy content of hydrogen related to the lower heating value
33.33 kWhyo/kgp» and the average USD-EURO exchange rate in 2019 of 1 Euro
= 1.12 USD.
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Fig. 1. Simplified graphical illustration of the components and interactions of the energy system model Enertile as used in this paper. Calculations for Europe, which
serve as a benchmark for the results of this paper, additionally cover heat generation in heat grids (cf. Lux and Pfluger (2020)).

electricity-based fuels with highly resolved potentials of solar and wind
energy.

2.1.1. Energy system model Enertile

Enertile is an optimization model with a high technical, spatial, and
temporal resolution. It determines the cost-minimal portfolio of tech-
nologies to meet exogenously specified electricity, heat, and e-fuel de-
mands simultaneously. However, calculations in the MENA region use
only the electricity and e-fuel supply modules. Fig. 1 shows a simplified
illustration of the model components used in this paper. The optimiza-
tion includes both capacity expansion and unit dispatch of relevant
generation and infrastructure technologies. The portfolio of technolo-
gies covers renewable energies, in particular wind and solar energy,
conventional power plants, electricity transmission grids, e-fuel gener-
ation technologies, energy storage facilities, and demand-side flexibility
options. A more detailed and formal description of Enertile and how it is
used to determine hydrogen supply curves can be found in Lux and
Pfluger (2020). Pfluger (2014) describes the model representation of the
electricity system more thoroughly, though for an older version not
including e-fuels; Bernath, Deac, and Sensful3 (2019) provide a detailed
insight into the heat module of Enertile that is used for calculations in
Europe. The central extension of Enertile in this paper provides a model
representation of process chains for the generation of synthetic methane
and a regional concept of the MENA region for e-fuel production. The
methodology for determining synthetic methane supply curves follows
the computational procedure for hydrogen supply curves outlined in Lux
and Pfluger (2020). Subsequent paragraphs summarize the key prop-
erties of the optimization model for the analysis in this paper.

The objective function of the optimization model totals the cost of
the supply side of the energy system being considered, including elec-
tricity transport and storage. Installed capacities of energy in-
frastructures and their hourly dispatch are the decision variables of the
linear problem. These variables are weighted by fixed costs and variable
costs in the objective function. Fixed costs for expanding the capacity of
a specific technology include annuitized investments and fixed opera-
tion and maintenance costs. Utilizing the technology incurs variable
costs, including fuel costs, CO5 emission costs and variable costs for
operation and maintenance.

The central constraints of the optimization problem require hourly
equilibria of energy supply and demand in balance equations. These
balance equations are formulated for electricity and electricity-based
fuels for each model region and each hour of a given year. Demands
either are given exogenously or arise endogenously as a model decision.
An endogenous electricity demand arises, for example, from the model-
determined use of electrolyzers. Sector coupling options, energy stor-
ages, and grids create connections between individual balancing equa-
tions. Sector coupling technologies such as electrolyzers enter the
electricity and hydrogen balance of a given region and hour with either a
plus or minus sign as appropriate. Storages create intertemporal con-
nections between balancing equations. Electricity transmission grids
link electricity balances in different regions. This allows Enertile to
provide a very detailed picture of the interdependencies of the energy
supply side in the optimization process. Other constraints ensure that
system components operate within their capacity limits.

The provision of e-fuels plays a special role in the modeling for this
paper. In contrast to exogenous electricity demands, there are no e-fuel
demands externally imposed on Enertile. Instead, the model is offered a
selling price for hydrogen or synthetic methane and it decides how much
e-fuel it will produce at the given price. Technically, the sale of e-fuels
reduces the energy system cost in the objective function. The model
installs and uses additional electricity supply infrastructure and e-fuel
generation units as long as incurred costs are covered by the revenues of
selling these e-fuels. The last megawatt-hour of e-fuels provided and sold
creates marginal costs at almost exactly the applied sales price. This
mechanism can represent potential e-fuel demands from other sectors in
the MENA region or export offers at the relevant sales price. Applying
different sales prices in different model runs generates cost-supply
curves for the investigated e-fuels. These supply curves interrelate
with the rest of the energy system in the scenario design. It is also
possible to use e-fuels exclusively for energy storage within the model.

The linear optimization problem is set up and solved for the simu-
lation years 2030 and 2050 in hourly resolution. The expansion and
dispatch of energy infrastructures are optimized using perfect foresight.
The full hourly resolution of analyzed years combined with the use of
real weather data allows an adequate representation of the challenging
synchronization between energy demand and fluctuating renewable
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Fig. 2. Geographic coverage of the modeling approach, existing electricity transport network (Beltaifa, 2020), and modelled net transfer capacities as electricity grid

between regions.

Table 1

Utilization factors for the considered land uses and renewable technologies.
Land use Onshore Offshore Ground- Rooftop CSP

wind (ID wind (ID mounted PV PV (ID 97 (ID 89
166 & 168) 104 & 117) (ID 133 & & 102) & 94)
140)
Barren 0.4 0 0.16 0 0.12
Cropland 0 0 0 0 0
natural
Croplands 0.3 0 0 0 0.01
Forest 0.15 0 0 0 0
Grassland 0.3 0 0.2 0 0.02
Savanna 0.3 0 0.2 0 0.12
Scrubland 0.3 0 0.2 0 0.12
Snow and 0.12 0 0.4 0 0
ice

Urban 0 0 0 0.065 0
Water 0 0.9 0 0 0
Wetlands 0 0 0 0 0
Excluded 0 0 0 0 0

Own assumptions.

energy supply. This approach can allow for extreme weather events from
the energy system perspective with simultaneous lulls, cold spells, and
darkness.

For the analysis in this paper, Enertile covers the energy supply sys-
tem in Morocco, Algeria, Libya, Tunisia, Egypt, Saudi Arabia, Lebanon,
Israel, Syria, and Turkey. While renewable potentials are determined on
a regionally highly resolved grid with a size of 42.25 km?, electricity
demands and trade flows are summarized in larger model regions. Due
to the extensive geographical area of the countries under consideration,
the concentration of population and infrastructures near the coasts, and
the generally high aridity of the area, model regions are defined as a
function of distance to coast. Fig. 2 shows that the analyzed countries are
divided into 250 km wide strips starting at the coast. Model regions with
coastline access and therefore seawater access have a special status, as in
the selected modeling approach e-fuels can only be produced here. This
means that electrolyzers and subsequent synthesis plants can only be
built near the coast and operated with desalinated seawater. This
approach is intended to prevent competition for scarce fresh water in the
arid MENA region and water transport across the desert.

The electricity transport grid in Enertile is modeled as net transfer
capacities (NTCs) between different model regions. Fig. 2 shows the
potential grid connections. The modeling of electricity transport grids
for the MENA region follows three approaches. Firstly, it enables the
expansion of the power grid between model regions already connected
through transmission lines. Fig. 2 shows the existing transmission
network connections based on a dataset of Beltaifa (2020). Secondly,
grid expansion becomes possible between coastal regions of neighboring

countries, regardless of whether connections already exist or not.
Thirdly, grid connections between coastal regions and the hinterland
can be created or extended. The last two approaches allow for the power
supply of e-fuel generation units near the coast and ensure that the entire
MENA region can contribute to e-fuel production. Local grid restrictions
within model regions are not considered and unlimited flows are
allowed within the model regions.

2.1.2. Renewable potential calculation

The calculation of the potentials of renewable energies is an up-
stream process to Enertile (cf. Fig. 1). Geographically resolved power
generation potentials are determined on the basis of real weather data,
land use data, and techno-economic parameters of renewable power
generation technologies. The analysis includes onshore wind, offshore
wind, ground-mounted photovoltaics (PV), and concentrated solar
power (CSP) technologies. As a result, Enertile obtains installable ca-
pacities, full load hours of power generation, hourly generation profiles,
and levelized costs of electricity for the energy system optimization.

Following the definition of different potential types for renewable
energies in Hoogwijk, Vries, and Turkenburg (2004), the geographical
potential, the technical potential, and the economic potential are each
determined in turn. The basis of all these potential calculations is the
division of the MENA region into a grid with an edge length of 6.5 x 6.5
km. More than 250,000 tiles are evaluated for the entire region under
consideration.

The first step is to determine the geographical potential, expressing
the area assessable for the installation of renewable energies for each tile
of the grid. For this analysis, each grid tile receives information on land
use (European Space Agency and Université Catholique de Louvain,
2010), elevation and slope (Danielson & Gesch, 2011), and protected
areas (World Conservation Monitoring Centre [UNEP], 2014). Tiles
located in protected areas or near cities are excluded from the calcula-
tion. The approach considers geo-technical limitations such as excessive
slopes (e.g. for CSP) or high water depth (e.g. for offshore wind). For
each land use type and renewable technology, a utilization factor is
defined that determines the proportion allowed for renewable electricity
generation. Table 1 lists the utilization factors for different land uses and
technologies. The available area per tile for a renewable technology is
calculated using equation (1). In (1) Ageis the area of each tile (42.25
km?), share; is the share of the land use type [ on this tile, and y; is the
utilization factor for this land use and technology. The sum of the
available area of the 250,000 tiles results in the geographical potential
Aregion of the model region.

tile

Areg[zm = ZAriIe'Sharel'u] (1)
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Fig. 3. Projected electricity demands in the MENA countries in 2050. Electricity demands include a flat surcharge for distribution grid losses of 6.5%.

Renewable power generation potentials are sensitive to assumptions
on utilization factors for different land uses and renewable technologies.
Throughout the literature, utilization factors vary widely. Franke,
Sensful}, Deac, Kleinschmitt, and Ragwitz (2021) analyze the de-
pendency of onshore wind potentials on the chosen utilization factors.
This study shows that land utilization factors can have an impact of up to
51% on the calculated results. The utilization factors used in this paper
tend to be lower than the values in most literature. As Enertile can build
different renewable technologies on a single tile, competition for
available space can arise for certain technologies and land use cate-
gories. The chosen utilization factors are intended to reflect this
competition. In reviewed publications (Bosch, Staffell, & Hawkes, 2017;
Eurek et al., 2017; Feng, Feng, Wang, & King, 2020; He & Kammen,
2014; Hu, Harmsen, Crijns-Graus, & Worrell, 2019; Liu, Wang, & Zhu,
2017; Sebestyén, 2017), the utilization factors vary between 0.0 and 0.9
for the land use category “barren”. In the MENA region, this category
accounts for a high share of up to 80% in Egypt, Libya, and Algeria. The
chosen utilization factor for this land use therefore has a huge impact on
the calculated potentials. In this study, the chosen utilization factor is
low to represent a conservative approach. The actual potential of
renewable energies could therefore be higher.

In the second step, the technical potential of renewable energies is
determined. The technical potential describes the maximum installable
capacity of renewable energy technologies per tile. This is achieved by
intersecting the available areas determined in the geographical potential
with the technical limitations of the power generation technologies. In
the case of wind power, the spacing of the turbines in the field is taken
into account to limit the wind shadow effect. The spacing used in this
article is 5 rotor diameters within a row and 9 rotor diameters between
rows (Gupta, 2016; Pfluger et al., 2017). The occupied area of solar
power plants is dependent on the efficiency of the solar power plant. The
installable capacity of solar power plants varies from 50 MW/km? for a
module with an efficiency of 17% to 57 MW/km? for a module with an
efficiency of 19% (Fraunhofer ISE, 2015). This installable capacity is
based upon an analysis of the occupied area by real solar power plants.
Different azimuth and tilt angles are also considered (Schubert, 2012).

Finally, the economic potentials are determined. The economic po-
tential comprises the levelized cost of electricity per tile and technology.
In this step, the technical potential is combined with techno-economic
data of renewable power generation technologies and real weather
data for a selected weather year. The technology-specific cost data
include both specific investments for capacity expansion and the costs of
operation and maintenance. For wind power, the installation costs are
dependent on the hub height and rotor diameter. In the calculated sce-
narios, the model can choose between 59 different turbine configura-
tions for onshore wind and seven offshore wind turbines (cf. Appendix

A.5). For onshore wind, the number of different wind turbine configu-
rations increases from 10 in 2020 to 30 in 2030 and 41 in 2040. In the
case of wind turbines, the future cost reduction potential of individual
components such as rotors, generators, or towers is limited due to the
already high level of technological maturity. Electricity generation from
wind could become cheaper in the future if larger plants are built, the
rotor-generator ratio increases and the plant can specifically absorb
more energy. In this paper, it is assumed that the specific investments
show a cost reduction of about 10% between 2020 and 2050. For
example, a wind turbine with a hub height of 110 m and a specific area
output of 400 Wer/m? costs 1160 €/kWe in 2020 and 1050 €/kWe) in
2050. For PV plants, modules are currently still learning at a rate of 19%
(Zentrum fiir Sonnenenergie- und Wasserstoff-Forschung Baden-Wiirt-
temberg, 2019). There is still potential for cost reductions and efficiency
improvements. As module prices fall, other components, such as the
rack, become increasingly important. However, the technical learning of
these peripheral systems and thus the cost reduction potential is limited
and thus slows down the technical learning of the entire system. Re-
ductions in specific investments and operation and maintenance costs
are taken into account for each renewable power generation technology
considered, as shown in the appendix in Tables A7 and AS8.

The specific electricity production costs also depend on the assumed
full load hours and related electricity generation of the technologies. In
this modeling, the operating times are derived from real weather data
for the year 2010. For wind power plants, the wind speed at four
different heights is considered to calculate the electricity output. For
solar plants, the solar irradiation and the temperature are taken into
account. Further information on the calculated power output can be
found in Schubert (2012). The data base for hourly wind speed, solar
irradiation, and temperature is the ERA5 dataset from the European
Centre for Medium-Range Weather Forecasts (Copernicus Climate
Change Service, 2020).

2.2. Data

2.2.1. General framework and scenario design

This article examines the supply of electricity-based hydrogen and
synthetic methane in the MENA region in the years 2030 and 2050. A
fundamental premise is that the electricity used in e-fuel generation
originates from RES. To guarantee this renewable origin, the optimiza-
tion framework differs for the two target years.

According to the politically set expansion targets for renewable en-
ergies, the electricity mix of the MENA countries will still be dominated
by fossil energies in 2030 (Timmerberg, Sanna, Kaltschmitt, & Fink-
beiner, 2019). Morocco sets the most ambitious target, with renewables
accounting for an envisaged 52% of its national electricity production in
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Table 2
Techno-economic characteristics of the transmission grid parametrization in
Enertile (Godron et al., 2014).

Technology CAPEX Fixed OPEX Losses
Converter terminal 270 M€ 1% of 3% per
investment p.a. 1000 km @
High-voltage direct current 300 €/ 1% of
(HVDC) overhead line (MW, km) investment p.a.

a) Own estimations

2030 (Timmerberg et al., 2019). A greenfield approach for e-fuel pro-
duction is therefore assumed with respect to the power system in 2030.
The optimizer’s expandable technology portfolio is limited to renewable
energies, electricity storages, and grid infrastructure. In the optimiza-
tion problem, the remaining electricity demand of the MENA states and
the existing power plant fleet and transport infrastructure are excluded.
This ensures the additivity of the renewable power generation units and
power infrastructures to be installed for e-fuel production, as they are
operated completely independently from the rest of the electricity sys-
tem, which is not modeled. Consequently, a synergetic utilization of
electricity infrastructures to meet electricity demands in MENA and to
generate hydrogen or synthetic methane is not possible in this setting.

For 2050, it is assumed that all electricity generation in MENA is
greenhouse gas neutral. Fossil generation technologies are prohibited in
the modeling approach. The optimization problem addresses the cost-
efficient supply of electricity demands in MENA and the supply of
electricity-based fuels. Mutual synergies can be exploited.

Demands or exports of hydrogen or synthetic methane are not
explicitly modeled. Instead, the model has the option of reducing system
costs by generating and selling these e-fuels. No distinction is made
between sales to demand sectors in MENA and exports, as the sales price
is interpreted as the price ex works. In a parameter study, the associated
hydrogen and methane sales prices are increased in steps of 10
€/MWhgyo,/cr4,LHV-
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2.2.2. Electricity demands in the MENA region in 2050

Electricity demands for each MENA country in 2050 are estimated
using historical demands from 2018 (IEA, 2020), average annual load
growth rates from the World Energy Outlook 2020 (International Energy
Agency, 2020), and population projections from the United Nations in
2019 (United Nations, Department of Economic and Social Affairs,
Population Division, 2019). Fig. 3 shows the resulting load projections
for the MENA region in 2050. The identified electricity demands are
distributed among the different model regions within a country ac-
cording to the population distribution from 2018 (WorldPop, 2018). The
modeling distinguishes between electricity demands that follow a fixed
demand profile and those that have some flexibility. The general load in
Fig. 3 follows a fixed demand profile. Electricity demands for e-mobility
have an inflexible and a flexible component. The inflexible mobility
demand includes trolley trucks, trolley buses, and battery electric ve-
hicles with inflexible charging behavior. For 50% of battery electric
vehicles, it is assumed that they can charge flexibly while complying
with their driving profiles.

2.2.3. Electricity transport network expansion

The parameterization of the NTCs of the modeled power grid is based
on the data in Table 2. Specific investments and losses of grid lines are
weighted by the distances between geographic centers of connected
model regions in the transport network parameterization in Enertile.

2.2.4. E-fuel production concepts

This section presents the conceptual design of e-fuel production
chains in the MENA region. It illustrates eight different generation
concepts for electricity-based hydrogen and methane and their techno-
economic parametrization in the energy system model Enertile.

The efficient conversion of electricity into hydrogen and methane,
called the Power-to-Gas (PtG) process, requires the interaction of
different technologies. Depending on the final product, these technolo-
gies include seawater desalination, water electrolysis, COy supply,
methanation and liquefaction units. Enertile takes the energy system
perspective and is thus unable to resolve these individual components.

a) 18.4
H20 P 1 L-hydrogen
- Sea water PEMEL o 1 Liquefaction :
desalination (60 °C, 30 bar) :_ (-253 °C) ' 1000
hydrogen (at 20 bar)
100.0
Chemical Energy in MW (LHV)
= Electrical Energy in MW
Thermal Energy in MW
b) 181
H20 Commmemenno 1 L-hydrogen
Sea water SOEL oF 1 Liquefaction !
desalination (evap. 212 °C, 20 bar) :_ (-253 °C) ' 1000

Chemical Energy in MW (LHV)
mm Electrical Energyin MW
Thermal Energy in MW

134

Electrical

16.7

heater

hydrogen (at 20 bar)

100.0

Fig. 4. Energy flow diagram for a Power-to-Hydrogen process chain in the MENA region with PEMEL (a) or SOEL (b) and optional liquefaction for 100 MW hydrogen
output related to the lower heating value (LHV). The process chains are based on technical key data referring to the year 2050. Quantities of energy not shown
correspond to energetic losses.
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Fig. 5. Energy flow diagram for a Power-to-Methane process chain in the MENA region with PEMEL (a) or SOEL (b) and optional liquefaction for 100 MW methane
output related to the lower heating value (LHV). The process chains are based on technical key data referring to the year 2050. Quantities of energy not shown

correspond to energetic losses.

Table 3

Overall efficiencies of the four investigated options of Power-to-Hydrogen
(PtH,) process chains in MENA, based on technical key data referring to the
years 2030 and 2050. Values are related to the lower heating value (LHV) and
take internal heat integration into account. External heat requirements are
provided by an electric heater.

Power-to-Hydrogen production chain Overall efficiency #picra,Lav in %

in 2030 in 2050
PtH,-PEMEL 60 66
PtH,-SOEL 68 69
PtH,-PEMEL-liquefaction 53 59
PtH,-SOEL-liquefaction 60 61

Therefore, a preliminary analysis assembles four representative pro-
duction chains for hydrogen (Power-to-Hydrogen, PtHy) and methane
(Power-to-Methane, PtCH4), respectively. These production chains enter
the Enertile parametrization as an integrated composition characterized
by overall efficiencies, summed specific investments, and aggregated
operation and maintenance costs. The individual technologies in the
production chains and their techno-economic characteristics as
described in detail in appendix.

Hydrogen and methane production chains are differentiated in two
aspects: the electrolyzer technology and the physical state of the final
product. The physical state of the product can be either gaseous or lig-
uefied. This paper distinguishes between e-fuel production chains with
polymer electrolyte membrane electrolysis (PEMEL) and solid oxide

electrolysis (SOEL). The analysis of all investigated process chains refers
to technical and economic data for the year 2030 or 2050 and for a plant
capacity of 100 MWy, cu4. In this article, the plant capacity or plant
output (MWhys,cn4) are related to the lower heating value (LHV) of the
product (i.e. hydrogen or methane), which describes the amount of
thermal energy released during the product’s combustion without water
condensation. Fig. 4 and Fig. 5 show the considered production chains
for gaseous hydrogen (at 20 bar) and liquefied hydrogen (L-hydrogen, L-
H2) and for methane (L-methane, L-CH4) for the year 2050. Direct input
parameters for the Enertile model are the overall process efficiencies and
the specific costs of the entire process chains shown below. The energy
balance of the production chains comprises chemical, electrical, and
thermal energy inflows and outflows. Except for methanation, all pro-
cesses within the investigated production chains have relevant electrical
energy demands. SOEL and DAC have additional thermal energy de-
mands. Due to the exothermic reaction, methanation releases thermal
energy, which covers parts of the thermal energy demands of DAC and
SOEL. An electric heater covers the remaining thermal energy
requirements.

The overall process efficiency #pyanv OF pcusuy Of e-fuel pro-
duction in equations (2) and (3) is defined as the ratio of the chemical
energy output Fg chem n2/cHsaLny il the form of hydrogen or methane to
the electrical energy input Fggeiowin- The chemical energy output is
defined as the product of the mass flow Fyy2/cus and lower heating
value of hydrogen or methane LHVy/cys-
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Table 4

Overall efficiencies of the four investigated options of Power-to-Methane
(PtCHy4) process chains in MENA, based on technical key data referring to the
years 2030 and 2050. Values are related to the lower heating value (LHV) and
take internal heat integration into account. External heat requirements are
provided by an electric heater.

Power-to-Methane production chain Overall efficiency npicua,Lav in %

in 2030 in 2050
PtCH4-PEMEL 47 52
PtCH4-SOEL 53 54
PtCH,4-PEMEL-liquefaction 46 51
PtCH4-SOEL-liquefaction 52 53
_ Fechemmny _ Fum*LHVi 9
NMpa2Luv = F =TF 2
E.el.total,in E.eltotal,in
_ Fechemcnarny  Fyena*LHVeng 3
Mpicha Ly = = 3

FE,el.(olal.in FE,el,lolal.in

Table 3 and Table 4 show the overall process efficiencies for the eight
investigated PtHy and PtCHy4 process chains. These efficiencies match
well with the literature and real-life data from pilot plants (Drechsler &
Agar, 2021; Frank, Gorre, Ruoss, & Friedl, 2018; Gotz et al., 2016;
Timmerberg & Kaltschmitt, 2019). Theoretical optimization of the
STORE&GO pilot plant in Troia, Italy, with a plant size of approximately
200 kW electrical input, shows that an overall PtG efficiency of 46 %
related to the higher heating value (HHV) of the methane output is
achievable, without taking into account further energy savings through
scaling effects (Schlautmann et al., 2021).

Table 5 and Table 6 show specific capital expenditure (CAPEX) and
fixed operating expenditure (OPEX) of the different PtH2 and PtCH4
production chains as used in Enertile. Costs to meet electricity demands
are determined endogenously by the optimization model.

Today’s PtG plants operate on a pilot scale of a few MWys,c4. Due
to the high RES generation potential in MENA, PtG plants on a gigawatt
scale are likely in the future. The economic analyses in this article are

Table 5
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Table 7

Levelized transport costs for hydrogen and synthetic methane referring to the
lower heating value (LHV) of hydrogen or methane. Costs for transport via ship
exclude liquefaction. Costs for transport via pipeline include on-site compression
up to 100 bar for hydrogen and up to 80 bar for methane. Costs are based on
values for 2020 and rely on a literature review (Fasold, 2010; Homann et al.,
2013; [EA, 2019; Leiblein et al., 2020; Go8, 2017).

Logistic chain Levelized costs of transport

Hydrogen via pipeline 0.69 €ct/(MWhy, km)
Hydrogen via ship 12.43 x x%13, €/MWhyyo

X : distance in km
Synthetic methane via pipeline ~ 0.17 €ct/(MWhcys km)
Synthetic methane via ship 0.11 x x°38, €/MWhcpg

X :_distance in km

examples based on key data for a plant capacity of 100 MWhy,/cHa4,1HV
output. For plants with capacities of several hundred MWyy,/cp4, the
costs may be lower due to degression. However, the CAPEX-intensive
PtG technologies, such as electrolysis and DAC, are modular and
larger plant capacities are achieved by numbering up. Whether the
assumed cost reductions for the PtG technologies will be achieved in
2030 and 2050 depends largely on the actual market ramp-up of PtG.
For this reason, the learning rates predicted in the literature may be
either under- or over-fulfilled.

2.2.5. Long-distance transport of e-fuels

Hydrogen and methane have low energy densities compared to fossil
liquid fuels such as petroleum. To transport these fuels economically,
they must be compressed or liquefied. Alternatively, hydrogen can be
converted to larger molecules, which is not considered in this article.

The logistic concept for pipeline-based transport of hydrogen and
synthetic methane essentially includes compressor stations, transport
pipelines, and gas storage facilities. The long-distance transport of lig-
uefied hydrogen or methane consists of the sub-steps of liquefaction and
intermediate storage, transport via tankers, and regasification on
arrival.

CAPEX and fixed OPEX for entire Power-to-Hydrogen (PtH,) process chains in the MENA region. Underlying economic key data refer to the years 2030 and 2050 and to
a plant capacity of 100 MW hydrogen or methane output related to the lower heating value (LHV) as listed in the appendix (Table A 5 and Table A 6).

Power-to-Hydrogen production chain

Specific costs

in 2030 in 2050
PtH,-PEMEL CAPEX 689 623 €/kWyo
fixed OPEX 26 23 €/kWho/ a
PtH,-SOEL CAPEX 1,026 690 €/kWpya
fixed OPEX 77 37 €/kWyy/ a
PtH,-PEMEL-Liqufaction CAPEX 1,756 1,690 €/kWy2
fixed OPEX 69 65 €/kWho/ a
PtH,-SOEL-Liqufaction CAPEX 2,061 1,757 €/kWpg
fixed OPEX 120 80 €/kWho/ a

Table 6

CAPEX and fixed OPEX for entire Power-to-Methane (PtCH,4) process chains in the MENA region. Underlying economic key data refer to the years 2030 and 2050 and to
a plant capacity of 100 MW hydrogen or methane output related to the lower heating value (LHV) as listed in the appendix (Table A 5 and Table A 6).

Power-to-Methane production chain

Specific costs

in 2030 in 2050
PtCH4-PEMEL CAPEX 1,968 1,516 €/kWcpq
fixed OPEX 58 45 €/kWcpa/ a
PtCH4-SOEL CAPEX 2,373 1,595 €/kWcria4
fixed OPEX 120 63 €/kWcpa/ a
PtCH,4-PEMEL-Liqufaction CAPEX 2,493 2,038 €/kWcha
fixed OPEX 90 77 €/kWcpa/ a
PtCH,4-SOEL-Liqufaction CAPEX 2,897 2,119 €/kWchq
fixed OPEX 151 94 €/kWcna/ @
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Fig. 6. Spatial distribution of LCOE for the technologies a) CSP, b) ground mounted PV, and c¢) onshore wind in 2050 calculated with a WACC of 7%. White spaces

are excluded from the potential calculation due to excessive slopes.

The transport costs depend in particular on the distance to be
covered. In this article, transport distances are estimated by the center-
to-center air distance to e-fuel production regions in the MENA region
(cf. section 2.1.1 and appendix) and continental Europe. In reality,
transport routes are likely to be different.

For large methane volumes, pipeline transport is profitable
for shorter distances, while transport of L-methane becomes economi-
cally feasible for larger distances (between 2,000 and 5,000 km). Liquid
transportation is dominated by liquefaction costs, while pipeline-based
transport requires more compressors as the distance increases
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Fig. 7. Renewable potential curves for the various technologies in the MENA region for the years 2030 (a) and 2050 (b).

(Fasold, 2010; Homann, Reimert, & Klocke, 2013; GOB, 2017). The costs
reported in the literature for transporting natural gas via pipelines and
via ship vary mainly due to the different assumed capacities and dis-
tances. (Fasold, 2010; Homann et al., 2013; Deymann, 2014; GoR,
2017).

Today, hydrogen pipelines are mostly operated locally, e.g. at in-
dustrial sites, and a hydrogen tanker is operated only for project pur-
poses (Collins, 2019). Due to limited experience, cost values for
hydrogen transport vary widely in the literature (Hydrogen Council,
2020; IEA, 2019; Niermann, Timmerberg, Driinert, & Kaltschmitt,
2021). One of the main challenges is the low boiling temperature of
hydrogen, compared to methane (see A.4). The shipping of hydrogen
therefore shows higher costs, e.g. for the insulation of the tanks.

The compression of hydrogen is also more energy-intensive than of
methane and thus, higher costs are expected for hydrogen pipelines. The
transport costs of gaseous hydrogen strongly depend on the assumed
pipeline capacities. Wang, van der Leun, Peters, and Buseman (2020)
calculate costs for new infrastructure, assuming hydrogen pipelines
with a diameter of 0.6 to 1.2 m and a nominal capacity of approximately
13 GWpa. The author’s own estimations (Leiblein et al., 2020) agree
with the costs given by Wang et al. (2020). Table 7 shows the distance-
dependent costs for the transport of hydrogen and synthetic methane
from MENA to continental Europe used in this article.
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3. Results
3.1. Renewable energy potentials in MENA

The supply of e-fuels decisively depends on the quantity and lev-
elized cost of renewable electricity. This section therefore presents both
the spatial distribution of the generation costs of the main renewable
power generation technologies of PV, CSP, and onshore wind, and cu-
mulative cost potential curves for renewable electricity for the MENA
region.

3.1.1. Spatial distribution of renewable energies

Fig. 6 shows the spatial distribution of levelized cost of electricity
(LCOE) for the generation technologies CSP (a), ground-mounted PV (b),
and onshore wind (c) in the MENA region in 2050. The results in this
figure are based on calculations with a weighted average cost of capital
(WACQ) of 7%.

Offshore wind is not considered in the following analysis, as the
potentials are low in the MENA region. This is firstly due to the re-
striction that offshore wind can only be installed up to a water depth of
50 m and up to 370 km from the coast. In the Mediterranean Sea adja-
cent to the MENA region the water depth is mostly greater, so the
installable capacities for offshore wind plants are low. Secondly, the full
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Fig. 8. Supply curves of e-fuels in the MENA region including and excluding transportation to the EU in 2030. Production and export quantities of a) methane (CH4),
b) hydrogen (H2), c) liquefied methane (L-CH4), and d) liquefied hydrogen (L-H2) are shown for a weighted average cost of capital (WACC) of 7% and 12%.

load hours for offshore wind in the regions considered are mainly below
3,000 h. Overall, the electricity generation of offshore wind starts at a
LCOE of 130 €/MWhe,.

Due to low installation costs, solar PV is the least expensive power
generation technology in MENA in 2050, with a LCOE between 28
€/MWhg and 51 €/MWh,,. The uniform coloring of the map shows that
the regional differences in LCOE are small. About 90% of the PV gen-
eration potential has electricity generation costs below 31 €/MWhg). The
overall cheapest 10% of the PV potential is located in Egypt, Libya and
Jordan, and lies below 29 €/MWh,. Turkey has on average the highest
PV generation cost due to its northern location. Among the model re-
gions with coastlines - and thus e-fuel production model regions - Jor-
dan, Egypt, and Saudi Arabia have the lowest LCOE for PV.

The electricity generation costs of CSP are higher than those of PV,
ranging from 47 €/MWh,] to 88 €/MWh,|. The cheapest 90% of the CSP
generation potential has a LCOE below 55 €/MWhg). The regional dis-
tribution tends to show a stronger north-south gradient than PV because
CSP power plants depend on direct solar irradiation. The overall
cheapest 10% of the CSP potential is located in Egypt, and Libya, and lies
below 49 €/MWhg. The most expensive CSP power generation takes
place in Turkey, northern Morocco, northern Algeria, and northern
Tunisia. Larger areas in Turkey, Morocco, and western Saudi Arabia
show no CSP potential. These areas were excluded from the potential
calculation due to excessive slopes.

Compared to solar power generation technologies, wind potentials

11

exhibit higher generation costs in 2050. The levelized cost of electricity
for onshore wind ranges from 43 €/MWhg to well above 140 €/MWhyg.
The electricity generation costs of onshore wind show stronger local
differences than the solar technologies. Small, low-cost wind hotspots
exist in western Morocco and eastern Egypt. Larger areas of relatively
good wind sites are located in Algeria and Libya.

3.1.2. RES potential curves

Categorizing the LCOE shown in Fig. 6 in cost steps results in the
potential curves illustrated in Fig. 7. The potential curves show the
accumulated generation potential of renewable energies for increasing
LCOEs in 2030 and 2050.

In Fig. 7 a) the generation potential of the renewable technologies
considered is illustrated for 2030. The dominance of solar PV in MENA
becomes apparent from the high generation potential of about 90,000
TWhe at costs below 45 €/MWhg. At a LCOE of 60 €/MWhg, 2,200
TWhg of onshore wind generation potential becomes exploitable. Solar
CSP is more expensive in 2030 than other renewable technologies, such
that a CSP generation potential of about 20,000 TWh, is available at
costs of 70 €/MWhg). The absolute CSP potential surpasses the solar PV
potential at generation costs of 80 €/MWh,] with about 90,000 TWhg.

Fig. 7 b) shows the renewable potential curves for the MENA region
in 2050. Solar PV is still the dominant technology for both spatial cov-
erages in 2050. Due to a decrease in installation costs, the generation
potential of solar PV reaches almost 99,000 TWhg at costs below 35
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Fig. 9. Supply curves of e-fuels in the MENA region including and excluding transportation to the EU in 2050. Production and export quantities of a) methane (CH4),
b) hydrogen (H2), c) liquefied methane (L-CH4), and d) liquefied hydrogen (L-H2) are shown for a weighted average cost of capital (WACC) of 7% and 12%.

€/MWh,,. This is a significant increase compared to 2030, where the
generation potential of solar PV below 35 €/MWhg| is 0 TWhg). At LCOE
of 50 €/MWhg), CSP power plants become available with a generation
potential of 32,980 TWhg|. At 55 €/MWh,], the potential of CSP reaches
the potential of solar PV and from 60 €/MWh,j, the CSP potential sur-
passes the solar PV potential with a generation potential of 113,000
TWhg). At LCOE of 55 €/MWh,], onshore wind potential of 895 TWhg;
becomes exploitable. The number of onshore wind potentials is minor
compared to the combined potential of solar PV and CSP. This is due to
low wind speeds in the MENA region and high solar irradiation.

Overall, the renewable power generation potential in the MENA re-
gion is enormous. A comparison with European gross energy con-
sumption in 2018 shows that in 2050, the generation potential of solar
PV alone is six times greater than the gross energy consumption of the
EU 27 in 2018.

The renewable potential curves show the theoretically exploitable
potential. However, these potential curves are calculated without taking
into account existing or potential infrastructures. MENA countries are
therefore subdivided into 250 km wide strips to account for the cost of
transmission grids between regions with different renewable potentials
in the Enertile calculations.

3.2. E-fuel production in the MENA region

This section shows the model results of e-fuel production in the
MENA region. Due to Europe’s contrasting structure, with scarce land
for renewable electricity generation coupled with high energy demands,
Europe is a potential trading partner for e-fuels with the MENA region.
Therefore, this section also considers transportation of e-fuels to Europe.
Section 3.2 shows e-fuels supply curves for the MENA region including
and excluding transportation to Europe and breaks down the resulting
cost components of e-fuel production. The electricity system in MENA
for the production of electricity-based hydrogen and synthetic methane
is described in Section 3.3. Section 3.5 discusses the competition in the
European hydrogen market between imports from the MENA region and
European hydrogen production.

3.2.1. Supply curves of hydrogen and synthetic methane

Fig. 8 and Fig. 9 show supply curves of electricity-based hydrogen
and methane determined by the optimization model for the years 2030
and 2050 in the MENA region. The figures show production quantities of
these electricity-based fuels for rising sales prices (as ex works prices)
and at WACCs of 7% and 12%. In addition to production costs, trans-
portation from MENA to Europe is an important cost component for
evaluating the e-fuel export option to Europe. Each supply curve for
MENA is therefore supplemented by an export curve to Europe, which

12
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includes transportation costs. Hydrogen and methane utilized as elec-
tricity storages within the MENA region are included in the scenario
runs, but not in the supply curves. It is important to note that the curves
represent techno-economic potentials but not necessarily realistic tra-
jectories of expansion. This applies in particular to the period up to
2030, in which higher sales prices result in quantities that would be very
difficult to ramp up to in less than a decade.

The optimization results in Fig. 8 and Fig. 9 show steep increases in
the production quantities of electricity-based fuels with increasing sales
prices in the MENA region. Depending on the interest rate, substantial
hydrogen production in 2030 starts above 100 €/MWhuainy (7%
WACC) and 130 €/MWhyony (12% WACC). Taking into account
hydrogen pipeline transport costs (cf. section 2.2.5), the supply curves of
hydrogen produced in MENA for Europe start above 120 €/MWhgy 11y
(7% WACC) and 150 €/MWhya 1y (12% WACC). Synthetic methane is
more expensive due to the additional synthesis step and the required
CO4 capture. In 2030, substantial methane production starts above sales
prices of 170 €/MWhcp4 1y at 7% WACC and above a sales price of 210
€/MWhcpg v at 12% WACC. Methane pipeline transportation costs to
Europe (cf. section 2.2.5) mean that the potential MENA supply of
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Fig. 10. Supply cost components of electricity-
based hydrogen (H2), liquefied hydrogen (L-H2),
methane (CH4), and liquefied methane (L-CH4) at
WACC of 7% and 12% in MENA and as exports to
Europe in 2030 (a) and 2050 (b). Selected points on
the supply curves behind the bars have in common
that the e-fuel generation volume exceeds 1,000
TWhyy,cha,Lav for the first time. Consequently, bars
correspond to different e-fuel production volumes.
The range of transportation costs derives from
minimum and maximum distances between regions
centers of e-fuel production regions in MENA and
the European region center.
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synthetic methane to Europe starts above 180 €/MWhcuainy (7%
WACC) and 220 €/MWhcpa,ny (12% WACC). The spread in interest
rates between model runs shows that higher interest rates not only shift
the supply curves for electricity-based hydrogen and methane each to
the right but also flatten their respective trajectories.

Additional liquefaction increases the costs of hydrogen and methane
and shifts the supply curves of the electricity-based energy carriers
further to the right. In 2030, the production of substantial amounts of
liquefied hydrogen starts above a sales price of 150 €/MWhyo 1y with a
WACC of 7%, and above 180 €/MWhg v with a WACC of 12%. Sub-
stantial synthetic liquid methane production starts above a sales price of
180 €/MWhcua v (7% WACC). A higher WACC of 12% causes the
MENA supply curve to start above 230 €/MWhch4 11v-

Liquid hydrogen and liquid methane are more expensive to export to
Europe than their gaseous counterparts. Although the costs of trans-
porting liquid methane by ship are lower than those of transporting
gaseous methane by pipeline for the distances considered here (see
sections 2.2.5 and 3.2.2), this cannot compensate for the additional costs
of liquefaction. European supply of liquid methane imported from
MENA starts above sales prices of 190 €/MWhcyy 1av (7% WACC) and
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Fig. 11. Electricity generation and demand mixes in MENA in 2050. Selected bars belong to different production volumes of e-fuels, but aim at comparability of the

underlying power systems.

240 €/MWhcpany (12% WACC). Liquid hydrogen from MENA is
available in Europe above sales prices of 190 €/MWhyg 1 ny (7% WACC)
and 220 €/MWhpygz v (12% WACC).

Technological learning reduces the generation costs of e-fuels be-
tween 2030 and 2050. This cost reduction affects not only the compo-
nents of the PtG process chains but also the power generation
technologies. Fig. 9 shows left shifts in the supply curves for 2050
compared to 2030. Substantial hydrogen production in MENA in 2050
starts above sales prices of 70 €/MWhyany (7% WACC) and 90
€/MWhgo,11v (12% WACC), depending on the weighted average cost of
capital. Electricity-based methane is available at sales prices starting
above 120 €/MWhCH4,LHV (70/0 WACC) and 160 €/MWhCH4,LHV (120/0
WACC). The additional liquefaction of hydrogen increases the genera-
tion costs by at least 40 €/MWhyyny. This shifts the start of the
hydrogen supply curve for liquid hydrogen to 110 €/MWhyy 1y at a
WACC of 7% and to 150 €/MWhyz 1y at a WACC of 12%. In the model
results in 2050, substantial liquid methane production starts above 130
€/MWhCH4,LHV (7% WACCQC) and 180 €/MWhCH4,LHV (12% WACQ).

As in 2030, exporting gaseous hydrogen and methane to Europe in
2050 is cheaper than their respective liquid forms when production and
transport are taken into account. The supply of substantial amounts of
gaseous hydrogen from MENA to Europe starts above a sales prices of 90
€/MWhH2,LHV (70/0 WACC) and 120 €/MWhH2,LHV (12% WACC). Sub-
stantial exports of gaseous methane from MENA to Europe are available
starting above sales prices of 130 €/MWhcpg 1av (7% WACC) and 170
€/MWhchs,1av (12% WACC).

3.2.2. Cost components of e-fuel production

Fig. 10 shows the cost components associated with the production of
e-fuels in the MENA region for 2030 and 2050. Each bar corresponds to a
point on the supply curves in section 3.2.1. Selected supply curve points
exceed the hydrogen or synthetic methane production of 1,000 TWhyz,
cu4,Luv for the first time. This choice is arbitrary, yet assumes substantial
generation quantities and a strong role of the MENA region in a future
global e-fuel market. The figure aims at comparability between different
e-fuel production concepts. However, a direct consequence of this
benchmark approach is that different e-fuel generation volumes lie
behind the bars shown in the cost breakdown.

The optimization results show that renewable electricity is the most
important cost component for synthetic methane production. Depending
on the simulation year, physical state of the product, and assumed
WACC, electricity supply accounts for between 65% and 72% of
methane production (excluding transportation costs to Europe).
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Annuitized investments and fixed operation and maintenance costs
represent the missing 28% to 35% of methane production costs in
MENA. The cost of transport to Europe — accounting for between 2.0
€/MWhCH4,LHV and 2.7 €/MWhCH4,LHV via Shlp and between 3.5
€/MWhchg,tnv and 7.3 €/MWhcpg ay via pipeline depending on the
transport distance — is negligible compared to generation costs.

The technology with the highest cost contributions in methane pro-
duction is electrolysis. This applies both to electricity costs, where its
share is always at least 81%, and to fixed-cost components, with a share
of at least 36%. Overall, electrolysis accounts for at least 69% of syn-
thetic methane production costs without transport. The second largest
cost contribution derives from CO4 supply. It accounts for between 10%
and 15% of methane production costs depending on the simulation year,
physical state of the product, and assumed WACC. The cost contribution
of DAC is dominated by fixed-cost components. Seawater desalination
and methanation as well as intermediate compression costs lag behind
those of electrolysis and DAC and are mainly fixed costs. If methane is
liquefied for subsequent transport to Europe, this accounts for 8% to
10% of production cost in MENA, depending on the simulation year and
assumed WACC.

The cost composition of electricity-based hydrogen depends strongly
on the physical state in which it is provided. Nevertheless, electrolysis —
in particular the electricity demand of the electrolysis process — re-
mains the largest cost component in the supply of hydrogen. In the case
of gaseous supply, at least 95% of the hydrogen production costs are
attributable to electrolysis. At least two thirds of the electrolysis costs
are electricity input; the rest are annuitized investments and fixed
operation and maintenance costs. If the gaseous hydrogen is subse-
quently exported to Europe by pipeline, the transport costs account for
9% to 27% of the supply costs in Europe depending on the transportation
distance, simulation year, and assumed WACC. If hydrogen is exported
to Europe in liquid form, liquefaction and ship transport together ac-
count for a substantial part of the supply costs at 35% to 42%. However,
in liquid hydrogen production — without transport — electrolysis re-
mains the technology with the largest cost contributions in the pro-
duction chain. Depending on the simulation year and assumed WACC,
electrolysis accounts for between 67% and 69% of liquefied hydrogen
production costs. At least 79% of the electrolysis costs are electricity
costs. Desalination of seawater is a minor component compared to other
process steps.

3.2.3. Comparison of PEM-based and SOEC-based e-fuel production
The choice of electrolyzer technology for e-fuels production in the
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Fig. 12. Evolution of renewable electric capacities for PV, CSP, and onshore wind for gaseous synthetic methane production at rising sales prices and a weighted

average cost of capital of 7% in 2050.
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MENA region is subject to high uncertainties. In particular, the PEM and
SOEC technologies considered in this article are currently at different
stages of development (see section A.4). Nevertheless, it is possible to
deduce techno-economic characteristics that may be decisive for the
choice of electrolysis in the long term from the model results.

The model results for the year 2050 show that process chains with
higher overall capital intensities rely more heavily on SOEC electrolysis.
Depending on the assumed WACC, the SOEC-based process chain is used
on average between 58% (7% WACC) and 82% (12% WACC) for liquid
hydrogen production in 2050. For liquid methane production, the
average use of the SOEC chain ranges from 61% (7% WACC) to 85%
(12% WACQ). In the model results, the SOEC chains achieve high full
load hours of over 7,500 h per year regardless of the final product.
Overall, capital-intensive process chains therefore benefit from the
higher efficiency of SOEC and allocate fixed-cost components over many
operating hours.

In contrast, for the production of gaseous hydrogen and methane, the
model focuses on the PEM-based process chains. Depending on the
assumed WACC, the PEM-based process chain is used on average be-
tween 72% (7% WACC) and 75% (12% WACC) for the production of
gaseous hydrogen in 2050. For gaseous methane production, the
average use of the PEM chain ranges from 52% (7% WACC) to 59% (12%
WACC). The full load hours of the PEM chains lie between 2,700 and
4,000 h per year, depending on the final product. Overall, less capital-
intensive process chains are therefore less dependent on the higher ef-
ficiency of SOEC and instead rely on the lower fixed costs of PEM.

3.3. Electricity system for e-fuel production in the MENA region in 2050

Fig. 11 shows the optimization result of electricity supply and de-
mand compositions for selected points on the e-fuel supply curves for
2050. The selection of the points aims at substantial e-fuel generation
quantities and electricity supply that is as comparable as possible.
Consequently, the e-fuel generation quantities behind the bars differ.

On the demand side, Fig. 11 shows that due to the very high
renewable electricity generation potential in the MENA region, the
normal load of the MENA countries can potentially be exceeded by a
multiple of electricity input for e-fuel generation. For the selected points
on the supply curves, the electricity demand for e-fuel production is at
least 91% of the total electricity demand. The amount of curtailed
electricity in the optimization results is small overall with a maximum of
5% in the case of liquefied hydrogen and a WACC of 12%.

The supply side is dominated by solar generation technologies for all
e-fuels and configurations studied. At a WACC of 7%, PV and CSP ac-
count for between 97% and 100% of the electricity generation mix.
Increasing the WACC from 7% to 12% leads to an increase in the onshore
wind share of electricity generation for all four electricity-based energy
carriers considered (hydrogen, liquefied hydrogen, synthetic methane,
and liquefied synthetic methane). However, the proportion of wind in
the electricity mix remains comparatively low with a maximum of 13%
for gaseous methane production.

Higher capital intensity in the production of electricity-based fuels
increases the share of CSP in the electricity generation mix. Firstly, this
can be seen when comparing hydrogen and methane production. The
additional synthesis step and technical equipment used in methane
production increase the capital intensity compared to similar production
routes for electricity-based hydrogen. This leads to higher CSP shares in
each case. Secondly, additional liquefaction in particular increases the
capital costs of the overall process chains compared to gaseous supply.
In the optimization result, liquefaction and the associated increase in
capital intensity leads to an increase in the CSP share compared to the
gas-based generation routes. This effect can be explained by the higher
full load hours of electricity production of CSP compared to PV. The
thermal intermediate storage of energy in CSP allows higher in-
vestments to be allocated to more operating hours of the PtG process
chains.
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In the energy systems in Fig. 11, the model uses battery storages in
400 to 900 h of a year to increase the full load hours of the PtG gener-
ation plants. Battery storage systems exhibit higher utilization in cal-
culations with a WACC of 12%. The batteries allow fixed-cost
components of the PtG plants, which are more pronounced at a WACC of
12%, to be allocated to more operating hours.

3.4. Regional distribution of e-fuel supply

Fig. 12 shows the evolution of the renewable energy expansion along
the supply curve of gaseous synthetic methane at a WACC of 7% for the
year 2050. In the optimization results, synthetic methane generation
starts with small production quantities at a selling price of 120
€/MWhCH4,LHV in Egypt (439 TWhCH4,LHV); Saudi Arabia (219 TWhCH4’
tuv), Jordan (71 TWhcpg 1nv), and Morocco (61 TWhcua,inv). The di-
vision of the MENA countries into sub-regions, where e-fuels can only be
generated in the coastal regions and electricity generation in the hin-
terland is subject to grid penalties, results in a gradual exploitation of the
electricity generation potential in the hinterland. This happens despite
the flat generation cost structure of renewable energies shown in section
3.1. The coloring of the maps shows that at a sales price of 130
€/MWhcpg 1nv methane production is expanded by the optimizer. The
first substantial synthetic methane quantities are produced especially in
Saudi Arabia (16,404 THWCH4,LHV); Egypt (9,269 THWCH4,LHV)7 Libya
(5,650 THW hi4,11v), and Morocco (1,006 THWcha4,1av)- This results in a
roll-out of PV in the coastal regions and the build-up of CSP capacities,
which already reach further inland. The expansion of onshore wind
power at this methane sales price is limited to the aforementioned in-
dividual hotspots in Morocco, Libya, and Egypt. At a methane sales price
of 150 €/MWhcpa 1y, the model results are dominated by high power
densities for CSP and PV outside of Turkey, Lebanon, and Israel.

Distance-dependent cost premiums for pipeline transport of syn-
thetic methane from MENA to Europe do not change the order of the first
exporting countries given the accuracy of our result resolution.
Assuming a WACC of 7%, the first substantial exports of gaseous syn-
thetic methane to Europe in 2050 start at a selling price of 140
€/MWhchg rnv from Saudi Arabia (16,404 TWhcpa,Luv), Egypt (9,269
TWhCH4,LHV), and Libya (5.650 TWhCH4,LHV)-

The first substantial hydrogen production quantities for the MENA
region and a WACC of 7% appear in the model results at a sales price of
80 €/MWhyo 11y At this sales price hydrogen is mainly produced in
Saudi Arabia (5,030 TWhyo,1nv), Egypt (4,132 TWhya 1hv), and Libya
(3,854 TWhya 1uy). Based on our measurement accuracy and using
distance-based cost premiums for pipeline transport of gaseous
hydrogen from MENA to Europe, the order of exporting countries
changes at the beginning of the supply curve. The first substantial
hydrogen volumes are provided in Europe at a sales price 100 €/MWhy,
LHV from Libya (3,854 TWth’ LHV) and Morocco 910 TWhHZ,LHV)~ Due
to the further distance, Saudi Arabia exports substantial amount of
hydrogen (5,030 TWhy,11v) to Europe only starting at a selling price of
110 €/MWhH2,LHV«

3.5. Competition on the European hydrogen market

One criterion for deciding whether hydrogen from the MENA region
can become part of the European supply mix is the relationship between
the supply costs of European hydrogen and hydrogen imported from
MENA.

Fig. 13 shows a comparison of the supply costs of hydrogen in
Europe, which is either produced in Europe itself or imported from
MENA. The supply curves of a European production are taken from Lux
and Pfluger (2020). In general, the modeling approach used to calculate
European supply curves and the MENA import curves is similar. How-
ever, since Lux and Pfluger (2020) was published, there has been a cost
update for renewable electricity generation technologies in Enertile. The
update has resulted in structurally lower renewable electricity
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generation costs. The European hydrogen supply curves in Fig. 13 are
therefore subject to higher electricity production costs than the
hydrogen import curves from the MENA region. A second difference
between the model parameterizations in Lux and Pfluger (2020) and
scenario runs in this article applies to the used techno-economic data for
electrolyzers®. In both cases MENA import and European production
costs for the local distribution of hydrogen are not considered.

The comparison of the model results shows that the import curves
remain below the European supply curves up to a hydrogen price of 90
€/MWhyo ny. Up to this sales price and corresponding hydrogen
quantities, domestic-European hydrogen supply is more cost-efficient.
Assuming the same WACC of 7% for Europe and MENA, the import of
gaseous hydrogen from the MENA region becomes economically
attractive starting at hydrogen demands between 488 TWhyy v and
1,118 TWhpyg 11y, depending on the electrolyzer parametrization in Lux
and Pfluger (2020). If the import of hydrogen is subject to substantially
higher risk premiums or profit margins realized in the model runs by a
WACC of 12%, the import of hydrogen is only profitable compared to
domestic European production starting above hydrogen quantities be-
tween 2,044 TWhya 1nv and 3,571 TWhya rny. The intersection of the
supply curves for liquid hydrogen imports from MENA with the Euro-
pean supply occurs above hydrogen sales prices of 150 €/MWhgyz 11y
and European hydrogen supplies of 4,111 TWhgy 11y-

In compliance with the 1.5 °C target, the long-term strategic vision of
the EC estimates a final energy demand for hydrogen in Europe in 2050
between 794 TWhy, (1.5LIFE scenario) and 892 TWhy, (1.5TECH sce-
nario) (European Commission, 2018a). The comparison of hydrogen
supply curves between European production with the central electro-
lyzer parametrization and MENA imports in Fig. 13 implies that, from a
techno-economic point of view, these demands could be partly met by
MENA imports, if Europe and MENA are subject to the same interest
rates. For the progressive electrolyzer parametrization in Europe and a
WACC of 7% hydrogen demands could be met cost efficiently by an
inner European production. If MENA imports are assigned a higher
WACC of 12%, these European hydrogen demands would be met by
domestic European hydrogen production independently of the electro-
lyzer parameter scenario in Europe. However, imports could also be
necessary if the RES potential in Europe cannot be sufficiently utilized
due to lack of public acceptance.

4. Summary & conclusions

This article identifies the generation potentials of the electricity-
based fuels hydrogen and synthetic methane for the MENA region in
2030 and 2050. For the generation of these e-fuels, it is assumed that
only renewable electricity is used. The analysis is performed with the
energy system optimization model Enertile. Based on the model results,
the export of e-fuels from MENA to Europe is also considered using
distance dependent transport costs.

The energy system optimization in Enertile is based on an assessment
of renewable electricity potentials in the MENA region at high resolu-
tion. The resulting cost potential curves and the distribution of the
considered renewable technologies show that PV and CSP are the most
cost-efficient technologies in the MENA region. The wind potential in
the MENA region lags behind solar technologies in its suitability for
producing e-fuels. Electricity generation by wind at low cost is limited to
individual hot spots on the coast and in some inland areas. Cheap
renewable power generation potentials in coastal areas are located in
Egypt, Saudi Arabia, Libya, and Morocco. Following the scenario ar-
chitecture, which postulates that e-fuels are only produced in coastal

5 In Lux and Pfluger (2020), hydrogen supply curves are calculated for three
different techno-economic parameterizations of PEM electrolyzers. The con-
servative version of the electrolysis parameters is not shown in this graph,
because it lacks comparability with the parameterization for the MENA region.
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regions, these countries make the first and least expensive contributions
to e-fuel production in the model calculations.

The cost potential curves are calculated for two different assump-
tions regarding the weighted average cost of capital (WACC), 7% and
12%. The model results for the generation of e-fuels show that sub-
stantial amounts of gaseous hydrogen can be produced in MENA in 2030
starting above a production cost of 100 €/MWhgy 11y (7% WACC) and
130 €/MWhpya ny (12% WACC). In 2050, the start of the hydrogen
supply curves drops to above 70 €/MWhys 1y (7% WACC) and 90
€/MWhy 11y (12% WACC). As the supply curves progress, they show a
steep increase in production volumes. Additional liquefaction increases
hydrogen supply cost by at least 40 €/MWhgyz 1rv.

Due to the additional synthesis step and the required CO5 capture,
the production of synthetic methane is more expensive than electricity-
based hydrogen. In the model results, a substantial gaseous methane
production in 2030 starts above a generation cost of 170 €/MWhcpa,1av
(7% WACC) and 210 €/MWhyi 11y (12% WACC) in MENA. In 2050, the
model results show substantial synthetic methane generation volumes
above generation costs of 120 €/MWhcyanv (7% WACC) and 160
€/MWhchg,1uv (12% WACC). The supply curve of methane also shows a
steep increase for rising sales prices. Additional liquefaction increases
the cost of synthetic methane by at least 10 €/MWhcua4,11v-

A cost comparison shows that exporting gaseous hydrogen and
methane to Europe is cheaper than transporting their respective liquid
forms. Taking into account methane pipeline transportation costs to
Europe, the potential MENA supply of synthetic methane from MENA to
Europe starts above 180 €/MWhcusiny (7% WACC) and 220
€/MWhchgnv (12% WACC) in 2030. Equivalent export curves of
hydrogen produced in MENA for Europe start above 120 €/MWhg 11y
(7% WACC) and 150 €/MWhpga 1ny (12% WACC). In 2050, exports of
gaseous methane from MENA to Europe are available starting at sales
prices above 130 €/MWhCH4,LHV (7% WACC) and 170 €/MWhCH4,LHV
(12% WACC). The supply of hydrogen produced in MENA for Europe in
2050 starts at sales prices above 90 €/MWhya 11v (7% WACC) and 120
€/MWhyo 11y (12% WACC), respectively.

The cost of renewable electricity is decisive for e-fuel production
costs, accounting for at least 62% of e-fuel generation costs in the pro-
duction chains examined. For both hydrogen and synthetic methane
production, the technology with the highest cost contributions is elec-
trolysis. Regardless of the simulation year and assumed WACC, elec-
trolysis accounts for at least 95% of gaseous hydrogen production costs
and at least 69% of the costs in synthetic methane production. The
second major cost component in methane production is CO2 supply from
ambient air. It accounts for 10% to 15% of generation costs, depending
on the physical state of the product, simulation year, and assumed
WACC. The remaining plant components, seawater desalination and
methanation, are less prominent in the overall costs. Cost reductions
between the simulation years 2030 and 2050 are due to lower costs for
renewable electricity and technical learning of the e-fuel production
chains.

The production of electricity-based renewable gases is characterized
by the large and low-cost solar power generation potentials in the MENA
region. PV and CSP account for at least 87% of the electricity mix for e-
fuel production in all constellations studied. Increasing capital intensity
by liquefying or processing hydrogen into methane increases the share
of CSP in the generation mix, due to its relatively high full load hours in
electricity generation. Wind energy plays a relatively small role in e-fuel
generation in MENA. The maximum share of onshore wind in the gen-
eration mix of the MENA region is 13% in the model results.

The comparison of the calculated hydrogen supply in the MENA
region with equivalent supply curves in Europe shows that hydrogen
trade flows from MENA to Europe can only be cost-efficient within
certain limits. In order to have hydrogen export flows from MENA to
Europe in a competitive market context, the following two conditions
need to be met. Firstly, there is no interest rate spread or only a low
interest rate spread between Europe and the MENA countries. This
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means that investors are willing to develop projects in MENA at similar
financing conditions as in Europe. Secondly, the transportation costs for
hydrogen are low. Transportation costs by pipeline account for a sub-
stantial proportion of hydrogen supply costs from MENA in Europe. In
the current literature, these transportation costs are characterized by
large spreads and uncertainties. Apart from this, an effective shortage of
sites for expanding renewable electricity generation in Europe could be a
game changer and may lead to hydrogen imports from MENA. This may
arise, for example, from high electricity demands accompanied with low
acceptance for a widespread expansion of renewable electricity gener-
ation units in Europe.

The analysis also has relevance for policy decisions: First of all, it
broadens the perspective regarding the costs of e-fuel imports: Several
previous publications use somewhat simplified assumptions, for
example regarding the price of electricity used in hydrogen production,
or assume very low interest rates. The more holistic framework used in
this analysis provides a more comprehensive picture of the costs
incurred. The higher costs resulting from this show that importing e-
fuels to Europe is not a cheap silver bullet to circumvent bottlenecks in
renewable energy expansion or achieve supply side transformation. The
cost of e-fuels have to be weighed up against other options. The analysis
also hints at certain regions that might be most suitable for producing e-
fuels for exports. However, the differences in site quality vary within a
range, in which other factors might be equally important, such as
transport costs and interest rate expectations for individual countries or
even projects.

Analyzing e-fuel production chains in detail and considering trans-
port also highlights the complexity and sheer size of these potential
projects. Too often hydrogen and e-fuel imports are used as the gap-filler
in national energy transformation strategies. The deeper analysis shows
that these projects are too large and too costly to happen without strong
policy support and without high security that the energy products will
be bought long-term at agreed prices. Policy makers aiming at importing
hydrogen or e-fuels should start developing policies in this direction
soon, as infrastructure projects of the sizes discussed here have a
considerable lead time.

Overall, the analysis shows that e-fuel production in the MENA re-
gion is indeed attractive, especially due to its high solar potential.
However, the question of whether utilizing this potential for Europe’s
energy supply makes sense from a strictly economic point of view is not
answered definitively. Differences in capital costs and transport costs
may reduce or even nullify the advantages of the region. Future analysis
should analyze these aspects in even greater detail and take price for-
mation on international energy commodity markets into account.
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Appendix

Abbreviations

(See Table A1)

Table Al
Abbreviations.

Abbreviation Explanation

BEV Battery electric vehicles

BoL Begin of life

CAPEX Capital expenditure

CHy4 Methane

CO, Carbon dioxide

CSP Concentrating solar power

DAC Direct air capture, CO, separation from ambient air
EC European Commission

EU European Union

e-fuels Electricity-based fuels

el electrical

FLH Full load hours

GHG Greenhouse gas

H, Hydrogen

L-hydrogen Liquefied hydrogen

L-methane  Liquefied methane

LCOE Levelized cost of electricity

LHV Lower heating value

LNG Liquefied natural gas

MENA Middle East and North Africa
O&M Operation and maintenance cost
OPEX Operating expenditure

PEMEL Polymer electrolyte membrane electrolysis
PtG Power-to-Gas

PtH, Power-to-Hydrogen

PtCH,4 Power-to-Methane

PtX Power-to-X

PV Photovoltaics

RES Renewable energy source

SED Specific energy demand

STP Standard temperature and pressure (Tstp = 0 °C, pstp = 1.01325 bar).
SOEL Solid oxide electrolysis

th thermal

TRL Technology readiness level
WACC Weighted average cost of capital
wt weight
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Substance data
(See Table A2)

Table A2
Substance data.

Substance data

Density of water (at 0 °C) 999.8 kg/m3
Higher heating value (HHV) of natural gas 50.0 MJ/kg
HHV of H, 141.8 MJ/kg
Lower heating value (LHV) of Hy 120.0 MJ/kg
HHV of CH4 55.5 MJ/kg
LHV of CHy 50.0 MJ/kg
Molar mass of Hy 2.0 g/mol
Molar mass of CHy 16.0 g/mol
Molar mass of water 18.0 g/mol
Molar volume at standard temperature and pressure (STP) 22.4 m®/kmol

Model regions and transport distances to Europe

(See Fig. Al and Table A3)
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Water electrolysis, in which water is electrochemically divided into
hydrogen and oxygen, is the main process step for hydrogen production.
This paper examines PEMEL and SOEL systems, which differ for example
in the type of membrane used and the operating conditions (Adolf et al.,
2017; Golling, Heuke, Seidl, & Uhlig, 2019; Smolinka et al., 2018;
Topler & Lehmann, 2016; Ursua, Gandia, & Sanchis, 2012). Fig. 4 and
Fig. 5 in section 2.2.4 specify the operating temperatures and pressures,
chosen for the techno-economic parametrization. As SOEL operates with
steam, thermal energy is required at approximately 200 °C for water
evaporation. This makes SOEL particularly promising when heat is
available at the site. However, PEMEL offers the advantage of operating
over a wide load range (Smolinka et al., 2018) and allows a quick
response to power fluctuations from RES. PEMEL has already reached a
high technology readiness level (TRL) of 9. SOEL is a newer technology
(TRL 6) and its development is therefore associated with greater op-
portunities but also with higher risks (Golling et al., 2019). According to
the literature, further optimization of PEMEL and SOEL, e. g. of cell and
stack design, will lead to an increase in efficiency over the next 30 years
(Smolinka et al., 2018). Efficiencies of electrolyzers given in the litera-

Fig. Al. Model regions for Enertile calculations in the MENA region.

Table A3
Transport distances assumed between e-fuel production regions in MENA and
Europe. Transport distances are estimated by the center-to-center air distance of
MENA and continental Europe. In reality, transport routes are likely to be
different.

Transport distances from e-fuel production regions in MENA to

Europe

DZ1 2,098  km
EG_1 3,143  km
IL1 2,981  km
JO_1 3,119  km
LB_1 2,788  km
Ly1 2,507  km
MA_1 2,778  km
SA1 3,988 km
SA5 4,344  km
SY_1 2,790  km
TN_1 2,073  km
TR_1 2,232 km

Technologies and techno-economic parameters of PtG process chains

This section covers details of individual PtG technologies within the
e-fuel production chains presented in section 2.2.4. Table A4 shows the
specific energy demands of individual PtG technologies. Table A5 and
Table A6 show specific investments and fixed operation and mainte-
nance cost of individual PtG technologies.
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ture usually refer to begin of life (BoL). For the Enertile parametrization,
efficiency reduction for PEMEL and SOEL due to stack degradation is
taken into account through the author’s own estimations, based on
technical key data from the literature (Smolinka et al., 2018) (cf.
Table A4). Accordingly, replacement of the stacks over the system life-
time of 20 years is included in the fixed OPEX (Table A6).

Currently commercially available electrolysis processes require
freshwater as feedstock. In the arid MENA region, freshwater is a scarce
resource (Hamed et al., 2018). In coastal regions, however, seawater is
available. Electrolysis processes that directly use seawater are the sub-
ject of current research, but are only at the laboratory testing stage and
are not yet commercially available (d’Amore-Domenech & Leo, 2019).
To avoid competition for scarce freshwater in the MENA region and to
take advantage of electrolysis technologies already available, seawater
desalination is explicitly included in the economic and energy modeling
and assessment of e-fuel process chains in this paper (cf. Table A4,
Tables A5 and A6). Various seawater desalination technologies are
commercially available today. The most commonly used desalination
technology is reverse osmosis (Zhou & Tol, 2005). It has a TRL of 9
(Zhou & Tol, 2005). It is used, for example, on a large scale to provide
drinking water in Israel (Atkinson, 2005). The transport of water from
the coastline to the PtG site is not explicitly considered in this work,
since transport costs for water are comparably low (Zhou & Tol, 2005)
and PtG production sites are located close to the coast in the modeling
approach.

Due to the arid climate, the MENA region offers a low potential for
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Table A4
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Specific electrical (el) and thermal (th) energy demand (SED) for all technologies investigated for electricity-based hydrogen and methane production in MENA. Values

refer to the years 2030 and 2050.

Process step

Specific energy demand

Source

Electrical (el)

Thermal (th)

in 2030 in 2050 in 2030 in 2050
Sea water desalination 5.5 5.5 None None kW,y/(m>/h purified water) (Hafez & El-Manharawy, 2002)
PEMEL 5.0 4.5 None None kW,/(m3/h Hy STP) (Smolinka et al., 2018) a,b,c
SOEL 3.9 3.8 0.4 0.4 chl/[h/(mS/h H, STP) (Smolinka et al., 2018) bb
DAC 1.0 1.0 2.9 2.9 kWel/m/(mB/h CO, STP) (Viebahn et al., 2019)
H, compression from 9 to 20 bar 0.03 0.03 None None kWe/(m3/h H, STP) a
CO, compression from 1 to 20 bar 0.15 0.15 None None kW,)/(m®/h CO, STP) a
H, liquefaction 6.76 6.02 None None kWe/(kg/h Hy) (Stolzenburg et al., 2013)
CH4 liquefaction 0.7 0.7 None None kWei/(kg/h CH4) (Wartsila Corporation, 2016)

a) Own estimations, taking into account degradation of the stacks by 3 uV/h for 2030 and 2 pV/h for 2050.

b) Own estimations, taking into account degradation of the stacks by 7 pV/h for 2030 and 4 pV/h for 2050.

¢) The efficiency of PEMEL is not expected to increase significantly by 2030, because PEMEL electrolysis is in an economic “race to catch up” with alkaline electrolysis.
Low CAPEX is prioritized over an increase in efficiency in the development of PEMEL (Smolinka et al., 2018).

Table A5

Specific CAPEX for each process step for production of electricity-based hydrogen or methane in terms of plant capacity. Values refer to plant capacities of 100 MW

(LHV) hydrogen or methane output.

PtG process step Specific CAPEX Source

in 2030 in 2050
Sea water desalination 97 97 €/(1/h fresh water out) (Hafez & El-Manharawy, 2002) a
PEMEL 2,000 1,800 €/(m>/h STP H, out) (Smolinka et al., 2018) b, c
SOEL 2,912 2,002 €/(m®/h STP H, out) (Smolinka et al., 2018) b, c
H, compression (9 to 20 bar) 96 none €/(m®/h STP H, in) (Chardonnet et al., 2017) b, c,d
Direct air capture 8,344 5,574 €/(m>/h STP CO, out) (Siegemund et al., 2019) b, c
CO, compression (1 to 20 bar) 238 238 €/(m>/h STP CO, in) (Schaffer, Ortloff, Lubenau, Imberg, & Senner, 2019) b, c
Catalytic methanation 2,778 1,815 €/(m®/h STP CH,4 out) (Zauner et al., 2019) b,c, e
H, liquefaction 35,510 35,510 €/(kg Hy out) (Hank et al., 2020b) b, c
CH4 liquefaction 7,265 7,265 €/(kg CH4 out) (Songhurst, 2018) b

a) Lifetime 15 years

b) Lifetime 20 years

¢) And own estimations

d) Only necessary for PtG chain with SOEL
e) Product gas cleaning included

biomass and industry that is only located at coastal areas. For this
reason, the use of ambient air as a CO5 source is obvious (Fasihi, Efi-
mova, & Breyer, 2019). Otherwise, CO, can be captured from point
sources elsewhere and transported to the e-fuel production site, which is
not considered in this paper. Fasihi et al. (2019) give an overview of
different process concepts for the separation of CO; from ambient air, so-
called Direct Air Capture (DAC). Climeworks GmbH supplies a DAC
technology with a relatively high TRL (6 — 9), which is based on the
chemisorptive binding of CO, molecules to amine-activated cellulose
(adsorption) at ambient conditions (40 °C, 1 bar) (Viebahn, Scholz, &
Zelt, 2019). At temperatures of approximately 100 °C and vacuum
conditions, COs is released again (desorption) and can be fed to the
methanation process as an enriched CO; gas flow (Fasihi et al., 2019;
Mors, Schlautmann, Gorre, & Leonhard, 2020; Viebahn et al., 2019).
The technology has been tested in several pilot plants, for example at the
PtG demo site at Troia within the EU project STORE&GO (Mors et al.,
2020). Based on the experience gained in these projects, a further
reduction of thermal SED as well as CAPEX and OPEX is expected in the
next decade (Table A4, Table A5 and Table A6).

Before methanation, the reactants (hydrogen and CO2) must first be
brought to operating pressure. Table A4 shows the SED for intermediate
compression of CO; (1 to 20 bar) and hydrogen (9 to 20 bar). In the case
of PEMEL, hydrogen exits the electrolysis system at a pressure above 20
bar and hydrogen compression is not necessary. The same assumption
applies to SOEL in the year 2050.

In catalytic methanation, CO, and hydrogen are converted to

20

methane and water. Water can be recycled into the electrolysis, thus
reducing the seawater requirement. The methanation is exothermic and
releases heat of reaction (165 kJ/mol) at a relatively high temperature
level (250 to 500 °C) (Gotz et al., 2016; Ronsch et al., 2016; Schildauer &
Biollaz, 2016). The released thermal energy can either be supplied to the
DAC or used to generate steam if SOEL is chosen. For the Enertile
parametrization, a decrease in methanation costs is assumed over the
next decades. The assumed CAPEX and fixed OPEX for methanation are
based on learning curves from the literature (Zauner, Bohm, Rosenfeld,
& Tichler, 2019) and the author’s own estimations, including costs for
product gas cleaning (Table A5 and Table A6).

For methane liquefaction, a relatively high amount of energy is
required to cool the gas below the boiling temperature (-162 °C, 1 bar)
and to remove the enthalpy of condensation (Table A4). The energy
density is thus increased by a factor of 600 (approx. 5.6 MWhcys/m®)
compared to ambient temperature. Methane liquefaction is well known
as an application for natural gas transport, so no further cost reduction is
assumed (Table A5 and Table A6).

The energy demand for hydrogen liquefaction is over three times
higher than for methane, related to LHV, due to the low boiling tem-
perature of -253 °C (Table A4). The optimization of hydrogen lique-
faction is part of current research (Stolzenburg et al., 2013) and
development work, so reduction in SED and costs is expected in the
medium term (Table A5 and Table A6).
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Table A6
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Specific OPEX for each process step for production of electricity-based hydrogen or methane; costs for electricity and heat excluded; in terms of plant capacity; referring

to plant capacity of 100 MW (LHV) hydrogen or methane output.

PtG process step Specific fixed OPEX Source
in 2030 in 2050
Sea water desalination 19 19 €/(1/h fresh water out)/a (Hafez & El-Manharawy, 2002)
PEMEL 37 31 €/(m>/h STP H, out)/a (Smolinka et al., 2018) a
SOEL 187 77 €/(m®/h STP H, out)/a (Smolinka et al., 2018) b
H, compression (9 to 20 bar) Neglected Neglected €/(m®/h STP H, in)/a
Direct air capture 167 111 €/(m>/h STP CO,, out)/a (Siegemund et al., 2019)
CO, compression (1 to 20 bar) Neglected Neglected €/(m®/h STP CO, in)/a
Catalytic methanation 100 66 €/(m®/h STP CH, out)/a (Zauner et al., 2019) c
H, liquefaction 1,420 1,420 €/(kg Hy out)/a (Hank et al., 2020b; Stolzenburg et al., 2013)
CH,4 liquefaction 437 437 €/(kg CH,4 out)/a (Songhurst, 2018)

a) And own estimations: stack replacement after 10 years.

b) And own estimations: stack replacement after maximum lifetime of the stacks.

¢) And own estimations; product gas cleaning included.

Techno-economic parameters of renewable energy technologies

For onshore wind turbines, 59 different configurations are taken into
account for the year 2050. The hub heights vary between 80 and 160 m.
The specific area output ranges between 270 and 500 W/m?. A wind
turbine with a hub height of 110 m and a specific area output of 400 W)/
m? costs 1160 €/kWy in 2020 and 1050 €/kWy in 2050. The costs are
based on Wallasch, Liiers, Heyken, Rehfeldt, and Jachmann (2019).

(See Table A7 and A8)

Table A7
Hub height, rotor diameter, and specific investments for the considered offshore
wind turbines in 2030 and 2050 (Koepp et al., 2019).

Turbine Hub height (m) Rotor diameter (m) Specific investment (€/kWe))
2030 2050

1 100 400 3580 3422

2 100 450 3497 3341

3 110 400 3640 3482

4 120 350 3783 3622

5 120 360 3766 3607

6 120 380 3732 3574

7 120 400 3700 3542

Table A8

Specific investments for different solar technologies in 2030 and 2050; the costs
are based on solar power plants from 2020 (Zentrum fiir Sonnenenergie- und
Wasserstoff-Forschung Baden-Wiirttemberg, 2019) and a learning rate
(Fraunhofer ISE, 2015).

Specific investment (€/kWep)

Technology 2030 2050

Ground-mounted PV 662 500

Roof-top PV 933 765

Csp 2047 1442
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