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For reaching the European greenhouse gas emission targets, the phase-in of alternative technologies and energy carriers is crucial for all sectors. For the transport sector, synthetic fuels are–next to electromobility–a promising option, especially for long-distance shipping and air transport. Within this context, the import of synthetic fuels from the Middle East and Northern Africa (MENA) region seems attractive due to low costs for renewable electricity in this region and low transport costs of synthetic fuels at the same time. Against this background, this paper analyzes the role of the MENA region in meeting the future synthetic fuel demand in Europe using a cost-optimizing energy supply model. In this model, the production, storage and transport of electricity, hydrogen and synthetic fuels by various technologies in both European and MENA countries in the period up to 2050 are explicitly modeled. Thereby, different scenarios are analyzed to depict regional differences in investment risks: a base scenario that does not take into account regional differences in investments risks and three risk scenarios with different developments of regional investment risks. Sensitivity analyses are also carried out to derive conclusions about the robustness of results. Results show that meeting the future synthetic fuel demand in Europe to a large extent by imports from the MENA region can be an attractive option from an economic point of view. If investment risks are incorporated, however, lower import quotas of synthetic fuels are economically attractive for Europe: the higher generation costs are outweighed by the lower investments risks in Europe to a certain extent. Thereby, investment risks outweigh other factors such as transport distance or renewable electricity generation costs in terms of exporting MENA regions and a synthetic fuel import is especially attractive from MENA countries with low investment risks. Concluding, within this paper, detailed export relations between MENA and EU considering investment risks were modeled for the first time. These model results should be complemented by a more in-depth analysis of the MENA countries, including evaluating opportunities for local value chain development, sustainability concerns (including social factors), and optimal site selection.
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1 INTRODUCTION
The transport sector accounts for 26% of the European and 22% of the German GHG emissions in 2020 (Eurostat, 2022). The defossilization of the transport sector therefore plays an important role in achieving the goals set out in the Paris Agreement. Currently, fossil fuels dominate the transport sector. In 2022, fossil fuels such as oil and petroleum products (including kerosene) or natural gas provided about 93% of the final energy demand for transport, while biofuels contributed only five–6% and electricity about 2%, both in Europe and in Germany according (Eurostat, 2024) and (AG Energiebilanzen, 2024). Regarding the distribution of final energy sources in the different transport sectors, air and water transport were almost entirely based on fossil fuels. In road transport, 6% biofuels were used and electricity accounted for less than 1%, whereas in rail transport, 79% of the final energy demand was covered by electricity (Eurostat, 2024).
In order to reduce the GHG emissions of the transport sector, avoiding traffic and shifting to climate-friendly modes of transport is crucial. In addition, different drives and fuels offer alternatives: electric mobility, new fuels such as hydrogen or synthetically produced methanol, and synthetic fuels such as synthetic diesel, gasoline, or kerosene, are discussed. Since synfuels consist of hydrocarbons just like fossil fuels, except that they are produced from green hydrogen and carbon dioxide (CO2), we cannot speak of decarbonization here. Defossilization therefore is the more appropriate term.
The production of hydrogen and synthetic fuels is extremely energy intensive. For this reason, there is a broad consensus that a large proportion of synthetic fuels will be imported in the future because production costs outside of Europe are lower. Against this backdrop, the MENA region appears particularly attractive for the production of these energy carriers, as it possesses a high potential for renewable energy and is geographically close to Europe.
Numerous studies have been conducted to identify different pathways to a carbon neutral energy system in Europe (Capros et al., 2019; Korkmaz et al., 2020; Jeroen Dommisse and Jean-Louis Tychon, 2020). Some of these studies have focused in particular on the role of the transport sector in the European energy transition (Dominković et al., 2018; Jan et al., 2019; Colbertaldo et al., 2018). In these studies, the option of using synthetic fuels produced from renewable energies to facilitate a rapid transition away from fossil fuels is frequently discussed (Evangelopoulou et al., 2019; Ridjan et al., 2013; Pregger et al., 2020; Grant Wilson and Styring, 2017).
The first studies linking the European energy transition with the MENA region were carried out at the beginning of the century with the idea of importing electricity from the MENA region to Europe (Franz and Müller-Steinhagen, 2007). This concept has been replaced by the idea of importing hydrogen (Timmerberg and Kaltschmitt, 2019; Cavana and Leone, 2021; van Wijk and Wouters, 2021; Eddy et al., 2022) or synthetic fuels (Fasihi et al., 2017; Berger et al., 2021). However, both the transport infrastructure required to establish such an energy system and the possible demand structure in the MENA region and Europe have not yet been analyzed in detail. Despite this, a review by (Razi and Dincer, 2022) shows the potential of a hydrogen-based and renewable energy future for the MENA region.
To model the possible techno-economic supply structures of synthetic fuels from the MENA region into Europe, a calculation of possible supply costs for renewable fuels must be performed in MENA (Lux et al., 2021). give a detailed insight into the calculation of the cost potential curves of renewable-based fuels. However, this study also only slightly discusses the necessary infrastructure and does not take into account the fuel requirements for the transport sector in Europe.
Therefore, the framing research questions to be investigated in this paper are “How can cost optimal supply paths be designed to meet Germany’s and whole Europe’s future demand for renewable electricity, hydrogen, intermediate products, and synthetic fuels? What could be the role of the MENA region in this? And what influence do investment risks in the MENA region have on the structure of these supply paths?”. This frame was broken down into the following underlying research questions:
• Which part of the synfuel demand would be covered by domestic sources and which by imports from the MENA region?
• What power generation potentials in Europe and MENA could be exploited to produce these fuels?
• Which countries or regions in MENA would be favorable exporters of synfuels?
• What influence do the investment risks in MENA have?
• How could the synfuels be transported?
• Which technologies could be used for the production of synfuels?
Consequently, the present study aims to analyze how the projected long-term demand for electricity and synfuels in Europe can be met as economically as possible, if European renewable potentials, as well as those of the MENA region (taking into account their domestic energy demands) can be exploited. A modeling approach is chosen to answer the research questions. The model, the underlying system boundaries and the data used are described in detail in Section 2. Section 3 presents the results. First, a baseline scenario is analyzed without considering country-specific investment risks (Section 3.1). The robustness of these results is examined in Section 3.2. Subsequently, the results considering country-specific investment risks are presented in Section 3.3 and analyzed in terms of their sensitivity in Section 3.4. Finally, in Section 4 the results are summarized and discussed in the context of the research questions.
2 SCOPE AND METHODS
The cost-optimizing energy supply model Energy Supply Model - Invest Module (ESM-I), a model within in the Wuppertal Institute System Model Architecture for Energy and Emission Scenarios (WISEE) model family, is used to answer the research question. The application of this model is explained below. Section 2.1 describes the modeled system section in regional, temporal, and technological terms and describes the input data that represent the most important drivers for the model. Section 2.2 explains the structure and functionality of the model. Finally, Section 2.3 describes how investment risks are mapped in the model.
2.1 Scope
First, the system layout in terms of regional, temporal, and technological scope is defined in Section 2.1.1. For modeling this scope, a wide range of input data is required, of which the most important are described in Sections 2.1.2 and 2.1.3, where Section 2.1.2 shows development of demand for electricity, green hydrogen and synthetic fuels, and the renewable generation potential which can be used to meet these demands is shown in Section 2.1.3. In addition to these input data, techno-economic parameters such as costs, conversion efficiencies, and lifetimes are needed for all depicted energy generators, converters, transport, and storage technologies. These are reported in the supplementary material.
2.1.1 Spatial, temporal and technological layout
The present study deals with the interactions between Europe and MENA. Therefore, these regions are explicitly modeled. In order to reduce complexity and realize manageable computing times, clusters are formed in which several countries are grouped together. Europe is grouped into five clusters, the MENA region is divided into eight clusters (see Figure 1).
• Germany (DE) as focus region is depicted as a single region in Europe
• EU_West includes Benelux, France, Great Britain, Ireland, Spain and Portugal
• EU_North stands for the Scandinavian countries Norway, Sweden and Denmark
• EU_East_Southeast is a large cluster representing several countries in Eastern Europe, all from Poland to Greece
• EU_South is a small cluster representing Italy and Switzerland
• Four of the MENA -regions represent single countries: Algeria, Tunisia, Libya, and Egypt
• Maghreb w/o Tun/Alg represents the Maghreb region without Tunisia and Algeria
• Middle East is a larger cluster including Jordan, Iraq, Iran, Syria, Lebanon and Israel
• North-Arabia is the Northern cluster on the Arabian Peninsula consisting of Saudi Arabia, Qatar, Bahrain and Kuwait
• South-Arabia is the Southern cluster on the Arabian Peninsula consisting of United Arab Emirates, Yemen and Oman
[image: Figure 1]FIGURE 1 | Covered region and clustering (map based on OpenStreetMap.
The projection period of the model WISEE-ESM-I covers the years 2030–2059, where only the years 2030, 2040 and 2050 are explicitly modeled, each representing a decade (i.e. 2030 represents the period from 2030–2039). The model uses a sub annual resolution to account for the fluctuating availability of renewable electricity (RE). For complexity reduction reasons, each year is reduced to 25 time steps (see Section 2.2.2).
The energy carriers and feedstocks represented in the model are renewable electricity, hydrogen from electrolysis, synthetic methane and methanol, synthetic diesel, gasoline and kerosene, synthetic naphtha and ammonia, all based on green hydrogen. In addition, the model includes the necessary intermediate products water ([image: image]O), carbon dioxide ([image: image]) from direct air capture (DAC), synthesis gas and heat needed in production and conversion technologies.
An important delimitation of the modeled scope is the fact that only the share of the energy system to be covered by wind and solar energy is included. Consequently, the demand scenarios include only the share of demand that will be met from wind and solar energy. The fossil share of the demand for electricity, hydrogen (H2), and synfuels (including feed stocks) is not depicted. In addition, also the share of energy that is produced by other RE sources than wind and solar (e.g., biomass and run-of-river) is excluded similarly.
Various conversion and synthesis technologies along the Power-to-X (PtX) route are depicted. Water can be obtained from seawater through reverse osmosis and evaporation, from ground water, if available, or as a byproduct from DAC and Fischer-Tropsch (FT). Low temperature (LT)-(alkaline water electrolysis (AEL)) and high temperature (HT)- solid oxide electrolysis (SOEL) are technologies considered for hydrogen production. High-temperature coelectrolysis is considered for gas synthesis generation. The synthesis technologies in the model include FT synthesis for the production of diesel, gasoline, kerosene, and naphtha in fixed proportions (differentiating between high and low temperature FT-routes which has naphtha or diesel, respectively, as the main output), methanation, ammonia synthesis, and methanol synthesis with optional subsequent methanol-to-X process. The processes for further processing of methanol into various products (syn-diesel, syn-gasoline, and syn-kerosene) are represented separately in the model; for simplicity, they are named “methanol-to-X″ here. Methanol-to-Diesel and Methanol-to-Kerosene are not expected to be available until 2040.
Regarding carbon sources for conversion processes, only CO2 from DAC, i.e., capture from ambient air, is implemented in the model. The consideration of using carbon sources from biomass has been omitted due to its constrained availability, and the capture of carbon from industrial waste gases is not incorporated into the model, as the objective of achieving climate neutrality necessitates the establishment of closed carbon cycles. Heat demand and waste heat are modeled, differentiating between low- and high-temperature heat. These demands can be met by electric heaters or, if the temperature differences between processes are sufficient, through waste heat from FT, methanation or methanol-to-X processes. The extraction of nitrogen ([image: image]), which is necessary for ammonia synthesis, is not explicitly modeled, but is included in the costs of this technology.
Figure 2 gives an overview over the depicted PtX-technologies. In addition to the technologies listed above, LT-polymer electrolyte membrane electrolysis (PEM), reverse water-gas shift reaction (RWGS) and thermochemistry have been modeled, but are not included in the present analysis because they were assumed to be inferior from the model point of view; therefore, they are bracketed in the figure.
[image: Figure 2]FIGURE 2 | Overview about considered technologies along the PtX-route.
Beyond conversion and production infrastructures, storage (battery and hydrogen tank storage) and transport technologies are included in the model. For transport, multiple options are considered: electricity is transported via high-voltage direct current lines. Gaseous and liquid fuels are transported via onshore or offshore pipelines or tankers.
The model uses a greenfield approach regarding energy. This is a simplification and means that the existing infrastructure, such as existing RE plants, storage units or transmission capacity, is not mapped. Consequently, it is assumed that the corresponding investments are necessary for all components of the modeled system. This may lead to different supply structures being identified as cost-optimal than if existing infrastructure had been taken into account. As the expansion of renewables is still in the ramp-up phase and the other technologies along the PtX route do not yet represent significant capacity, the inaccuracy introduced by the greenfield approach is relatively small in these areas. It is greater in the case of transport infrastructure, where existing pipelines represent a valuable asset. To address this, the model results for transport infrastructure were compared ex post with existing capacities and have been validated in this way.
2.1.2 Energy demand
As described in Section 2.1.1, the development of the energy demand for the transport and industrial sectors, as well as the surrounding energy system, is the most important input of the model. With a focus on the transport sector, different developments have been projected in the mix of driving technologies. The results described in this paper focus on a scenario of a broad mix of driving technologies - called the base scenario. Sensitivities are conducted for a variant with a very high share of battery electric vehicles as well as a very high use of synfuels. The demand scenario includes the demand for renewable energy sources in the transport sector, the industrial sector and also the proportion of general electricity demand which is to be supplied from renewable energy sources. For the transport sector, it is assumed that the transport demand in Germany develops as in the “Technology Mix scenario” from (Bründlinger et al., 2018). The base scenario is also closely based on this scenario in terms of the fuels used. This scenario represents the target year 2050. Methanol was also taken into account in this scenario and plausible developments were assumed for the years up to 2050. A similar development in demand from the transport sector was assumed for the other European countries. The industrial demand for hydrogen and synthetic feedstocks in Europe is based on (Schneider et al., 2018) for the steel sector and (Prognos, 2020) for the petrochemicals sector and ammonia demand. The demand of the surrounding energy system for renewable energy sources is derived from (Fraunhofer IFAM, DLR, and GWI, 2020).
The resulting development of the demand for renewable energy, feedstocks and fuels is documented in the supplementary material. Exemplarily, the resulting demand for renewable energy in DE in 2050 in the base scenario is shown in Figure 3. It can be seen that electricity is the dominating form of demand for renewable energy. It is followed by hydrogen, which is used in transport, as well as in the industry and for power generation. Synthetic kerosene, methane, methanol, diesel, and gasoline are used in the transport sector in descending magnitude. Synthetic naphtha as well as ammonia are needed for industrial use only. The use of ammonia for transport has not been considered here, although it is under discussion, especially for maritime transport.
[image: Figure 3]FIGURE 3 | Renewable energy demand for transport, industry and power sector for Germany in 2050.
The energy demand of the countries in the MENA region has not been included in this model but has been handled differently. Based on ambitious scenarios for the development of energy demand and supply within the MENA region (Thomas, 2022), the renewable energy potentials that are intended to be available for export are reduced by domestic demands in the MENA region. The generation potentials in the region were allocated to cover these demands with priority, so the most cost-effective renewable generation is reserved for that purpose.
2.1.3 Potential for renewable power generation
The scope of the model includes renewable electricity generation from photovoltaics (PV), concentrated solar power (CSP), wind-onshore and wind-offshore in both Europe and MENA. The potentials are characterized by the installable generation capacities and hourly time series of their infeed. The potentials per technology and country are differentiated into classes of similar levelized cost of electricity (LCOE) expected for the year 2050. The range of classes is 10 EUR/MWh. The site-specific LCOE result from the strongly varying wind and solar potentials; the investment and fixed operating costs are assumed to be identical at all sites in the base scenario. The derivation of these potentials and the underlying methodology as well as all underlying assumptions can be found in (Braun et al., 2022).
In this paper, the cost potential categories are always indicated by the mean value of the respective range. 15 EUR/MWh, for example, represents potentials with electricity production costs between 10 and 20 EUR/MWh. The RE potentials which are available for export are reduced by domestic demands in the MENA-region, to make sure that the exports do not hinder the development of a renewable domestic energy supply. Also, the most cost-intensive potentials are not included (see Section 2.2.2). Figure 4 shows the amounts of electricity that can be generated per technology and region for the year 2050 in the different categories of cost potential depicted in the model. This remaining potential after the exclusion of the most expensive categories covers 98% of the total potential available for export calculated for the region. The dominance of solar potentials is striking: PV can provide about 65% of the total amount of energy that can be generated, 27% from CSP and about 8% from wind. A total of 64% of the potentials can be developed for less than 30 EUR/MWh under the given premises.
[image: Figure 4]FIGURE 4 | Potential electricity generation in 2050 for the cost potential categories considered remaining for export purposes.
2.2 The WISEE-ESM-I model
2.2.1 Model design
The ESM-I model used here is a cost-optimizing capacity-expansion energy system model. It is built upon Open Source Energy Modeling System (OSeMOSYS), a framework for the optimization of long-term energy systems (Howells et al., 2011; Royal Institute of Technology, 2022). Such a model optimizes the overall cost of the system.
ESM-I retains the original objective function of OSeMOSYS, that is “to estimate the lowest net present value cost of an energy system to meet given demand(s) for energy or energy services” (Howells et al., 2011). The basic “blocks” constituting the OSeMOSYS framework (cost accounting, annual and timeslice-based capacity adequacy, annual and timeslice-based energy balance, constraints on capacity and generation, energy storage, and emission accounting) also remain with, in some cases, modifications and the addition of a new transport module, described in detail in (Saurat et al., 2024).
A linear optimization model such as ESM-I defines parameters, variables, constraints, and an objective function. Parameters represent model-exogenous specifications and are thus input data of the model. They determine the system boundaries of a model run in terms of considered energy sources, technologies, temporal and geographic resolution. The variables are the output of the model and thus represent the cost-optimal decisions of the model with respect to the design of the future energy system. Constraints limit the expression of the variables and thus the solution space of the model. The objective function represents the decision criterion with respect to which the design of the energy system is optimized.
The model is technologically detailed, that is it explicitly represents the production of exogenously demanded commodities from primary inputs (e.g., solar energy) in production plants through intermediate products. These commodities can be energy carriers as well as products such as ammonia. Both energy supply and demand have a given geographical and temporal resolution, set by the user. We consider separate geographical regions that can exchange energy carriers. The exchange takes place via explicitly modeled transport capabilities. Transmission capacities are represented as connections between the regions, defined as transmission power at the region borders. A transmission capacity for one energy carrier is therefore representative for all infrastructure connecting two regions. Assumptions about pipe diameters, voltage levels, etc., Determine transmission capacity. Physical lines are not explicitly represented in the model, as it does not include load flow calculations or flow dynamic aspects.
On the temporal level, the model differentiates between years and timeslices. The former enables long-term modeling of the power system over decades. Timeslices represent time periods throughout the year and enable mapping short-term fluctuations in energy supply and demand. Storage facilities explicitly included in the model compensate for these fluctuations. Storage charge and discharge are represented as production technologies in the model.
2.2.2 Reducing model complexity
The consideration of a range of countries, time periods, fuels, production technologies, and especially transport infrastructures leads to a complex planning problem. Therefore, different measures are implemented to reduce model complexity. These measures address the number of time periods (temporal complexity) and regions (spatial complexity) which are explicitly modeled, as well as the inter-annual handling of energy storage within the model and a reduction in the number of categories of renewable potential included in the modeling.
On a temporal level, years and timeslices are modeled in order to take into account both long-term developments and short-term fluctuations in energy supply and demand. The reduction of temporal complexity starts at both temporal levels: On the one hand, only specific years are explicitly modeled. For more information on the so called timestep-modeling see (Saurat et al., 2024). On the other hand, the number of time steps during 1 year is reduced by aggregating the hours. Thereby, demand and solar radiation data are aggregated by selecting data points from the entire year at regular intervals. For example, for a temporal resolution of 25 h, every 350th hour is considered (corresponding to a biweekly rhythm). In this way, a synthetic daily time series is built, which represents the typical intraday fluctuations and–however, only very stylized at low temporal resolution - also the seasonality of the feed-in and the load. For the feed-in of wind energy, a different aggregation method is used: In each case, the continuous time interval from the seasonal series that has the highest spread between maximum and minimum availability of the potentials is used. This approach ensures that fluctuations are adequately represented. Furthermore, by scaling the aggregated time series, it is ensured that the full load hours of the aggregated time series correspond to those of the non-aggregated original time series.
Spatial complexity is reduced by clustering individual countries to larger regions, the so-called clusters. For this, data country-specific input data is aggregated prior to optimization. Thus, the following methodology for aggregation is used: Data regarding demand as well as minimum and maximum installable capacities (including renewable energy potentials) are summed for all countries within a cluster. Also, the exchange capacities to and from other clusters/countries are summed for all countries within a cluster. The course of demand during the year, the demand profile, is aggregated based on the weighted average, with the share of each country’s demand of the total demand of the cluster as the weighing factor. All other input data, this especially relates to the techno-economic data of the production, storage, and transportation technologies as well as the transportation distance, are clustered on the basis of the arithmetic mean. An additional measure is to limit storage capabilities to balance within each year, that is, storage between years is not possible. By reducing the number of explicitly modeled time periods and regions and avoiding inter-annual energy storage, the number of decision variables and equations, and thus, the model complexity is significantly reduced. In order to further reduce the complexity, we reduce the amount of potentials depicted for renewable energy generation. As stated above, the generation potential exceeds the total demand to be met by a multiple (approximately 80 times). Moreover, particularly high potentials are found in the more low-cost potential categories, so that it is permissible to exclude particularly expensive categories for complexity reduction in the modeling. This remaining potential after the exclusion of the most expensive categories covers 98% of the total potential available for export calculated for the region.
2.3 Consideration of investment risks
In the base scenario, the investment costs are the same for all regions. In a second set of scenarios, referred to as risk scenarios in the following, country-specific investment risks are considered by assuming country-specific investment costs for production and storage facilities, which are supposed to reflect cost increases due to higher risks. The methodology for calculating country-specific investment costs is as follows:
• Based on an assessment of macro and micro risks in the MENA region and Europe, investment risks are quantified as a premium on Weighted Average Cost of Capital (WACC) for each country, in the following denoted as risk assessed WACC.
• Annuity factors for both the country-specific risk assessed WACC data as well as for a reference WACC of 6% are calculated according to Equation 1.
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