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Abstract

Decarbonising the European energy system is likely to require large-scale imports of renew-
able hydrogen and synthetic fuels, for which the Middle East and North Africa (MENA) region
is a prime candidate supplier due to its resource endowment and proximity. This thesis pro-
vides a system-level techno-economic assessment of long-term (2030-2050) hydrogen and
synfuel trade between the European Union (EU) and MENA, asking what cost-optimal trade
architecture emerges and how it is shaped by cross-regional infrastructure constraints and
country-specific financing conditions. A brownfield, spatially explicit energy-system optimi-
sation model is extended to couple the EU and MENA via existing and expandable electricity
and gas networks, a broad portfolio of hydrogen and synfuel pathways (including DAC-
based synthetic methane and Fischer-Tropsch fuels), and perfect-foresight optimisation for
2030, 2040 and 2050. The scenario set comprises a baseline with uniform financing and
unconstrained infrastructure (BASE), a no-trade case (AUTARKY), two transport variants
with delayed or absent cross-regional hydrogen pipelines (TRANS_delay, TRANS no_pipe-
line), and a WACC case with differentiated costs of capital in MENA.

Within the explored scenario space, the cost-optimal configuration under uniform financing
and unconstrained infrastructure is MENA-centred: renewable generation and conversion
capacity shift towards MENA, while Europe remains structurally import-dependent for hy-
drogen, synthetic methane and Fischer-Tropsch fuels. Hydrogen primarily redistributes en-
ergy within and between regions, FT fuels serve as long-distance carriers and synthetic
methane provides large-scale seasonal flexibility via cavern storage. Removing cross-re-
gional molecular trade demonstrates the technical feasibility of European self-sufficiency,
albeit at a substantially higher cost, whereas infrastructure constraints that delay or remove
hydrogen pipelines reduce trade volumes and alter the carrier mix without eliminating the
economic rationale for EU-MENA exchange. Differentiated, higher costs of capital in MENA
reduce export volumes, concentrate investment in a few low-risk exporters, reshore parts of
the supply chain to Europe and yield the highest total system costs of all variants, under-
scoring financing conditions as a critical driver of who trades, with whom and at what cost.
Methodologically, the thesis demonstrates the value of combining a brownfield network rep-
resentation, a broad carrier portfolio and regionally differentiated financing assumptions in
an integrated energy-system model, and concludes that an EU-MENA hydrogen and synfuel
partnership is structurally attractive but highly sensitive to infrastructure development and
the management of financing risk.
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EU o European Union
MEN A Middle East and North Africa
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MV e e Megawatt
GV Gigawatt
TV Terawatt
MW L Euro per megawatt-hour
7 Euro per metric tonne



1. Introduction

Global warming is unequivocally anthropogenic, with extensive impacts on current and fu-
ture societies and the environment [1]. Consequently, climate-change mitigation has be-
come a central pillar of the current global policy landscape, with increasing efforts to phase
out fossil fuels and build resilient energy systems [2].

The European Union (EU) presents itself as a frontrunner in global decarbonisation, setting
ambitious targets to become climate-neutral by 2050 [3]. Given the EU’s commitments, the
deep decarbonisation of hard-to-abate sectors, responsible for a substantial share of en-
ergy-related greenhouse-gas emissions, becomes essential [4, 5]. Renewable hydrogen’
and renewable fuels of non-biological origin (RFNBOs, hereafter synfuels) are widely re-
garded as promising energy carriers for decarbonising these hard-to-abate sectors [7].

At present, however, the domestic cost competitiveness of renewable hydrogen and
synfuels is hindered by high production costs [7]. The high energy intensity of hydrogen
pathways, coupled with limited surplus renewable electricity as well as immature technolo-
gies keeps EU supply prices elevated [7]. Importing hydrogen and synfuels from regions
where production-cost advantages may outweigh transportation costs and conversion
losses is therefore a plausible option. Reflecting this, and alongside energy diversification
efforts, the EU’s near-term hydrogen strategy envisages the import of 10 million tonnes of
renewable hydrogen and synfuels by 2030 [8].

Despite concrete near-term targets, the EU hydrogen strategy [9] remains vague about re-
newable hydrogen and synfuel sourcing strategies beyond 2030; phase three focuses on
technological maturity and large-scale deployment, but does not specify long-term sourcing
pathways [9]. The long-term role of imports from outside the EU therefore remains politically
undetermined, marking a need for further system studies on sourcing strategies.

Areview of 41 selected studies (see Annex 1) reveals a similar lack of consensus regarding
the role of imports in the future EU energy system. Current studies forecast widely varying
hydrogen-import shares, from single-digit percentages (e.g., [10]) to dependencies exceed-
ing 50% (e.g., [4]), while consistently finding that synfuels are generally cheaper to import
rather than to produce domestically, as transport costs constitute a smaller share in the final
supply price [11]. This disparity is often driven less by disagreement on direction than by
modelling choices [12].

First, the envelope of technologies reviewed is often narrow. Many assessments only con-
sider a limited number of energy carriers (e.g., [13], [14] or [15]) or simplify transport chains
(e.g., [16], [17] or [18]). In a multi-energy system, where all energy demands must be met
simultaneously, a narrow energy carrier scope can overlook competition for resources and
technologies among carriers, which in turn can misrepresent the role of an energy carrier in
a broader system and produce artificially low supply cost estimates [11].

Secondly, even when transport is modelled comprehensively, greenfield assumptions are
common, omitting considerations of existing infrastructure [19]. Approaching a potential
trade network from brownfield conditions — using, repurposing or expanding upon existing
infrastructure — can, however, expose or disprove infrastructure bottlenecks and represent
more realistic transportation conditions, as alternative technologies might be needed to

" The definition for renewable hydrogen follows the guidelines set by the European Commission [6]. As such

the hydrogen must be produced using renewable electricity.
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avoid these constraints when considering limited build rates. Since transportation can ac-
count for up to 54% of the final supply price, a detailed analysis is warranted [12].

Thirdly, financing risks are frequently oversimplified. Uniform financing conditions forego
country-sensitive risk premiums, which have been shown to raise final supply costs by mul-
tiples (see [20] and [21]). Incorporating accurate financing conditions into future system stud-
ies is therefore of high priority [22].

Some recent work begins to address individual elements of these gaps (e.g., [23] and [24]),
but to the author’s knowledge, no study simultaneously combines a brownfield network rep-
resentation, a broad hydrogen and synfuel carrier portfolio and country-sensitive financing
assumptions for an integrated system with the Middle East and North Africa (MENA) region
as trade partner. The MENA region is attractive given its abundant renewable energy poten-
tial and geographic proximity to key entry points into the European energy grid [16].

Against this backdrop, this thesis provides a system-level techno-economic assessment of
long-term (2030-2050) EU-MENA trade in hydrogen and synfuels. It constructs a brownfield
energy system optimisation model (ESOM) that couples the European Union as primary
importer with the MENA region as a potential exporter and analyses the resulting trade ar-
chitecture under alternative infrastructure and financing conditions.

The thesis primarily aims (i) to generate decision-relevant insights on the viability of the
MENA region as a hydrogen and synfuel trade partner for the EU, and, secondarily, (ii) to
quantify how methodological choices regarding infrastructure and financing affect system
outcomes.

The analysis is guided by the following main research question (RQ):

What cost-optimal architecture of hydrogen and synfuel trade between the EU
and the MENA region emerges up to 2050, and how is it shaped by cross-regional
infrastructure constraints and country-specific financing conditions?

To structure the analysis, three sub-questions (SQ) are addressed:

1. What configuration of generation, conversion, storage and transport assets between
the EU and the MENA region emerges under a cost-minimising central-planner per-
spective when cross-regional trade is unconstrained and financing conditions are uni-
form?

2. How do limitations on cross-regional transport infrastructure alter this cost-optimal
architecture in terms of trade volumes, siting of assets and total system costs?

3. How do country-specific costs of capital for renewable, hydrogen and synfuel invest-
ments in the MENA region alter the spatial distribution of investment, trade flows and
the regional allocation of system costs compared to the uniform-financing baseline?

To navigate these questions, Chapter 2 describes the modelling methodology and system
boundary. Chapter 3 details the exogenous inputs and scenario configurations. Chapter 4
reports the model results and answers Sub-questions 1-3. Chapter 5 discusses the find-

ings in the context of literature and policy implications. Chapter 6 concludes the thesis by
summarising the main findings and formulating an answer to the main research question.
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2. Modelling framework and methodology

To answer the research questions posed in the introduction, this thesis employs a model-
based approach, with scenarios utilised as the main exploration method. The following chap-
ter will justify the use of REMix as an appropriate model choice (Chapter 2.1), followed by
the methodological description of the adapted REMix model (Chapter 2.2), data sourcing
methods (Chapter 2.3) and the employed validation strategy (Chapter 2.4). Chapter 2.5 then
outlines the use of scenarios as the main analysis method before finally describing the ap-
plied evaluation criteria (Chapter 2.6).

2.1 Energy system optimisation model: REMix framework

Energy-system optimisation models are key tools for developing future energy scenarios
[25]. For this thesis, the model must (i) represent multiple hydrogen and synfuel production
pathways, (ii) capture spatially explicit EU-MENA trade corridors and (iii) distinguish regional
subsystems to track cross-border flows.

The REMix framework, developed at the Institute of Networked Energy Systems of the Ger-
man Aerospace Center (DLR), meets these requirements. It translates user-defined energy
systems into a GAMS-based optimisation model and has historically been used to assess
infrastructure needs in continental systems with high shares of variable renewable energy
sources (RES) [26].

For this study, an existing intra-European REMix model is extended to include the MENA
region as well as additional hydrogen and synfuel supply chains, detailed in Chapter 3. An
overview of the underlying model can be found in [27] and [28].

2.2 Adapted REMix model

As described in Chapter 2.1, the existing REMix model instance is adapted to fit the needs
of this thesis. The following section will first present the geographical abstraction of the EU-
MENA system in the adapted REMix model, then describe the technological system bound-
ary and lastly define the temporal scope and accounting approach on which the model is
optimised.

2.2.1 Geographic model area and network representation

Inside the adapted REMix model, the EU-MENA system is abstracted as a set of regional
nodes connected by technology-specific links. Each country is represented by at least one
node, though smaller countries may be grouped to control model complexity. Node locations
and interconnections are derived from existing high-voltage electricity and natural-gas trans-
mission networks (see Annex 3) using grid reduction methods outlined in [28]. Within each
node, supply, demand and storage are aggregated, without modelling sub-regional energy
transmission to limit model complexity.

To ensure full system connectivity, a minimal number of new interconnections are introduced
where legacy infrastructure is insufficient. These additions are constrained to preserve the
brownfield character of the system. External imports into the model boundary are disallowed,
except for a limited volume of natural gas (NG) to reflect current trends [29]. Figure 2-1
visualises an abstract representation of a small set of model nodes configured in the above-
described way.
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Figure 2-1 Geographical representation of the adapted model

2.2.2 Technology portfolio and carrier representation

The operational supply chain represented in the adapted model comprises four stages: (i)
electricity generation, (ii) conversion to hydrogen and synfuels, (iii) transport and (iv) end-
use. This choice reflects a standard ESOM focus on system operation and investment deci-
sions across the physical energy chain, while excluding upstream raw-material extraction,
plant manufacturing and end-of-life processes [30, 31]. While the most important assump-
tions will be highlighted here, a list of all relevant assumptions is presented in Annex 4.

The underlying REMix instance already includes a broad portfolio of renewable and fossil
power plants, hydrogen production via electrolysis and steam-methane reforming, and stor-
age options for electricity and gases.

To reflect the EU-MENA focus of this thesis, the technology envelope is extended along
three dimensions. First, seawater reverse-osmosis (SWRO) desalination is added to provide
feedwater for electrolysis in water-scarce locations such as many MENA countries [32], cap-
turing the additional energy demand associated with water supply. Second, two synthetic-
fuel pathways are introduced: (i) catalytic methanation to produce synthetic methane (CHa4)
that serves as natural gas replacement or crucial petrochemical feedstock [33] and Fischer-
Tropsch (FT) synthesis to produce liquid hydrocarbons, which serve hard-to-abate sectors
such as aviation and shipping [34]. Third, all hydrogen derivatives in the model rely on CO:2
from direct air capture (DAC), consistent with the long-term phase-out of fossil point sources
after 2041 in European regulation [35].

Other hydrogen-based derivatives, such as methanol and liquid organic hydrogen carriers
(LOHCs), are excluded due to inconsistent demand data and limited economic competitive-
ness of synfuel reconversion pathways [36].

Maritime and land transport are introduced as additional transfer options for synfuels and
liquefied hydrogen. To remain within the linear-programming limits of the base model, these
modes are represented through a business-case abstraction rather than explicit unit dis-
patch. In practice, trucking or shipping would require binary availability decisions coupled to
travel-time constraints, leading to mixed-integer formulations that would greatly increase the
complexity of the resulting optimisation problem. A dedicated logistics operator that man-
ages the discrete scheduling is therefore assumed to exist, allowing for linear scaling of
transfer flows via distance-dependent variable costs and time delays. The transport costs
are derived using a total-cost-of-ownership (TCO) approach. Land transport TCO are

13



abstracted using road-based cost assumptions rather than rail, reflecting both the greater
operational flexibility of trucks in serving dispersed demand and the intention to adopt a
conservative estimate of transport costs without introducing additional rail infrastructure and
scheduling detail.

As the final stage of the supply chain, energy carriers are utilised domestically or in the
importing region based on exogenously defined demand profiles. Where absent, technol-
ogy-specific storage options are introduced to enable the temporal decoupling of production
and demand.

Figure 2-2 schematically illustrates the system boundary and included processes. External
resources enter from outside the system boundary, while by-products leave the system
boundary. CO2 emissions are captured over the total supply chain via CO2 emissions costs,
but not further constrained. Energy transportation to domestic demand clusters is separated
from cross-nodal energy transport. All numerical parameters and regional datasets are re-
ported in Chapter 3.
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Figure 2-2 Technological system boundary of the adapted model

2.2.3 Temporal scope and investment accounting

To capture long-term trade dynamics between the EU and the MENA region, the adapted
REMix model is configured as a perfect-foresight optimisation across the target years 2030,
2040 and 2050. To limit the required optimisation time, each year is resolved at three-hour
resolution (2,920 time slices), preserving daily and seasonal variability. While myopic inter-
temporal coupling is a possible alternative, perfect foresight provides clearer insights into
ramp-up dynamics and infrastructure deployment, relevant for the evaluation of pathway
build-out [19]. To keep problem sizes tractable, the time step between model years is in-
creased from five to ten years relative to the baseline model.

The model optimises the system by minimising the total system cost (TSC), defined as the
discounted sum of the accounting indicators listed in Table 2-1 over the time horizon. Indi-
cators outside of this defined set are not captured in the model. Similarly, no additional policy
constraints (e.g. annual emission limits) exist within this study. Capital expenditures are an-
nuitised using a uniform cost of capital of 8% and discounted to the base year using a socio-
economic discount rate of 2%. The mathematical formulation of the objective function is
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provided in Annex 2. A more detailed description of the generic accounting model can be
found in [28]. Figure 2-3 illustrates the temporal system boundary and accounting flow, as
future annual accounting indicators are considered in current investment and dispatch deci-
sions and then summed annually to yield the TSC.

Table 2-1 Accounting indicator categories

Accounting indicator | Interpretation

Calculated from the net balance of capacity expansion and de-
commissioning.

Investment cost

Fixed O&M Capacity-bound fixed operational cost.
Variable O&M Varllabl'e cost indicators based on mode and volume technology
activations.
Fuel cost Sourcing cost for fossil feedstocks.
Sum of COz2 emissions and COz2 credits from DAC (priced in as
CO2 cost . .
the inverse CO2 emissions cost).
Water cost Cost of buying feedstock water.
Loss-of-load cost Slack-cost of curtailed energy demand.

The accounting indicators not only determine the total system cost, but also underpin the
marginal system costs reflected in nodal prices. Nodal marginal prices arise as the dual
values of the nodal balance constraints and represent the marginal change in TSC associ-
ated with supplying one additional unit at a given node and time slice. Technologies are
dispatched in merit order according to their marginal costs, which can be decomposed into
the same cost components as in Table 2-1, until the nodal price equals the cost of the mar-
ginal technology. Under inelastic demand, load is fully met as long as the nodal price remains
below the value-of-lost-load (VOLL) penalty, at which point curtailment becomes optimal.

Accounting horizon
|

2030 2040 2050

v

Total System cost = N " Discounted Accounting Indicators
A s

Figure 2-3 Temporal scope and investment horizon of the optimisation model

2.3 Input data sources and harmonisation

The input data for the adapted REMix model comprise parameter values from literature re-
search and project-internal datasets. To ensure comparability across sources, all monetary
values are converted to euros and harmonised to a common base year (2025) using [37].
Demand projections for European final energy carriers are taken from the Clean Planet for
All [38, 39] scenario set, while MENA demand is derived from a dataset that was developed
and recently published as part of a DLR research project [40]. These data form the basis for
energy system modelling in the ongoing DLR research project NeoFuels [40], which
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provides the context for this thesis. Further details on data selection and aggregation are
provided in Chapter 3.

2.4 Validation of model adaptations and extensions

Validation efforts in this thesis focus on ensuring the correct implementation of additions to
the underlying REMix model. The base model’s use for continental energy systems has
been documented in prior studies (e.g., [27, 28]); the core model formulation is therefore
treated as given. The new technologies and transport abstractions are integrated following
the existing modelling logic and verified using face and trace validation, complemented by
structured walkthroughs as described in [41]. Concretely, the model is validated by discuss-
ing the model and the model results within the Institute of Networked Energy systems (struc-
tured walkthrough and face validation) at the DLR and by confirming, that supply chain en-
ergy balances and capacity expansions stay within model limits throughout the model years
(trace validation). Additionally, the model results are compared against the results of a study
of similar scope by Kruger et al. [24].

A full behavioural validation of the long-term scenario outcomes is beyond the scope of this
thesis but is partially addressed in the Discussion by comparing qualitative patterns to ex-
isting studies.

2.5 Scenarios as a robustness test for the EU-MENA system

To test the robustness of model outcomes, this thesis employs scenarios as the main model
analysis method. The scenarios are constructed as counterfactuals to a central reference
model configuration, varying only a limited number of scenario levers at a time. They thus
aid in interpreting the optimisation not as a single prediction, but rather an exploration of
how the cost-optimal system changes under varying assumptions, separating underlying
storylines from variable-dependent outcomes.

Specifically, a central reference model configuration, representing an unconstrained system
(SQ1), is first formulated and then tested via transportation (SQ2) and finance (SQ3) con-
straints. This allows the impact of trade, infrastructure and financing assumptions on the EU-
MENA hydrogen and synfuel system to be quantified. Together with the central reference
case, the main research question (RQ) can then be answered (Figure 2-4). A detailed sce-
nario description is provided in Chapter 3.4.

SQ1 SQ2 SQ3

WACC -------==-1 S - ‘

Figure 2-4 Connection between scenarios and SQ/RQ

2.6 Result metrics and evaluation dimensions

To enable consistent comparison across scenarios, results are interpreted through three
lenses: technical, economic and political, using metrics comparable across regions, carriers

and model years.
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The physical model configuration is described using (i) maps of installed generation, con-
version, storage and network capacities (ii) annual energy flows and full-load hours on tech-
nologies and links to identify utilisation and bottlenecks, and (iii) build rates and carrier-spe-
cific trade balances across production, trade and delivery stages. Where useful, these are
complemented by time series of storage levels and technology activation.

System economics are analysed using (i) nodal marginal prices and their differentials across
regions and carriers, including mean marginal-price duration curves to diagnose scarcity
and congestion, (ii) marginal production-cost deltas relative to the lowest-cost node and (iii)
total and specific system costs decomposed by stage (generation, conversion, storage,
transport and demand) and group (Table 2-1). Scenario effects are summarised via the au-
tarky penalty [13], defined as the difference in total system cost between a no-trade config-
uration and the current scenario configuration, which makes comparative advantages ex-
plicit.

The political dimension is captured via import dependency, defined as net imports relative
to regional final demand for a given carrier and year. Plotting cumulative import dependency
by country and carrier, alongside associated export volumes, allows assessment of whether
cost-optimal outcomes are compatible with current concerns around energy independence
and exposure to external suppliers.

The methodology can be summarised as shown in Figure 2-5, displaying the exogenous
input assumptions, optimisation model structure and model results used to answer the re-
search questions.

Exogenous assumptions

Technologies: Demand: Scenarios:

RES potential and timeseries

Water scarcity

Network layout for HVAC, HVDC, CHy, H,
and FT-fuel transmission

« National final energy demand and
timeseries based on SYN (Europe) [38]
and ALT2 (MENA) [40] demand scenario
for the years 2030, 2040, 2050

BASE, baseline scenario
AUTARKY, no cross-regi

onal trade

TRANS_delay, pipeline expansion is

delayed until 2050

WACC, country sensitive financing risks
are applied to MENA countries

« Techno-economic values for electrolysis, .
synfuel conversion, feedstocks (H,0,
CO,), storages

L |. ___________
A
REMix optimisation model:
TSC minimisation considering capacity and activity related cost
indicators, slack cost indicators and CO, emission cost indicators
emmmmeon- g e |

Import dependency

'-,.FIF%EE

:
I1

Figure 2-5 Methodology overview
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3. Model inputs and techno-economic assumptions

This chapter specifies the exogenous inputs to the adapted REMix model. It defines the
geographical aggregation and network topology, summarises techno-economic parameters
for added technologies, consolidates economic boundary values and validation checks, and
outlines the specific scenario configurations.

3.1 Geographical aggregation and network topology of the EU-MENA system

Building on the generic node-link representation described in Chapter 2.2.1, this section
specifies the geographical scope of the adapted model, the data sources and the additional
transport abstractions introduced for land and maritime trade.

The geographical scope is expanded to include the countries Algeria, Egypt, Iran, Iraq, Is-
rael, Jordan, Kuwait, Lebanon, Libya, Morocco, Oman, Qatar, Saudi Arabia, Syria, Tunisia
and the United Arab Emirates, in addition to the European countries represented in the base
model. Turkey is added to the model as a transit region connecting Europe and the Middle
East. While transmission and storage capacities can be built in Turkey, demand is not mod-
elled. Each of these countries is mapped to one or more model regions, which are subse-
quently assigned to the regional nodes described in Chapter 2.2.2. An overview of the re-
gion-node mapping is provided in Annex 5.

The network topology and node placement are derived using the sci2Grid_gas [42] and
OpenStreetMap [43] dataset for gas and electricity transmission capacities, they are thus
modelled based on existing network capacities. The post-processed network maps can be
found in the Annex 6. Link lengths are, unless otherwise stated, determined from the
straight-line distance between node centroids.

To represent overland transport of hydrogen and synfuels beyond the existing pipeline grid,
the model is expanded to include a simplified land network. Land links are derived from a
reduced network representation that removes network connections crossing large bodies of
water.

Maritime trade is captured through dedicated waterway links that connect selected port lo-
cations. The underlying model instance already contains 28 port nodes representing major
European ports with existing or planned liquefied natural gas (LNG) terminals. For the MENA
region, no additional port nodes are introduced, reflecting the high level of water stress (see
Chapter 3.3) and the assumption that major production and demand centres are co-located
near the coast. Waterway links nonetheless originate and terminate at concrete port loca-
tions with existing or planned LNG infrastructure. For Saudi Arabia, Syria and Tunisia, suit-
able ports are selected based on data from [44], since no operational or planned LNG ter-
minals exist within these countries. A complete list of all port locations is provided in Annex
7. Shipping distances between ports are calculated using the SeaRoute software [45], which
approximates the shortest feasible maritime route between port coordinates.

In addition to the onshore nodes introduced in Chapter 2.2.2, an offshore hub is added in
the North Sea to explore the potential of future offshore hydrogen and synfuel production,
as suggested in recent studies on offshore green hydrogen concepts (e.g., [46]). Further-
more, two dedicated natural-gas import hubs are included in Ukraine and Azerbaijan to rep-
resent the aforementioned external natural gas suppliers to Europe.
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With these additions, the final geographic scope comprises 65 model regions, 96 model
nodes and 272 model links, shown in Figure 3-1, with an enlarged version available in Annex
8.

>

Legend
. Model region
D Model region (transit)

® & Model node

¢ Port node

¢ @ NG import node

® Offshore hub node

—— Model link

Figure 3-1 Reduced EU-MENA network topology

3.2 Final energy demand assumptions

Final energy demand trajectories for Europe are taken from the Clean Planet for All “P2X”
scenario [38], broken down into country-specific “Syn” scenarios as a result of a DLR-coor-
dinated project [39]. The scenario achieves an almost complete reduction in CO2 emissions
in the EU by 2050 and is a mixed scenario in terms of demand for electricity, hydrogen and
synthetic hydrocarbons with rather high demand for synfuel in the transport sector and syn-
thetic methane in stationary applications. For the MENA region, the demand dataset “ALT2”
developed by Braun et al. [40] is used. The ALT2 scenario for MENA combines moderate
efficiency and RES expansion strategies in all sectors of the energy system with the as-
sumption that all remaining fossil fuels will be completely replaced by green fuels by 2050,
thereby achieving the goal of 100 % climate-neutral energy supply. Both projections there-
fore represent high-uptake cases for hydrogen and synfuels across all sectors and are
treated as exogenous inputs that are identical across all model scenarios. The demand sec-
tors covered include industry, transport, buildings and services.

Annual carrier-specific demands are disaggregated into hourly profiles following the meth-
odology in [28], preserving daily and seasonal variability in each model region. Table 3-1
shows key characteristics of the analysed carriers on a lower heating-value (LHV) basis.
Demand and supply results are reported in GWh, unless otherwise stated.
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Table 3-1 Overview of main characteristics for the analysed energy carriers

Energy carrier Physical State Energy content [kWh/kg] Source
Electricity n/a n/a n/a
Natural gas Gas 13.10 [47]
Hydrogen Liquid, gas 33.33 [47]
Methane Gas 13.90 [47, 48]
FT-fuel Liquid 12.11 [49]

3.3 Techno-economic assumptions for energy technologies

This section summarises the techno-economic assumptions for the main energy technolo-
gies represented in the model. All parameters are treated as exogenous and remain identical
across all scenarios. Weather years for RES generation are taken, as described in [28], from
the REAG6 weather reanalysis [50] (2012, 2013 and 2014) and mapped onto the model years
in chronological order. Detailed numerical values and data sources are provided in Annex 9.

3.3.1 Hydrogen production pathways and process configurations

Hydrogen can be produced via Alkaline Electrolysis (AEC), Proton-Exchange Membrane
electrolysis (PEM) and Solid Oxide Electrolysis (SOEC). The techno-economic data as-
sumptions are provided in Annex 9.

In most European regions, freshwater availability is assumed not to constrain electrolysis
and water supply is therefore represented through a simple cost term of 1 €/m? [51]. In the
MENA region, however, high water stress makes desalination a prerequisite for large-scale
electrolysis [32]. Regional baseline water stress levels in 2030 are used to identify water-
scarce model regions (Figure 3-2). In water-stressed regions (Annex 10), seawater reverse-
osmosis (SWRO) desalination is added as a dedicated process that provides feedwater.

§,-" -
E
2

:

Annual Water stress level
B Extremely high (>80%)
I High (40-80%)
Medium (20-40%)
Low (<10%)
B No data

Eraa

Figure 3-2 Regional baseline water stress levels in 2030, based on values from [52]
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The techno-economic parameters for the SWRO technology are displayed in Table 3-2. To
calculate the electricity requirement, the method in [53] is used. Salinity is assumed to be
uniform at 38 ppm based on samples from [54], leading to a specific energy requirement of
3.1 MWh/th2o.

Table 3-2 Saltwater desalination using reverse osmosis, techno-economic input data

3.3.2

Parameter 2030 | 2040 ‘ 2050 | Source
Electricity demand [MWh/tH20] 3.1 [53]
Lifetime [a] 30 [53]
Capacity factor [-] 1 Assumption
Capital expenditure cost [k€/(tizo/h)] | 43 | 35 | 28 [55]
Fixed operation costs [%caPex] 4 [53]

Synthetic methane production pathway

Synthetic methane production in this study is implemented through the catalytic methanation
technology pathway (Table 3-3). Depending on the need for SWRO, the process efficiency
fluctuates between 32.6% (2030, including SWRO) and 40.9% (2030, excluding SWRO).
Towards 2050, the process efficiency is assumed to improve to 35.5% and 47.5% respec-

tively.

Table 3-3 Catalytic methanation plant, techno-economic input data

Parameter 2030 | 2040 | 2050 | Source
Hydrogen demand [MWh/MWhcHa] 1.198 [48]
CO2 demand [t/MWhcHa4] 0.216 [48]
Electricity demand [MWh/MWhcha4] 0.023 [48]
Lifetime [a] 30 [48]
Capacity factor [-] 1 Assumption
Capital expenditure cost [k€/MW] 704 | 622 | 541 [48]
Fixed operation costs [%caPex] 3 [48]
Variable operation costs [€/ MWhcha4] 0.32 [48]

3.3.3 Fischer-Tropsch fuel production pathway

FT fuel production is modelled via two routes: (i) low-temperature FT synthesis of long-chain
hydrocarbons from synthesis gas and (ii) a methanol-to-hydrocarbon (MTH) route.

The FT synthesis process is modelled as a low-temperature configuration (Table 3-4), as it
favours the formation of liquid and wax products [49]. The overall process efficiency is cal-
culated to be 28.07% (2030) to 31.4% (2050) and 35.3% to 42.4% when SWRO is excluded.
Other studies place the efficiency of such supply chains around 40.4% without SWRO [48].

Table 3-4 Low temperature Fischer-Tropsch fuel production, techno-economic input data

Parameter 2030 | 2040 | 2050 | Source
Hydrogen demand [MWh/MWheT] 1.327 [49]
CO2 demand [/MWheT] 0.322]0.297 [ 0.272 [49]
Electricity demand [MWh/MWheT] 0.007 [49]
Lifetime [a] 25 [49]
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Capacity factor [-] 1 Assumption
Capital expenditure cost [k€/MW] | 1,621 | 1,064 | 508 [56]
Fixed operation costs [€/MWET] 16.61 | 11.12 | 9.68 [49]
Variable operation costs [€/MWhet] | 5.493 | 4.186 | 2.747 [49]

The MTH route is modelled analogously to the methanol-to-kerosene process (Table 3-5),
where methanol is synthesised via direct catalytic hydrogenation of CO2, before further up-
grading to kerosene-range hydrocarbons [57]. The overall process efficiency ranges from
30.1% to 32.9% and 37.8% to 44.0% (without SWRO). The energy and mass balances for
all three production pathways are provided in Annex 11.

Table 3-5 Methanol-to-Kerosene route, techno-economic input data

Parameter 2030 | 2040 | 2050 | Source
Hydrogen demand [MWh/MWheT] 1.23 [48]
CO2 demand [t/MWheT] 0.274 [48]
Electricity demand [MWh/MWhrr] 0.007 [48]
Lifetime [a] 30 [48]
Capacity factor [-] 1 Assumption
Capital expenditure cost [k€/MW] 941 821 700 [48]
Fixed operation costs [€/MWET] 32.27 | 28.13 | 24.00 [48]
Variable operation costs [€/MWhert] 0.003 [48]

Table 3-6 shows the techno-economic assumptions for the supplementary DAC technology.

Table 3-6 Solid Adsorption Direct Air Capture, techno-economic input data

Parameter 2030 | 2040 | 2050 Source
Electricity demand [MWh/tcoz] 1.725 | 1.489 | 1.284 [58]
Lifetime [a] 25 30 [58]
Capacity factor [-] 1 Assumption
Capital expenditure costs [k€/(t co2/h)] | 3,690 | 2,583 | 2,214 [58]
Fixed operation costs [k€/(t coz/h)] 147.6 | 98.4 | 86.1 [58]

3.3.4 Energy storage technologies

In addition to the storage options present in the underlying REMix instance (electricity and
gaseous energy carriers), three dedicated storage types are added: CO:2 storage, H20 buffer
storage and a general hydrocarbon storage that can hold FT fuels. The assumed techno-
economic parameters are documented in Annex 10.

3.3.5 Energy transportation technologies

As outlined in Chapter 3.1, the technology portfolio is extended to include maritime and land
transport of liquid hydrocarbons and liquefied hydrogen (Table 3-7).

Truck and trailer costs for road transport are based on Basma and Rodriguez and related
sources [48, 59-63], yielding specific road transport costs of 3.33 €/ GWh*km for synfuel and
15.30 €/GWh*km for liquefied hydrogen. Ship transport parameters are taken from the
Meersk Mc-Kinney Mgaller Center TCO model and design studies for large LH2 tankers [64,
65], resulting in specific costs of 0.80 €/ GWh*km (2030) to 0.62 €/GWh*km (2050) for synfuel
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and 0.45-0.40 €/GWh*km for hydrogen, declining linearly. Detailed assumptions on vehicle
sizes, speeds, utilisation, loading times and hydrogen liquefaction are documented in Annex
10.

Table 3-7 TCO for selected transport technologies

Transfer technology Transported energy carrier TCO [€/GWh*km]
Land transport Synfuel 3.33

Land transport Liquefied hydrogen 15.30
Seaborne transport Synfuel 0.80-0.62
Seaborne transport Liquefied hydrogen 0.45-0.402

3.4 Scenario assumptions and common settings

This section defines the scenario set used to analyse the role of EU-MENA hydrogen and
synfuel trade in the decarbonised energy system. All scenarios share the same exogenous
demand trajectories, technology cost assumptions, resource series and network represen-
tation described above.

A common COz2 price path is applied in every case, rising from 100 €/tCO2in 2030 to 200
€/1CO2in 2040 and 350 €/tCO2in 2050. CO2 emission values apply uniformly to all combus-
tion emissions within the model boundary. To ensure clean attribution of effects, key model-
ling settings and build-rate restrictions, taken from the underlying model, are held constant
across scenarios, as summarised in Table 3-8. The expansion of long-distance natural gas
pipeline capacity is explicitly limited, to incentivise the model to efficiently use the legacy
pipeline network and thus test the role of the brownfield pipeline network under different
scenario assumptions.

Table 3-8 Common modelling settings

Category Setting

TSC minimisation with Investment cost annuitisation and

Objective and discounting applied socio-economic discount rate (2%).

Baseline cost of capital Uniformly applied (8%), except in WACC scenario.
CO2 emissions cost 120 €/t (2030), 195 €/t (2040), 350 €/t (2050).
Portfolio availability Full technology envelope available.

Permitted via HVAC and HVDC grid, but limited through
capacity boundaries.

Azerbaijan: 321,800 TWh (2030, 2040), 0 TWh (2050)
Ukraine: 169,400 TWh (2030, 2040), 0 TWh (2050)

Electricity exchange

External NG import

CHg4 pipelines: no expansion

New hydrogen pipelines: +1 GW/year
Retrofitted hydrogen pipelines: +1 GW/year
HVDC: +1 GW/year

HVAC: +0.5 GW/year

Build-rate limitations

The BASE case provides the central reference scenario. Financing conditions are repre-
sented by a uniform cost of capital of 8% for all regions and technologies. The full technology

2 Excluding Liquefaction cost.
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portfolio is available and no delays are implemented. BASE thus reveals the unconstrained
cost-optimal configuration when technology choice and trade are bound only by resource
potential, costs, carbon pricing and generic rollout limits.

To quantify the value of cross-regional molecular trade, AUTARKY disables all cross-re-
gional trade in non-electric carriers between the EU and MENA region, while inter-regional
trade is still possible. Cross-regional electricity trade continues to be possible, based on the
high perceived value of electricity trade within integrated energy studies found in prior stud-
ies [27]. High volumes of electricity trade are therefore likely, even in otherwise autarkic
scenarios. Comparing AUTARKY with BASE under the same COz2 price path reveals the
additional investment and operating costs required to meet demand when cross-regional
exchange is not possible.

Transport availability and timing are then probed through the TRANS scenario variants.
TRANS _delay enforces a delayed roll-out of new and repurposed hydrogen pipelines, ex-
ploring the role of legacy transmission infrastructure and transportation methods currently
available within the EU-MENA trade system. TRANS_no_pipeline disables legacy and new
cross-regional hydrogen pipeline capacity altogether, effectively limiting the trade to Fischer-
Tropsch fuels and electricity, thus exposing the role of FT fuel trade between the EU and
MENA region.

Finally, WACC replaces the uniform 8% cost of capital in the MENA region with country-
specific values for renewable generation, electrolysis and synfuel investments, while all Eu-
ropean investments retain the 8% rate used in BASE. All other parameters are kept as in
BASE. This design isolates the impact of differentiated financing conditions on spatial in-
vestment patterns, trade flows and the regional distribution of total system costs, making
clear where the optimal configuration is driven more by capital-cost differentials than by re-
source quality, demand or the carbon price signal itself. The cost of capital values are
sourced from Terrapon-Pfaff et al. [21], taken from the “WACC _bau” scenario (see Annex
12). Table 3-9 summarises the main scenario parameters.

Table 3-9 Scenario variants

TRANS _
Scenario BASE _delay _no_pipeline AUTARKY | WACC
EU-MENA trade assumptions
EU-MENA exchange | Enabled | Enabled Enabled Disabled | Enabled
Exchange portfolio All All Electricity, FT fuel | Electricity All
Exchange delay None Until None None None
Build rates CHa4: no expansion Hz, l-(|3\</|\:/)/§e;r1 GW/year, HVAC: +0.5
Accounting assumptions

Accounting objective Total system cost (TSC) minimisation
Discount rate Socio-economic discount rate of 2%
Cost of capital 8% 8% 8% | 8% Variable
CO2 emission cost 120/200/350 €/t
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4. Model results

This chapter presents the main optimisation results for the integrated EU-MENA system and
addresses the three sub-questions introduced in Chapter 1. Chapter 4.1 analyses the un-
constrained BASE configuration and the contrasting AUTARKY case, thereby answering
Sub-question 1 on the value of cross-regional EU-MENA trade. Chapter 4.2 is used to test
the robustness of the optimal system architecture and costs against infrastructure and fi-
nancing constraints, thus addressing sub-questions 2 and 3. Additionally, a qualitative CO2
price analysis is conducted within Chapter 4.2, based on observations made in the analysis.
Given the high number of model regions, the following chapter focuses on overarching sce-
nario storylines only. Enlarged figures, detailed numerical results, and additional plots are
provided in the Data Annex.

4.1 BASE and AUTARKY: integrated system architecture and value of trade

The BASE scenario results reveal a clear emerging storyline. In an unconstrained EU-MENA
system, production shifts decisively from Europe to the MENA region. The system balance
is mainly achieved through energy carrier transport, with methane storage in Europe being
utilised as the main seasonal balance tool.

Starting in 2030 and staying largely consistent until 2050, RES are predominantly sited in
the MENA region. By 2050, 96.3% of annual electricity generation is provided by solar PV
and onshore wind, with a strong bias towards solar PV (11.8 TW) compared to 2.8 TW on-
shore wind. Of the global total, 88% of solar PV and 64% of onshore wind capacity is sited
in MENA (Figure 4-1) by 2050. The remaining renewable energy is mostly provided by con-
centrated solar power, concentrated in the United Arab Emirates. The outsourcing of RES
can primarily be explained by the 57% higher average capacity factor for MENA-based solar
PV plants. The effect for onshore wind plants is more moderate (+23%) given high-value
sites in and around the North Sea in Europe. While this decisive solar PV bias might seem
surprising given the high wind potential of countries like Tunisia, Algeria or Morocco [66],
previous studies have shown that a solar-fed hydrogen supply chain is systematically pre-
ferred; even in wind-rich settings [67].
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Figure 4-1 Total RES capacity 2030 (left) and 2050 (right) (BASE scenario)

Given the high electricity demand of hydrogen electrolysis, it is unsurprising that electrolysis

capacity siting closely mirrors the RES deployment pattern (Figure 4-2). In 2050, hydrogen
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electrolysis consumes 45% of the global electricity output (SWRO included). Nearly all of
the installed electrolysers are alkaline, reflecting ESOM tendencies to strongly favour the
technology with the lowest levelised cost, even if the advantage is only marginal [68]. This
so-called “penny switching” effect is often quantified through computationally intensive pa-
rameter variation techniques such as a Monte Carlo analysis [68]. Given the available time
for this project, no such analysis could be performed, leaving it for future research. Moreover,
process-coupling synergies (e.g., reusing excess methanation heat for solid-oxide electrol-
ysis) can likewise not be captured in the chosen spatial and demand model configuration,
further encouraging concentrated investments in singular technologies.
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Figure 4-2 Total electrolysis (left) and reverse osmosis (right) capacity (BASE, 2050)

When analysing the electrolysis dispatch (Figure 4-3), it becomes apparent that hydrogen
in the BASE system is rapidly refined into synfuels or exported to the EU. In the MENA
region, electrolysis follows the diurnal profile of solar-dominated electricity conversion, with
tank storage (9.0 TWh) smoothing operation, absorbing midday peaks and releasing hydro-
gen during off-peak hours.
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Figure 4-3 MENA electrolysis and storage utilisation (BASE, 2050)
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In Europe, a larger contribution from wind power (Annex 13) yields a flatter electrolysis ac-
tivity profile with less pronounced midday peaks, only really visible in the summer (Figure
4-4). Hydrogen cavern storage (8.8 TWh) nonetheless acts to buffer short- and medium-
term demand and is not used as a seasonal storage.
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Figure 4-4 EU electrolysis and storage utilisation (BASE, 2050)

Consistent with the siting of electricity and hydrogen assets, synfuel production hubs are
concentrated in the MENA region (Figure 4-5). By 2050, the total installed synthesis capacity
reaches 974 GW, of which 84% is located in MENA. At this point, it is useful to highlight Iran,
in which the model places more synfuel converters than would be expected based solely on
local resource availability.
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Figure 4-5 Total methanation (left) and FT synthesis (right) capacity (BASE, 2050)

The analysis of net annual hydrogen (Figure 4-6) and methane flows (Figure 4-7) explains
the specific siting of generation and conversion capacity in MENA countries such as Algeria,
Egypt and Iran. In an unconstrained system, these countries are located at key entry-points
into the EU energy network, namely Italy and Spain. Both countries function as bundling
points for MENA hydrogen and methane.
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Figure 4-6 Net annual hydrogen flows; top 80% (BASE, 2050)

While hydrogen mainly serves as a spatial redistribution vector, with retrofitted pipelines
distributing hydrogen within Europe and newly built hydrogen pipelines installed along im-
port and export spines to increase cross-regional trading capacity (see Annex 13), the bulk
of energy is transported through high-capacity legacy methane pipelines (as seen in Figure
4-7 and Figure 4-8), thus acting as the main balancing instrument within the system.

This observation is even more clear when analysing the network utilisation, shown in Figure
4-8. Each bubble represents a pipeline connection, with the horizontal axis denoting annual
transported volume and the vertical axis indicating full-load hours. Bubble sizes scale with
pipeline capacity.

High-volume methane distribution corridors occupy the upper-right region of Figure 4-8,
combining very large flows with near full utilisation (>8,000 FLH), signalling near-congestion
utilisation of existing legacy infrastructure. Methane entry points into Europe cluster mainly
in the upper-left region, with similarly high utilisation but substantially lower transport capac-
ity. Retrofitted hydrogen pipelines form a broad mid-range cluster (~4,000-7,000 FLH), un-
derlining their role as intra-European redistribution backbones that still retain operational
flexibility. By contrast, newly built hydrogen pipelines fall within a narrower band of higher
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FLHs but moderate absolute flows, reflecting their role as relatively thin import and export
links rather than continent-wide distribution networks.
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Figure 4-8 Net annual network utilisation (BASE, 2050)
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The network link utilisation plot also highlights a crucial hydrogen dispatch decision. The
consistently high utilisation of methane links indicates that, if pipeline expansion were al-
lowed, the model would preferentially increase cross-regional methane transport capacity,
confirming that transporting and storing methane is structurally preferable. However, be-
cause the no-expansion formulation fixes the capacity of legacy cross-regional methane
pipelines, these links become a binding system bottleneck. This interpretation is corrobo-
rated by the methane pipeline decommissioning pattern. The operational capacity of all EU-
MENA links in 2050 matches the legacy capacity, while the average operational legacy ca-
pacity across all other links is only 36%.

To compensate these bottlenecks, the model dispatches large methane cavern storages
behind the constrained network links in Turkey, Spain and Italy, as well as near demand
clusters in Europe (see Annex 13). These facilities absorb summer surpluses, coincident
with PV-driven hydrogen conversion, and release gas during winter demand peaks, as
shown in Figure 4-9. The required seasonal working-gas requirement amounts to 205 TWh.
For context, current European gas storage capacity is ~940 TWh [69], indicating that the
modelled requirement lies well within today’s aggregate storage envelope.
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Figure 4-9 EU final methane demand and storage utilisation (BASE, 2050)

Besides methane emerging as an infrastructure constrained commodity, the network flows
also highlight European hydrogen exports to Iran. Iran uses the European hydrogen imports
to partially cover domestic methane demands, as 26.6% of the required hydrogen for
methanation stems from European imports. Iran also emerges as an FT fuel production hub,
producing 509% more FT fuel than required for domestic demand.

From there, the resulting synfuels are returned to Europe along two distinct routes. The
primary route bundles land-bound FT fuel flows from Iran (33% of incoming network flow)
with FT fuel shipments from Egypt (66% of incoming flow), converging in Bulgaria before
being transported by land to demand clusters in Central Europe. A secondary route collects
FT fuel production in Algeria and routes it into European demand clusters via Spain, provid-
ing an additional western entry point that enhances redundancy and partially relieves pres-
sure on the East-Med pathway (Figure 4-10).
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Taken together, the spatial deployment and dispatch of electricity-derived carriers in the
BASE scenario yield a consistent functional differentiation of hydrogen, methane and FT
fuels.

Hydrogen predominantly resolves short-term rather than long-term temporal imbalances. In
the MENA region, hydrogen production follows the diurnal PV profile and is buffered by
short-cycle tank storage, while in Europe it is routed via the retrofitted backbone to industrial
and transport sinks and along the Iran export corridor. FT fuels provide long-range spatial
connectivity, exploiting existing maritime and land logistics technologies to bypass pipeline
bottlenecks. Methane supplies seasonal flexibility. Methane, imported through saturated im-
port pipelines from North Africa, is stored in large cavern storages in gateway countries dur-
ing the summer and then dispatched through higher volume redistribution pipelines within
Europe to service winter demand peaks.

This carrier specialisation induces a hub-and-corridor network topology. Italy and Spain act
as seasonal methane buffering gateways. Greece, Bulgaria and Turkey facilitate hydrogen
exports and synfuel imports to and from Iran and Egypt. Central Europe appears as the
dominant demand sink, dependent on energy imports.

In aggregate, the BASE system achieves diurnal balancing close to RES generation in
MENA and seasonal balancing near load centres in Europe, mediated by new and retrofitted
hydrogen pipelines, legacy methane infrastructure and liquid synfuel routes that jointly
bridge spatial and temporal mismatches between MENA production and European con-
sumption.
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4.1.1 Pathway ramp-up dynamics in the BASE scenario

As the previous results mainly centred on highlighting the long-term configuration of the
BASE system, this chapter aims to address pathway dynamics not captured in the analysis
of the eventual 2050 system configuration.

In general, the supply chain composition follows the same pattern over the model horizon.
Most technologies preferred in 2030 continue to be preferred in later model years (Figure
4-11). There are, however, three notable observations. First, fossil generators are gradually
decommissioned over the model horizon. Second, other RES, mainly in the form of concen-
trated solar power, also gradually decline. And lastly, low temperature FT synthesis is only
deployed in 2050, representing another example of penny-switching behaviour within the
model, as investment costs of low-temperature FT synthesis fall below those of the MTH
process for the first time.

Share total installed generation and conversion capacity, including feedstocks [%]
0% 25% 50% 75% 100%
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Figure 4-11 Annual supply chain composition based on total installed capacities (BASE)

Consistent with previous studies on integrated EU-MENA energy trade (e.g., [70]), which
identify the MENA region as a major and growing electricity exporter, the BASE scenario
reproduces a similar pattern.

While gross annual electricity exchanges between MENA and the EU remain of comparable
magnitude over the model horizon, reflecting persistently high utilisation of the interconnect-
ing links (Figure 4-12), net annual electricity imports into Europe increase over time. On the
Morocco-Spain interconnector, net annual flows towards Europe rise by 13% between 2030
and 2050. Likewise, transmission volumes on the links connecting Turkey with Greece and
Bulgaria increase by 72% and 90%, respectively.

By 2050, total net electricity imports from MENA reach 113 TWh, equivalent to 1.7% of Eu-
ropean final electricity demand. This indicates that, in the modelled EU-MENA configuration,
cross-regional electricity trade remains quantitatively modest relative to overall European
electricity consumption.
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Beyond the static 2050 BASE configuration, this chapter has shown that supply chains are
largely stable over time with gradual phase-outs of fossil and nuclear generation and a late,
cost-driven shift to low-temperature FT synthesis, alongside increasing but still modest EU—
MENA electricity imports

4.1.2 AUTARKY scenario: system reconfiguration without cross-regional trade

When energy transport between the MENA region and Europe is disabled, the system re-
balances from concentrated investment in MENA towards a more geographically distributed
pattern. New production clusters for electricity, hydrogen and synfuels emerge in Spain, the
Balkan region and the Nordics, while MENA retains a sizeable but no longer dominant share
of generation and conversion capacity (Figure 4-13 and Figure 4-14).

2000 o 300

200
- 1000

r 100

o
RES capacity A [GW]
Electrolyser capacity A [GW]

r—100
r —1000

—-200

-2000 %56

Figure 4-13 Change in RES (left) and Electrolysis (right) capacity in AUTARKY compared to
BASE (2050)
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A second prominent adjustment is the expansion and reconfiguration of storage. In BASE,
the total working-gas volume across all storages amounts to 225 TWh, increasing by 19%
to 268 TWh in AUTARKY. While methane cavern capacity declines moderately, hydrogen
cavern storage in Europe grows by nearly 700%, indicating a substantial shift in the way
seasonal flexibility is provided (Figure 4-15).
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Figure 4-15 Selected storage capacity BASE vs. AUTARKY (2050)

The enlarged hydrogen storage fleet signals a change in hydrogen’s role within Europe, from
short-term to seasonal storage medium. State-of-charge profiles of European hydrogen cav-
erns exhibit a pronounced annual charging—discharging cycle, in contrast to the shorter-term
fluctuations seen in BASE (Figure 4-16). Hydrogen is now systematically accumulated dur-
ing periods of surplus production and withdrawn to cover winter demand peaks.

EU hydrogen cavern storage level (2050)

100

18:00 ' 75

= 50

= 25

== . . . ‘ 0
Feb Mar Apr May

Jan Jun Jul Aug Sep Oct Nov Dec
Month

Figure 4-16 EU hydrogen cavern storage utilisation AUTARKY (2050)

Time of day

& N

[=] [=]

o o
Storage level [%]

g

34



This interpretation is consistent with the utilisation of hydrogen and methane pipelines. Both
the net annual volume of transported hydrogen and the full-load hours of hydrogen pipelines
increase, whereas methane network flows and utilisation decline (Figure 4-17).
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Figure 4-17 Net annual network utilisation AUTARKY (2050)

In the MENA region, hydrogen storage also develops a stronger seasonal character. Addi-
tional cavern facilities are installed in Turkey and operated with clear seasonal swings, while
hydrogen tanks in other MENA countries continue to smooth short-term imbalances and
intra-day variability (Figure 4-18). Together, these assets support a more regionally self-
contained balancing of renewable generation.
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Figure 4-18 MENA and Turkey hydrogen storage utilisation AUTARKY (2050)
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In summary, the AUTARKY configuration yields a more balanced spatial distribution of gen-
eration and conversion capacity, with an increased reliance on hydrogen-based flexibility
rather than methane. Hydrogen becomes a genuine seasonal storage medium, particularly
in the MENA region, and its gross annual network flows rise by 15.3% to 10,823 TWh per
year. In parallel, gross methane flows decline by 36.1% to 6,705 TWh, reflecting the reduced
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role of methane as an imported seasonal buffer. Similarly, FT fuel transport also declines by
52.2%, indicating a relocation of FT fuel production facilities closer to demand clusters (Fig-
ure 4-19).
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Figure 4-19 Gross annual network flows BASE vs. AUTARKY (2050)

4.1.3 System costs and regional cost decomposition

The technical patterns in BASE and AUTARKY translate into distinct cost structures and
regional burdens, which are examined in this section.

The BASE total system cost over the model horizon amounts to 8.50 trillion EUR, corre-
sponding to average annual system costs of 425.21 billion EUR, of which the MENA region
carries 241.34 billion EUR, or 56.8%. For context, the EU has historically imported energy
carriers at an estimated 200-300 billion EUR per year [71]. The modelled cost level is there-
fore within the broad range of current European energy import expenditure. Even if future
EU-MENA energy partnerships were structured such that Europe shouldered a larger share
of the total cost burden, the implied European energy bill would remain comparable to today,
suggesting that scope for further savings lies at least as much in cost-sharing arrangements
as in additional technological cost reductions.

In the MENA region, total system costs are dominated by energy-use costs, in particular
CO2 emission costs associated with final energy utilisation (42%), followed by electricity
generation (35%) and hydrogen/synfuel conversion (21%, including feedstock production).
As illustrated in Figure 4-20, a substantial share of these activity-related costs is offset by
credits from DAC-based CO2 capture, making aggregate MENA system costs highly sensi-
tive to the COz2 price trajectory. In a lower COz2-price setting, both the gross emissions bill
and the countervailing DAC credits would shrink, likely increasing TSC if MENA remains
export-focused, as DAC savings currently outweigh domestic emissions cost.

In Europe, the cost structure exhibits a mirror image. Because the bulk of electricity and
hydrogen-intensive processing is sited in MENA, European system costs are dominated by
the cost of energy use and associated CO2 emissions, while domestic generation, conver-
sion and network costs account for a smaller share (Figure 4-21). This confirms that, under
the BASE configuration, the European system is primarily exposed to the carbon price ap-
plied at the point of final energy use rather than to capital cost risks on the generation or
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conversion side. At the same time, the spatial decoupling between the location of CO2 emis-
sions (mostly in Europe) and COz2savings (DAC and process capture in MENA) implies that
a lower COz2 price would not primarily reduce global system costs. Instead, it would shift the
relative competitiveness of production locations: cheaper emissions would make it more at-
tractive to repatriate synfuel production to Europe, along with the associated DAC, thereby
strengthening European energy autarky rather than lowering worldwide mitigation cost.

Across both regions, network expansion contributes only a minor share to total system cost.
Synfuel and hydrogen conversion costs are driven mainly by variable operating expenditures
rather than upfront investment, consistent with the literature that identifies renewable hydro-
gen production as the primary cost component in synfuel supply chains (e.g., [72], [73]).
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Taken together, the cost decomposition highlights three points. First, the absolute cost level
of the BASE system appears politically plausible when benchmarked against historical EU
energy import bills. Second, CO:2 prices are the dominant driver of both European and MENA
system costs, governing whether the value of low-carbon imports derives more from avoided
emissions or from avoided capital expenditure. Third, transport and network infrastructures
play an enabling rather than leading role in the cost balance: they are essential to unlock
spatial arbitrage, but they do not dominate total system cost.

Marginal price signals

At the system level, marginal demand prices for all synthetic energy carriers increase over
time. In both Europe and MENA, the methane marginal-demand duration curves in Figure
4-22 show that the entire 2050 curve is shifted upward by roughly 3-5 EUR/kWh relative to
2030, with only limited intra-annual variation. Once fossil options are phased out and carbon
costs are fully internalised, methane thus becomes a uniformly expensive carrier.

Hydrogen and FT fuels (shown in Annex 13) exhibit a similar, though somewhat smaller,
price uplift between 2030 and 2050. The relatively flat shape and moderate spread of their
duration curves indicate that these supply chains operate close to their long-run average
costs: marginal prices are set by capital-intensive assets running at high full-load hours ra-
ther than by short scarcity spikes. Price volatility is therefore governed more by structural
cost levels than by transient shortages.
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Figure 4-22 EU (left) and MENA (right) mean methane marginal demand duration curves
BASE

The comparison between Europe and MENA highlights how regional price differentials
evolve as trade and networks expand. In 2030, the methane and hydrogen duration curves
for the two regional groups (Annex 13) still show pronounced spreads: MENA exhibits both
very low and very high marginal prices, while Europe is clustered within a narrow band. This
pattern suggests that MENA still hosts large pockets of unexploited low-cost potential along-
side higher-cost domestic uses, whereas Europe already operates close to a single marginal
option for each carrier.

By 2050, the corresponding duration curves for methane, hydrogen, electricity and FT fuels
lie almost on top of each other (Figure 4-23). Remaining differences are small and confined
to a few hours at the extremes of the sorted curves, typically during periods of simultaneous
high demand and low renewable availability. This indicates that the bulk of the year is
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characterised by almost uniform marginal values across regions, with only brief scarcity ep-
isodes preserving a small spatial premium. Transport and storage investments have thus
arbitraged away most spatial spreads: energy is moved from low-cost production sites to
high-demand regions until marginal values nearly equalise, compressing regional rents on
hydrogen and synfuel production and leaving only narrow congestion and scarcity rents at
a limited set of highly utilised network elements.
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Figure 4-23 EU and MENA marginal demand duration curves BASE (2050)

Spatial patterns in marginal production costs reinforce this picture. For electricity, high-qual-
ity MENA resource regions maintain a persistent cost advantage over Europe throughout
the horizon. As transportation capacity expands, this gap narrows but does not disappear.
Even in 2050, selected MENA nodes remain the lowest-cost electricity producers (Figure
4-24), while high utilisation of the electricity network prevents a full equalisation of nodal
production costs. The system therefore retains a structural supply advantage in specific
MENA locations that cannot be entirely arbitraged away by finite grid capacity.

For hydrogen, by contrast, marginal production-cost spreads shrink dramatically over time.
Initial differences between MENA and Europe of about 1 EUR/kWh decline to only a few
cents per kWh by 2050, as shown in Figure 4-25. Methane and FT-fuel production costs
(Annex 13) display similar behaviour, with large initial deltas reduced to comparatively small
residuals in the mature system. Put differently, renewable electricity remains structurally
cheaper in selected MENA sites, but the conversion and logistics system is configured such
that derived fuels are delivered at nearly equal marginal costs across both regions.

39



0.7 0.200

0.6 0.175

0.150

0.5

0.125

- 0.100

<}
>

Ato best in class [€/kWh]

Ato best in class [€/kWh]

T
o
w

F0.075

0.2
I 0.050

0.1

F0.025

—- 0.0 L—L 0.000

Figure 4-24 Marginal electricity production cost A 2030 (left) and 2050 (right) BASE

1.2
0.10

1.0

o

©
o
o
@©

T

o

o
o
o
=

Ato best in class [€/kWh]
Ato best in class [€/kWh]

o
o
s

r0.4

F0.2 r0.02

L—Loo —L0.00

Figure 4-25 Marginal hydrogen production cost A 2030 (left) and 2050 (right) BASE

Overall, the demand-duration and production-cost diagnostics indicate that a mature BASE
system retains a persistent electricity-cost advantage in selected MENA locations. However,
marginal values for hydrogen and synfuels are largely equalised across regions and region-
specific price premia in fuel production remain small. Infrastructure expansion converts most
resource advantages into lower system-wide costs instead of regional mark-ups.

This reinforces the interpretation of the BASE configuration as a highly integrated EU-MENA
energy space, in which Europe strategically outsources capital-intensive generation and
conversion while accepting dependence on a limited set of high-utilisation corridors.

Autarky penalty calculation

Against this cost background, the AUTARKY scenario makes the price of foregoing cross-
regional molecular trade explicit. Relative to BASE, total system cost in AUTARKY is 2.7%
higher, even though the technical configuration changes substantially.
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On the European side, the penalty is driven primarily by higher capital deployment in gen-
eration and a greater reliance on domestic flexibility (Figure 4-26). In AUTARKY, investments
in electricity generators more than double (+107%), and storage dispatch increases by 63%,
mainly through the build-out and intensified use of hydrogen cavern storage.

Generation +107%

Conversion +3%
Storage +63%

Transport | +15%

0 250 500 750
System cost A [billion EUR]

Figure 4-26 EU autarky penalty decomposition by sector BASE

Without access to cheap MENA resources and cross-regional synfuel and methane imports,
Europe compensates by reshoring generation and internalising seasonal balancing. Hydro-
gen caverns take over part of the flexibility previously provided by imported methane and
synfuels, shifting the provision of seasonal adequacy from imported molecules to domesti-
cally installed assets. Over the full horizon, this translates into a European autarky penalty
of 19% relative to BASE, or about 698 billion EUR in additional system cost.

Within the MENA system, the pattern is inverted. Total system cost falls by 9.7% relative to
BASE, largely because the region no longer builds an export-oriented generation and con-
version fleet. Installed generator capacity declines by 54%, and associated generation ex-
penditures drop accordingly. At the same time, investments into hydrogen storage in Turkey
increase storage costs by 21% compared to BASE (Annex 13), as hydrogen caverns there
take over a larger share of regional balancing. In economic terms, MENA substitutes capital-
intensive export infrastructure with a smaller, more domestically focused system.

4.1.4 Political implications: import dependence and sovereignty

The import dependency of European countries is high in the BASE scenario. As shown in
Figure 4-27, several countries cover over 50% of their final hydrogen and synfuel demand
through imports. For demand clusters such as Germany, or the Benelux area, import de-
pendency reaches around 95%. In total, Europe covers 47.6% of the total energy demand
through imports in 2050. Carrier-specific plots (Annex 13) show that methane and FT fuels
are almost entirely import-supplied for top consumers.

Relative to the average EU import dependency of 59.2% in 2023 [71], the aggregate import
share in 2050 declines somewhat to 47.6%, but still implies that nearly half of final energy
demand is met by imports. However, a per-country comparison of import dependency (Fig-
ure 4-28) highlights, that countries with high domestic production potential (e.g., Spain,
Greece, ltaly) are able to reduce their import dependency, while the import dependency for
central European demand clusters such as Germany or the Benelux area actually increases
by 2050. exc
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Together, these findings answer Sub-question 1. Under uniform financing and unconstrained
trade, the model configures a clearly MENA-centred system in which most renewables, elec-
trolysers and synfuel plants are located in North Africa and the Middle East, exporting syn-
thetic methane, hydrogen and FT fuels to a structurally import-dependent Europe. The AU-
TARKY case shows that Europe can technically reshore supply by massively expanding
domestic capacity and seasonal storage, but only at a sizeable total-system-cost penalty,
with Europe bearing most of the increase.

4.2 Outcome sensitivity to infrastructure constraints

This chapter now probes the robustness of that MENA-centred pattern against transporta-

tion constraints. Sections 4.2.1 and 4.2.2 report dedicated model runs for infrastructure
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delay (TRANS_delay) and the removal of cross-regional pipelines (TRANS_no_pipeline),
thereby addressing Sub-question 2 on the importance of infrastructure availability and use.
Section 4.2.3 then uses the resulting cost structure as a reference point to qualitatively dis-
cuss the role of CO:z2 price trajectories and DAC credits, without introducing additional model
runs.

4.2.1 TRANS_delay

In TRANS delay, the expansion of cross-regional hydrogen pipelines is prohibited until
2040, with 2050 as the first commissioning year for additional capacities. Methane continues
to use legacy pipeline infrastructure and FT fuels are transported by ship and land. The
scenario effectively investigates the role of strongly delayed hydrogen trade within the EU-
MENA system, highlighting the adequacy of existing infrastructure.

Compared to BASE, interregional electricity grid capacity decreases by 13%, and hydrogen
pipeline capacity falls by 78%. The system substitutes long-distance hydrogen transport with
more regionalised hydrogen production and storage, while relying on legacy gas and synfuel
logistics for cross-border trade.

On the supply side, this shift is visible in the installed capacities of renewable generation
and electrolysers (Figure 4-29). By 2050, European electrolyser capacity is 36% higher than
in BASE, while synfuel capacities remain essentially unchanged. The model therefore local-
ises hydrogen production within the EU but maintains the MENA region as the main synfuel
export hub.

Hydrogen storage follows the same pattern. European hydrogen cavern capacity increases
by 184% and hydrogen tank storage by 75% relative to BASE, mirroring the qualitative be-
haviour of the AUTARKY scenario but at a smaller scale. Methane storage capacity, in con-
trast, remains an order of magnitude larger than hydrogen caverns, confirming that methane
still provides the dominant seasonal buffer. The additional hydrogen storage is primarily used
to bridge medium- to long-term imbalances within the European subsystem, partially replac-
ing imported hydrogen flows.

Gross annual energy transfers confirm that most carriers are only moderately affected by
the delayed infrastructure. Electricity (-11%), methane (-15%) and FT fuel (-1%) flows remain
close to BASE levels, while hydrogen network flows drop by 47%. In contrast to BASE,
hydrogen is no longer exported eastward to Iran; instead, hydrogen flows exclusively into
the EU to meet domestic demand (Annex 13).
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Figure 4-29 Installed RES and electrolysis capacity TRANS_delay vs. BASE
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From a cost perspective, TRANS_delay remains clearly preferable to full autarky. Compared
to AUTARKY, total system cost is 13.1% lower, corresponding to savings of 506 billion EUR
over the model horizon (Figure 4-30). The European system relies on less domestic gener-
ation and storage capacity than under autarky and can still draw on MENA resources via
methane imports and synfuel trade.

Relative to the unconstrained BASE, however, delaying infrastructure expansion entails a
modest penalty. In TRANS_delay, total system cost is 1.4% higher than in BASE, and the
European system is 5.2% more expensive, mainly due to 22% higher generation costs and
39% higher storage costs. Early expansion of electricity and hydrogen corridors thus re-
mains economically valuable: it flattens marginal price spreads, reduces the need for do-
mestic flexibility in Europe and enables more efficient use of MENA resource potentials.
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Figure 4-30 EU autarky penalty by sector TRANS_delay

Overall, TRANS delay demonstrates that even with substantially delayed hydrogen corri-
dors, legacy methane pipelines and synfuel logistics already suffice to sustain a MENA-
centred production pattern and reduce the European cost penalty relative to autarky. It also
shows, that the additional benefit of early corridor expansion is real but incremental: it re-
duces, rather than reverses, the strong reliance on MENA-based generation and conversion.

4.2.2 TRANS_no_pipeline

The TRANS_no_pipeline scenario removes all cross-regional methane and hydrogen pipe-
line connections between MENA and Europe. Long-distance energy trade is thus limited to
electricity exchange via HVAC/HVDC and the maritime and land transport of synfuels. Land
transport is never constrained, so synfuel trade is always technically possible.

This configuration effectively isolates the system value of FT fuel trade under the most re-
strictive pipeline setting. As expected from the AUTARKY and TRANS_delay analyses, the
European energy system responds with increased domestic RES, hydrogen and methane
generation, while FT fuel production remains exclusively sited in the MENA region (

Figure 4-31). European generators and converters cluster, as in AUTARKY, in Spain, Greece
and the Nordics.

Compared to full autarky, the European energy system requires 42% less solar PV, 18%
less on- and offshore wind and 42% less electrolysis capacity by 2050. This indicates that a
considerable share of the additional generators and electrolysers in AUTARKY serve FT fuel
production, which in TRANS_no_pipeline is again externalised to MENA. Hydrogen pipeline
capacity within Europe declines by 47% (new) and 26% (retrofitted), while hydrogen storage

capacities fall by 36% (cavern) and 5% (tanks). The system dispatches 10% more methane
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cavern storage (159.2 TWh), underscoring an even stronger reliance on methane as the
main seasonal storage vector compared to BASE.
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Figure 4-31 Total installed RES (top left), hydrogen (top right), methanation (bottom left) and
FT fuel production (bottom right) capacities TRANS_no_pipeline (2050)

The cost decomposition shows a mixed picture. Relative to AUTARKY, European electricity
generation costs are 18.2% lower and storage costs 28.1% lower, reflecting the reduced
need for domestic capacity. At the same time, conversion-related costs rise by 106.5%,
driven by the intense use of methanation pathways.

This apparent paradox is resolved by examining the location of DAC capacity (Figure 4-32).
As already visible in BASE, conversion-related system costs are dominated by variable
expenditures, a large fraction of which is offset by COz2 capture credits. With low electricity
generation costs and high COz2 prices, as in MENA, DAC units can generate a net benefit.
The value of avoided or removed emissions exceeds the incremental energy and capital
costs.

In AUTARKY, part of the DAC fleet is effectively co-located with FT fuel production or other
emitters within Europe, so some of these net benefits appear in the European system ledger.
In TRANS no_pipeline, FT fuel production and the associated DAC capacity are
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consolidated in MENA. The net-beneficial impact of CO2 removal is thus booked in the
MENA cost balance, while Europe mainly sees the costs of final energy use and residual
emissions. The result is that global TSC are still 1.1% lower than in AUTARKY, with MENA
as the main beneficiary of CO2 capture rents. From the European perspective, however, the
system is more expensive than under AUTARKY (6.5%), because the region loses access
to part of the DAC-related cost relief.
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Figure 4-32 Regional DAC capacity AUTARKY (left) and TRANS_no_pipeline (right) in 2050

In short, when pipelines are removed but synfuel trade persists, the system still exploits
MENA's superior resource quality and lower conversion costs, and global TSC falls slightly
relative to AUTARKY. However, the distribution of benefits becomes asymmetric: MENA cap-
tures most of the COz2-related gains, while the EU bears higher net system costs than under
the unconstrained BASE configuration.

The TRANS delay and TRANS_ no_pipeline cases together answer Sub-question 2: infra-
structure limits noticeably reshape where capacity is built and how energy moves, but do
not overturn the MENA-centred architecture. Delayed or absent cross-regional hydrogen
pipelines trigger more electrolysers, storage and reshoring in Europe as well as a more
regionalised hydrogen system, yet MENA remains the main synfuel hub as shipping and
legacy gas infrastructure can compensate large parts of the constrained or missing infra-
structure. Total system costs rise compared to BASE, but the penalty is moderate and re-
mains below the cost of full autarky.

4.2.3 CO: price levels, regional differentials and system cost

The TRANS_no_pipeline results underline that COz2 prices and the treatment of DAC credits
shape both the level and the regional allocation of system costs in the current model config-
uration.

Under the shared baseline COz2 trajectory, a large share of MENA's activity-related cost is
offset by DAC revenues. High COz2 prices increase the gross emissions bill but also raise
the value of captured and removed CO2. Given cheap renewable electricity in MENA, the
DAC revenue effect dominates in exporting countries, so DAC becomes a profitable activity
that the model dispatches extensively. Net total system costs in MENA with rising CO2
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prices. On the aggregated EU-MENA level, DAC credits almost fully cancel out emission
costs, though substantial COz-related payments flow from Europe to MENA.

If the COz2 price path were lowered uniformly in both regions, two things would likely happen.
First, the penalty for residual emissions and inverse value of DAC credits would fall. In a
system where DAC is already deployed at scale and is net-beneficial in MENA, the loss of
DAC revenue dominates this trade-off. The model would install less DAC, accept more re-
sidual emissions and give up a negative-cost asset that previously reduced total system
costs. As a result, overall system costs could increase, even though emitting becomes
cheaper in accounting terms. Politically, this weakens the business case for large DAC clus-
ters in MENA and reduces the scope for a burden-sharing arrangement in which European
COz2 payments help finance negative emissions in exporting regions.

If CO2 prices diverge between regions, the allocation of DAC and the distribution of rents
could shift. In a system with comparatively lower COz prices in MENA and unchanged prices
in Europe, the incentive to deploy DAC in MENA weakens because each tonne of removal
earns fewer credits. The optimiser would tend to relocate part of the DAC capacity to Europe,
where the high COz2 price still justifies more expensive removals, and some emission-inten-
sive stages of the value chain could shift back to Europe for the same reason. MENA'’s net-
negative position shrinks, DAC-related rents decline, and Europe takes on a larger share of
the physical abatement effort while retaining more of the associated value creation. Given
that, at present, only Saudi Arabia and Egypt countries operate government-administered
carbon crediting mechanisms [75], and effective COz2 price levels in the region are generally
low, such an asymmetric configuration with lower CO2 costs in MENA appears more plausi-
ble than a fully harmonised regime.

Taken together, these considerations suggest that COz2 price levels and regional differentials
are a structurally important driver of system behaviour in this type of EU-MENA architecture.
Within the assumptions of this study, they influence the scale and location of DAC deploy-
ment, the regional distribution of costs and rents and the political economy of EU-MENA
energy trade, while leaving the qualitative importance of interregional trade in low-carbon
carriers intact.

4.3 Outcome sensitivity to finance constraints

Replacing the uniform cost-of-capital assumption in the MENA region with country-specific
values leads to three major shifts in the model. First, a partial reshoring of capacity invest-
ments back to Europe as well as a concentration of installed capacities in a small number
of MENA countries can be observed. Second, the volume of electricity, hydrogen and me-
thane transmission flows is reduced. Third, total system costs increase more than in any
other scenario.

Higher financing risks in countries that function as the main entry points into the European
energy grid in BASE, such as Algeria, Egypt, Tunisia and Libya, lead to a partial reshoring
of production capacity back to Europe. In these countries, WACC values for renewables and
synfuels are well above the uniform 8% used in BASE, which makes large export-oriented
projects less attractive. Inside the MENA region, new capacity installations concentrate over-
whelmingly in Saudi Arabia, where WACC values for renewables, electrolysis and synfuel
investments are below the European benchmark (

Figure 4-33). Similarly to BASE, Iran still relies on hydrogen imports to cover domestic me-
thane demand; however, synfuel production is now almost exclusively sited in Saudi Arabia.
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Only the production capacity of FT fuels inside the MENA region remains broadly similar to
BASE, while electrolysis (-29%) and methanation (-32%) capacity is reduced significantly.
The siting of renewable generation, electrolysis and methane production further away from
the traditional entry points is also visible when analysing the gross annual transmission
flows. Electricity flows decrease markedly (-62.1%), methane flows decline by roughly one
third (-31.9%) and hydrogen flows fall more moderately (-11.6%), indicating that the addi-
tional transport distance from Saudi Arabia to European entry points is either not financially
viable or not possible within the imposed build-rate limitations.
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Figure 4-33 Total installed RES (top left), hydrogen (top right), methanation (bottom left) and
FT fuel production (bottom right) capacities WACC (2050)

This pattern becomes even clearer when isolating the net annual flows on network links that
connect MENA and Europe. Annual flows through new and retrofitted hydrogen pipelines
drop strongly compared to BASE, and methane flows across the intercontinental gas back-
bone are reduced as well (Figure 4-37). In other words, differentiated WACC weakens the
physical corridor between MENA and Europe; less energy is moved via electricity, hydrogen
and methane, and more of the value chain is either reshored to Europe or confined within a
few low-risk MENA exporters.
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On the carrier level, FT fuels become the dominant transport medium between MENA and
the EU in WACC. With export-oriented hydrogen and methane projects discouraged in high-
WACC countries, direct hydrogen pipeline trade shrinks and the system leans more heavily
on shipping of liquid hydrocarbons from low-risk exporters such as Saudi Arabia, reflected
in an increase of FT-fuel trade by about 14%. Liquefied hydrogen shipped by sea does not
play a meaningful role in any of the model variants: liquid-hydrogen flows remain negligible
in BASE, in the no-pipeline configuration and under differentiated WACC. Within the cost
and performance ranges assumed here, liquefied hydrogen therefore does not become a
preferred option for EU-MENA trade.
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Figure 4-34 Net annual energy flow through EU-MENA network links (2050)

The cost decomposition reflects the asymmetry of these adjustments. European total sys-
tem costs rise significantly by 35.1% as domestic renewable generation, electrolysis,
methanation and storage capacity expanded to compensate for reduced imports. In MENA,
by contrast, total system costs decline somewhat (-16.1%) despite higher WACC, because
fewer capital-intensive export corridors are developed and part of the activity-related costs
is offset by DAC revenues. Storage costs in MENA increase, as the region relies more on
local buffering instead of cross-regional exchange, while Europe bears most of the additional
investment burden. Overall, WACC leads to the highest total system cost of all scenario
variants, with a TSC increase of 6.0%.

Taken together, these results answer Sub-question 3. Introducing country-specific costs of
capital in the MENA region does not simply add noise around the BASE configuration; within
the explored scenario space it materially alters the EU-MENA system. Higher WACC in key
MENA entry countries weakens the physical corridor into Europe, reduces cross-border
electricity, hydrogen and methane flows and triggers a reshoring of investment and system
cost to Europe. At the same time, export-oriented activity in MENA concentrates in a small
number of low-risk countries, with Saudi Arabia emerging as the main FT-fuel supplier and
Iran covering its own demands. FT fuels become the dominant remaining long-distance car-
rier, while liquefied hydrogen does not become competitive in any of the model runs. Financ-
ing risk therefore reduces the scale and diversity of EU-MENA energy trade and redistributes
costs and rents, rather than simply scaling the BASE architecture up or down.
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5. Discussion

The model results suggest a clear qualitative picture under the assumptions of this thesis.
Across the analysed scenarios, the cost-optimal EU-MENA system tends to be MENA-cen-
tred, with Europe remaining structurally import-dependent for synthetic methane, hydrogen
and FT fuels by 2050. Cross-regional trade is economically attractive and its basic pattern
survives substantial infrastructure shocks and differentiated financing conditions in the ex-
plored scenario space.

At the same time, these results are products of a specific model configuration and parameter
set. They depend in particular on assumptions about technology costs and performance,
water and CO:2 availability, transport cost projections, financing conditions and the evolution
of COz prices. This chapter therefore discusses how robust the main conclusions are to
these assumptions, how they compare to findings by a study of similar scope in Kriger et
al. [24], and what they imply politically for an EU-MENA energy partnership.

5.1 Uncertainty in underlying assumptions

The model uses exogenous techno-economic input data that are harmonised across regions
and time. While this is necessary to keep the scenario space tractable, it also hides important
uncertainties. Technology development curves and costs differ within studies, especially in
the long-term after 2040. If capital or operating costs for renewable hydrogen and synfuels
in MENA turn out higher than assumed, the economic advantage of shifting production south
would be reduced. On the contrary, targeted political or financial support schemes could
lead to an even more pronounced shift towards the MENA region. Moreover, as this thesis
has shown, absolute trading volumes depend heavily on available transport infrastructure.
Plans to enhance the connectivity between the EU and MENA (e.g., [76]) could lead to a
further shift in network architecture.

Water and COz are also stylised in the model. In reality, freshwater scarcity, competing uses
and local environmental impacts could affect where electrolysers and DAC plants are ac-
cepted and how expensive they become. In the current configuration, water constraints
mainly enter through additional electricity demand for SWRO. If desalination turns out sig-
nificantly more expensive or socially contested, the attractiveness of some coastal produc-
tion hubs and associated DAC rents might be overstated.

Transport of FT fuels and liquefied hydrogen is also only estimated based on a single cost
and efficiency trajectory. Together with the penny-switching tendencies within ESOMs, lig-
uefied hydrogen, which does not play a role according to the current findings, could become
a viable transport method under a potentially only slightly different set of techno-economic
assumptions.

Financial and policy assumptions

Financial assumptions are among the most influential drivers of model behaviour in this
study. In the BASE configuration, all regions share a uniform 8% cost of capital. This implic-
itly assumes comparable risk perceptions by investors across the EU and MENA and stable
long-term policy and currency conditions. Only in the WACC scenario are country-specific
premia introduced for renewable, hydrogen and synfuel investments in MENA, while Euro-
pean projects retain the 8% rate. Even this stylised differentiation already has strong effects:
it suppresses capital-intensive export projects in high-WACC MENA countries, weakens
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electricity and methane trade into Europe, and shifts part of the generation and conversion
chain back to European nodes (Chapter 4.3).

The WACC experiment should therefore be read less as a marginal parameter variation and
more as a structural stress test. Within otherwise identical physical assumptions, changing
only the cost of capital is sufficient to weaken the EU-MENA corridor, leading to a concen-
tration of export activity into a small number of low-risk countries. This indicates that conclu-
sions about the magnitude and distribution of hydrogen and synfuel trade are highly sensi-
tive to how financing risks are represented, to which technologies they apply and in which
regions they are allowed to vary. Because European WACC is held constant in all scenarios,
the results also reflect an asymmetric treatment of risk that favours European reshoring
whenever MENA risk premia are high. In reality, higher or more heterogeneous costs of
capital inside Europe would narrow the gap between domestic and imported options and
could restore some of the trade volumes that are lost in the WACC case.

Policy assumptions about CO2 emission prices add another layer of abstraction. The model
uses an exogenous, rising CO2 price path applied uniformly within the system boundary and
treats DAC credits symmetrically. Under this trajectory, DAC becomes a profitable activity in
MENA because cheap renewable electricity combines with high CO: prices to generate sub-
stantial negative-cost DAC revenues. The TRANS_no_pipeline case illustrates that these
revenues are large enough to offset part of MENA's activity-related costs, and that the net
total system cost can decrease even as the gross emissions bill rises. The qualitative con-
sideration in Chapter 4.2.3 suggests that if CO2 prices were uniformly lowered, two opposing
effects would emerge: residual emissions would become cheaper, but DAC credits would
lose value. In a configuration where DAC is already deployed at scale and is net-beneficial,
the loss of DAC revenue dominates.

Regional differentials in CO2 prices could further complicate the picture. If CO2 prices in
MENA were substantially lower than in Europe, the incentive to deploy DAC in MENA would
weaken, and emission-intensive stages of the value chain might shift back towards high-
price European nodes where CO2 avoidance is more strongly rewarded. Given that only a
subset of MENA countries currently has government-administered carbon crediting mecha-
nisms in place, a wide range of effective COz2 cost levels across the EU-MENA system ap-
pears plausible [75]. In such settings, DAC deployment, carrier choice and the regional dis-
tribution of rents would be expected to differ markedly from the stylised uniform-price case
represented here.

Taken together, the WACC and CO2 assumptions used in this thesis should be viewed as
defining one corner of a broader parameter space. Uniform financing conditions in the BASE
configuration, a single differentiated-WACC stress test in MENA and a high and harmonised
CO:2 price path favour large-scale DAC deployment. Within that space, the MENA-centred
trade architecture emerges robustly, but the WACC and CO:2 experiments clearly show that
the scale of trade and the allocation of costs and rents are highly sensitive to how these
levers are set.

Model configuration and structural uncertainty

Regional aggregation and the central-planner formulation omit important real-world con-
straints. Local acceptance, permitting times, labour and supply-chain bottlenecks are not
modelled explicitly; they are only indirectly approximated via generic build-rate limits for net-
work infrastructure. This tends to represent an optimistic upper bound on the feasible speed
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and spatial concentration of infrastructure deployment. Similarly, demand paths for hydrogen
and synfuels are taken from external scenario datasets rather than emerging endogenously
from technology competition in end-use sectors. As a result, fuel switching patterns and final
energy demand levels reflect prior scenario assumptions instead of price- and cost-driven
substitution within the model, limiting the scope for feedbacks between infrastructure expan-
sion, fuel prices and sectoral technology choice.

5.2 Results in the context of a comparison study by Kruger et al.

When comparing the results of this study against Krlger et al. [24], comparable storylines
emerge, though the scale differs. In a first step, it is important to highlight the differences
between the two studies. Kruger et al. model the system under greenfield conditions, with
25 representative time steps per year and only 13 modelling regions. Furthermore, Krtiger
et al. capture only industry and transportation demand, compared to this study’s more com-
prehensive scope.

Nonetheless, in the baseline cases without differentiated finance risks, both models produce
a decisively MENA-centred architecture, with Europe relying heavily (82%) on synfuel im-
ports. While the total European import dependency is lower in this study (48%), it still implies
a strong structural dependence. As in this study, electricity imports play only a very minor
role. However, Kruger et al. conclude that electricity transport costs offset MENA production
advantages, leading to electricity production close to the sink, whereas this study points
more towards infrastructure bottlenecks limiting EU-MENA electricity trade. Regarding the
specific export countries, both models identify Algeria, Egypt and the Middle Eastern coun-
tries as the main exporters.

The handling of investment risk marks the clearest quantitative difference. In Kruger et al.,
introducing risk-adjusted financing costs reduces Europe’s import quota from 82% to 0% in
the most pessimistic case. In this thesis, by contrast, higher WACC only reduces cross-
regional energy flows but does not eliminate trade. Long-distance energy trade in FT fuels
even increases by 14%.

Taken together, the two studies show that while a MENA-based corridor often appears cost-
effective, its strength is highly sensitive to financing assumptions.

5.3 Political relevance for an EU-MENA energy partnership

Politically, the combined evidence points to structural interdependence between the EU and
MENA in many plausible futures. In the BASE configuration Europe remains a substantial
net importer of synthetic fuels in 2050. Decarbonisation changes the origin and composition
of energy imports, but does not automatically remove dependence on external suppliers.
For MENA, the results suggest that a role as renewable-fuel exporter is economically attrac-
tive given its resource advantage, land availability and proximity to Europe.

The AUTARKY case illustrates the trade-offs of pursuing strong self-sufficiency. Europe can
minimise external dependence by expanding domestic renewables, electrolysis and stor-
age, at the trade-off of higher system costs. The question is therefore less whether autarky
is technically possible and more whether the additional cost and lost partnership opportuni-
ties are politically preferable.

Financing conditions emerge as a central political lever. In the model, higher WACC in MENA
exporters reduces export volumes, weakens corridors and shifts system costs towards Eu-
rope. In reality, risk premia are endogenous to policy: they depend on regulatory stability,
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contract enforcement, credit support and diplomatic relations. If EU and MENA actors design
risk-sharing instruments that lower the cost of capital for clean-energy investments in ex-
porting countries, many of the benefits of a MENA-centred architecture remain accessible
at lower total cost. Conversely, if perceived risks remain high, much of the cost-efficient trade
potential identified here may not materialise, regardless of technical potential.

Finally, the modelling approach abstracts from non-economic dimensions such as social
acceptance, distributional justice, environmental impacts beyond CO2 and security con-
cerns. An EU-MENA energy partnership, however, cannot be evaluated on techno-economic
grounds alone. The corridor architectures derived in this thesis should therefore be read as
inputs into a broader political debate, not as prescriptions. They provide a structured picture
of what is technically and economically possible under specific assumptions; whether and
how such architectures are pursued will depend on how Europe and MENA balance cost
efficiency against sovereignty, resilience, equity and development goals, as well as account-
ing schemes at the European border.

The key message from this discussion is that, within the scenario variants explored here, an
EU-MENA hydrogen and synfuel partnership is structurally plausible and, in many cases,
economically attractive. However, its eventual scale, carrier mix and cost distribution are
likely to depend less on physical resource constraints than on how infrastructure expansion,
financing risk and political priorities are managed in practice.
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6. Conclusion

This thesis has assessed long-term hydrogen and synfuel trade between the EU and the
MENA region under alternative infrastructure and financing conditions. Using a brownfield
energy system optimisation model with a broad carrier portfolio and a spatially explicit elec-
tricity and gas network, it has examined how a cost-minimising central planner would con-
figure EU-MENA energy trade and how sensitive this configuration is to transport constraints
and differentiated costs of capital.

Within the explored scenario space, the trends across all scenarios point towards the same
overarching insights. Under uniform financing conditions and unconstrained infrastructure
development, the cost-optimal energy system for the EU is MENA-centred. Superior solar
and, to a lesser extent, wind resources make MENA the most economical location for re-
newable electricity generation, hydrogen production and synfuel conversion. Europe re-
mains structurally import-dependent in this least-cost configuration. By 2050, hydrogen, syn-
thetic methane and Fischer-Tropsch fuels are imported via interconnected gas and hydro-
gen pipelines, shipping corridors and land links.

The resulting architecture assigns distinct roles to the main energy carriers. Hydrogen is
primarily used to redistribute energy within and between regions through a retrofitted intra-
European backbone and selected cross-regional links. Fischer-Tropsch fuels act as long-
distance carriers that bridge bottlenecks in the grid and gas network and supply hard-to-
abate sectors via shipping and land logistics. Synthetic methane provides large-scale sea-
sonal flexibility by exploiting cavern storage to absorb summer surpluses and meet winter
peaks. Electricity remains mostly locally consumed but underpins all conversion chains.
Taken together, these outcomes answer Sub-question 1: under favourable infrastructure and
financing assumptions, a MENA-centred, import-dependent architecture is the cost-optimal
configuration for the EU.

The AUTARKY scenario shows that European self-sufficiency is technically feasible once
cross-regional molecular trade is removed. However, it also makes explicit the associated
economic and structural costs. Total system expenditure increases relative to the BASE
case, Europe incurs a sizeable autarky penalty and the system shifts towards a more inward-
looking configuration. Hydrogen’s role changes from a spatial redistribution vector to a sea-
sonal storage medium, supported by expanded cavern capacity and a larger domestic re-
newable fleet. Imports are replaced by local generation, conversion and storage.

Transport constraints further reshape, but do not overturn, this picture. Delaying the roll-out
of new hydrogen pipelines reduces long-distance hydrogen trade and relocates more gen-
eration, conversion and storage assets to Europe. Removing cross-regional hydrogen pipe-
lines altogether forces the system to rely more heavily on legacy natural-gas infrastructure
and FT-fuel shipping, with FT fuels taking over a larger share of long-distance transport. In
both cases, EU-MENA corridors are retained. Overall, infrastructure constraints reduce the
scale of cross-regional exchange and alter the carrier mix, while preserving the fundamental
economic rationale for trade. This addresses Sub-question 2: hydrogen pipeline corridors
and FT-fuel shipping are central enablers of the cost-optimal architecture, and constraining
them systematically raises system costs and reshores investment towards Europe.

Introducing country-specific costs of capital in MENA materially changes the optimal system.
Higher WACC in key MENA entry countries weakens export-oriented projects there and shift
new investment towards lower-risk MENA producers, especially Saudi Arabia, while Europe
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accelerates domestic build-out of PV, wind, electrolysis, methanation and hydrogen storage.
Cross-border electricity, hydrogen and methane flows decline, FT fuels become the only
remaining long-distance carrier and liquefied hydrogen does not emerge as a competitive
option in any variant. The WACC scenario produces the highest total system cost of all
cases. Sub-question 3 can therefore be answered as follows: differentiated financing condi-
tions in MENA do not eliminate EU-MENA trade, but they significantly reduce its scale, con-
centrate export activity in a few low-risk countries and reallocate costs and investment back
towards Europe.

A central insight from this study is that, across a wide range of explored assumptions, long-
term EU-MENA trade in hydrogen and synfuels is structurally attractive from a system-cost
perspective. Good renewable resources in MENA, combined with existing and expandable
transmission and transport links, are sufficient to generate a MENA-centred architecture in
cost-optimal models. At the same time, this implies a persistent European import depend-
ence: in the BASE configuration, several EU member states retain high import shares for
synthetic fuels in 2050, even though the aggregate EU import dependency falls below to-
day’s levels. Decarbonisation therefore changes the origin and composition of imports rather
than removing dependence on external suppliers.

From a policy perspective, three implications follow. First, an EU-MENA energy partnership
can form an efficient component of a European decarbonisation strategy, but only if infra-
structure development and permitting keep pace with cost-optimal deployment pathways.
Second, pursuing strong autarky has a non-trivial cost: it requires substantially higher in-
vestment in domestic generation, conversion and storage and reduces opportunities for
MENA to use hydrogen and synfuels as a diversification strategy. Third, financing conditions
in potential exporter countries are a critical bottleneck. Without instruments that lower the
cost of capital, many technically attractive export projects may not materialise, and the over-
all system becomes more expensive and more EU-centric.

Methodologically, the thesis demonstrates the value of combining a brownfield network rep-
resentation, a broad carrier portfolio and regionally differentiated financing assumptions
within a single integrated energy-system model. It shows that assumptions about existing
infrastructure and financial risk are not peripheral details but can materially alter system-
optimal outcomes. Future work on hydrogen and synfuel trade should therefore avoid purely
greenfield representations and uniform financing assumptions and instead embed trade
analyses in more holistic network and financing contexts.

Within these limits, the thesis provides a structured answer to the main research question:
under the assumptions used here, the cost-optimal architecture for EU-MENA hydrogen and
synfuel trade up to 2050 is a MENA-centred system in which Europe remains a substantial
net importer and hydrogen, methane and FT fuels play distinct roles along shared corridors.
This architecture is robust to a range of infrastructure and financing shocks, but its precise
scale, carrier mix and cost distribution depend sensitively on pipeline availability, shipping
options, CO2-price trajectories and, above all, the cost of capital in exporting countries. The
corridors emerging from the optimisation should therefore be regarded as candidate archi-
tectures rather than blueprints, offering a quantitative benchmark against which future policy,
investment and diplomacy around EU-MENA hydrogen partnerships can be assessed.
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Annex
Annex 1 Literature review Methodology

The selection methodology for relevant studies on the trade of hydrogen and hydrogen-
derived synthetic fuels into the EU builds on the approach by Genge et al. [12]. In addition
to reviewing the studies already identified in their meta-analysis, further studies were se-
lected using the search key:

TITLE-ABS-KEY ("Fischer-Tropsch" OR "Hydrogen" OR "chemical energy
carrier" OR "e-fuels" OR "power-to-fuel" OR "power-to-gas" OR "hydrogen en-
ergy" OR "Ammonia" OR "Methanol" OR "Methane" AND "Middle East" OR
"North Africa" OR "MENA" AND "Europe" OR "EU") AND PUBYEAR > 2014
AND PUBYEAR < 2026 AND (LIMIT-TO(DOCTYPE,"ar")) AND (LIMIT-
TO(LANGUAGE, "English"))

The database used to identify additional studies was Scopus, with results limited to peer-
reviewed articles written in English.

This search yielded 76 initial results. After a structured review of abstracts, the number was
reduced to 32 potential studies. A further screening step narrowed this set to 14 studies
considered directly relevant for the analysis. Out of the 34 studies listed in Genge et al. [12],
27 were also found to be relevant in the context of this thesis. In total, 41 studies were
therefore included in the review.

The selected studies were assessed along three criteria:

e Modelling scope: Evaluation of the import network design, including spatial cover-
age and the number of analysed energy carriers.

o Transportation scope: Assessment of transport modelling, including the choice of
transport modes and whether a greenfield or brownfield approach was applied. In
cases where pipeline transport was excluded, greenfield/brownfield distinctions were
often not applicable.

« Country-sensitive financing risks: Analysis of whether financing assumptions were
applied uniformly across all countries or differentiated by national risk profiles.

The results of this review are displayed in A-1.
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A-1 Overview reviewed studies. P = pipeline S = Ship, E = Electricity cable, R = Road transport

Authors Modelling No. of en- Transporta- Transportation | Transportation mod- | Country sensitive
scope ergy carriers | tion portfolio value chain elling approach financing risks

Alanazi et al. [77] global 3|P,S Fully modelled Greenfield Partially

Brandle et al. [78] global 11P,S Fully modelled Greenfield No

Breitschopf et al. EU-MENA 4P, S Fully modelled Brownfield No

[79]

Chen et al. [80] EU-global 5|S Fully modelled Not applicable No

Dalla Longa et al. EU-NA 2P E Partially mod- Brownfield No

[13] elled

Dickson et al. [81] | global 4| S,R Fully modelled Greenfield No

Fattahi et al. [16] EU-MENA 2|P,S Fully modelled Greenfield No

Fromel et al. [10] Europe 11P,S Fixed price as- Greenfield No
sumption

Galimova et al. [82] | global 11P,S Fully modelled Greenfield No

Guillot and As- EU-NA 2| S, E Partially mod- Brownfield No

soumou [83] elled

Hampp et al. [36] EU-global 5P S E Fully modelled Greenfield No

Hydrogen Import EU-global 5/P,S Fully modelled Greenfield No

Coalition [84]

International En- global 3|P,S Fully modelled Greenfield No

ergy Agency [85]

Jensterle et al. [86] | EU-global 11P,S Fixed price as- Not applicable No
sumption

Kruger et al. [24] EU-MENA 8|P,S Fully modelled Greenfield yes

Lux et al. [17] EU-MENA 11P,S fixed import cost | Not applicable No

Lux et al. [18] EU-MENA 2 E Fixed price as- Not applicable No
sumption

Meca et al. [87] global 2|S Fully modelled Not applicable No

Moritz et al. [23] EU-global 5/P,S Fully modelled Greenfield Yes

Neumann et al. [88] | global 3|S Fully modelled Not applicable No

Neumann et al. [89] | EU-global 7P, S E Fully modelled Brownfield No
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Niermann et al. [90] | EU-global 3|P,SE Fully modelled Greenfield No

Nufez-Jimenez EU-NA 2P, S Fully modelled Greenfield No

and Blasio [4]

Perner et al. [91] EU-global 3/S Fully modelled Not applicable No

Pinto et al. [14] EU-NA 11P,S Fixed price as- Greenfield Yes
sumption

Roos [92] EU-global 3|S Fully modelled Not applicable No

Runge et al. [93] global 3[S, T Fully modelled Not applicable No

Sayer et al. [94] EU-global 11P,S Fixed price as- Greenfield No
sumption

Schorn et al. [95] global 2|S Fully modelled Not applicable No

Seeger et al. [96] EU-global 4P, S Fully modelled Greenfield No

Sens et al. [15] EU-global 4| P,S Fully modelled Greenfield No

Sens et al. [97] EU-global 1P Fully modelled Greenfield Unclear

Soler et al. [48] EU-MENA 8|P,S Fully modelled Greenfield No

Stail} et al. [98] EU-NA 5/ P,S Fully modelled Greenfield No

Teichmann et al. EU-NA 11S Fully modelled Not applicable No

[99]

Terrapon-Pfaff et EU-MENA 1S Fully modelled Not applicable Yes

al. [21]

Tiar et al. [100] NA 1P Not applicable Brownfield not applicable

van der Zwaan et EU-NA 2P E Partially mod- Greenfield No

al. [70] elled

Wang et al. [101] EU-NA 3|P Fully modelled Greenfield No

Wetzel et al. [27] EU-NA 3|P,S Fixed price as- Brownfield No
sumption

Wietfeld et al. [102] | EU-ME 3|S Fully modelled Greenfield No
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Annex 2 Objective function and further model constraints

The model is set up to optimise the system by minimizing the total system cost. For that, the
total system cost (J7,:q:) IS defined as the sum of all discounted and annualised cost com-
ponents over the entire model horizon. The optimization minimizes this value by determining
the least-cost configuration and operation of all generation, conversion, storage and
transport technologies in the EU-MENA energy system. The model operates on a high tem-
poral resolution (2,920) for each representative year y e Y such that both investment and
operational decisions are captured consistently

The fixed system cost (jz;,,) component captures annualised investment and fixed operation
and maintenance (FOM) cost of all converter (k € K) and network (n e N) technologies, in-
stalled and node i in year y.

A-2 Objective function for fixed cost indicators

Jrixiy = dix * Z INV;Ty,k +INV,,, + FOM;,; + d;,* Z INV;fyln +INV;,, + FOM;,,
keK neN

Where:

e d;, andd;, are the node and technology specific annuity factors,
e INV* and INV~ represent annualised investment and decommissioning cost,
e and FOM represents fixed operation and maintenance costs.

The variable cost (j,,,-) includes operational expenses that depend on the dispatch decisions
of converter and network technologies per timestep. Each converter technology k performs
one or more activities m € M, (e.g. conversion of electricity and water to hydrogen) while
each network element n performs activities p € B, transferring energy or material between
nodes i and [. As such the variable system cost are captured in A-3, where G; j, , k. m is the
flow of energy or material along the network link between nodes i and j, as well as the
associated specific transport cost STC; 5, ;-

A-3 Objective function for variable cost indicators

Jvariy = dik * z Ginytom*VOM;ypm+ din * Z Finynpt*STCiynpi
heHy,keK,meMk heHy,neN,pePn,leL

Storage cost (jsrr) contribute to the total system cost through both capacity-related and
operation-related components.

A-4 Objective function for storage cost indicators

jstor,i,y =d;¢* (Z INVZy_s + INVZy_S + FOMi,y,S + z CHZh,y,S * VOMZy‘S + CHEh,y,S * VOMZy‘S>
SES seS,heH

Where:

e 5 S denotes the set of storage technologies,
e CH* and CH™ represent charging and discharging volumes per timestep, and
e VOM* and VOM™ are the associated charging and discharging costs.
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The import (e € E) of energy across system boundaries creates external import cost
(ilmport):

A-5 Objective function for nodal import and export cost indicators

; — +
]Import,i,y - dy,i * z Qihe * IMPi,y,e

heH,eeE
Where:
® g;n. isthe imported energy quantity and
o IMP;,, the import price.
Lastly, slack cost (jg;4ck) are included in the model via the sum of all slack cost components
(z€Z):

A-6 Obijective function for slack cost indicators

jSlack,i,y = Z Piyz * SlaCki,y,z

zeZ

Where:

* P,y isthe amount of slack and

e Slack;, , the respective slack price.

The total system cost is calculated by summing all node-level cost components across
space and time. All annual totals are discounted to the base year y, using the social discount
rate ¢:

A-7 Obijective function of the total system cost

1 . . . . .
]Total = Z m * Z JFix,i,y + Jvar,iy + Jstor,i,y + Jimport,i,y + Jstack,i,y
yey iel
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Annex 3 Pre-processed input maps

A-8 Pre-processed HVAC grid

Legend
Preprocessed HVAC grid
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A-9 Pre-processed HVDC grid

Legend
Preprocessed HVDC grid
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A-10 Pre-processed gas grid
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Legend
— Preprocessed gas grid
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Annex 4 List of technology assumptions
Electricity generation

e Base model instance technology envelope:
o Solar PV (rooftop and land-mounted)

o Concentrated Solar PV (electricity — quality class 1 and 2 and heat)
o Onshore wind (quality class 1, 2 and 3)

o Offshore wind (foundation and floating)

o Run-of-river hydro power

o Pumped hydro storage (electricity generation module)
o Hydro reservoir (electricity generation module)

o OCGT

o CCGT

o Coal

o Lignite coal

o Nuclear

e Added/changed technologies:
o None

Hydrogen conversion

e Base model instance technology envelope:
o Steam methane reforming (with and without carbon capture & storage)
o Autothermal reforming

e Added and changed technologies

PEM Electrolysis (updated values)
AEL Electrolysis (added)

SOEC Electrolysis (added)

Sea Water Reverse Osmosis (added)

O O O O

¢ Methodological selection decisions:

A mix of Electrolysis options is chosen to represent common current and future electrolysis
options [103]. SWRO is selected for its relatively low energy demand and wide industrial
adoption [104].

Synfuel pathways

e Added/changed technologies:
o Catalytic methanation (added)
o Fischer-Tropsch Synthesis (added)
o Methanol-to-hydrocarbon (added)
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¢ Methodological selection decisions:

Synthetic methane is produced via the Sabatier process, i.e., the catalytic reaction of CO,
and H, to CH, and H,O [36]. While alternative methods exist, such as direct biogas
methanation (BHM), this study choses to model only the catalytic methane pathway. Direct
biogas methanation promises a potentially higher economical production pathway, has how-
ever a generally lower technology readiness level than direct the direct hydrogenation path-
way [105].

A-11 Sabatier reaction [36]
CO, + 4H, s CH, + 2H,0

Excess heat generated throughout the methanation process is not captured in the model
given the system scale. While it is assumed that production and demand clusters are co-
located within a model region, such that intra-regional transport is neglected, process heat
is mainly traded on a sub-regional scale. Accurately assessing opportunities to use excess
heat elsewhere would therefore require a more spatially resolved model to preserve realistic
boundary conditions. The resulting CH4 is assumed to be grid-quality, meaning that no fur-
ther downstream processes are needed to transport the methane through the existing gas
grid.

The production of FT-fuels is modelled via two routes: (i) low-temperature FT synthesis of
long-chain hydrocarbons from synthesis gas (syngas) and (ii) a methanol-to-hydrocarbon
(MTH) route.

In the low-temperature FT synthesis, CO2 and hydrogen are first used to create syngas
through the reverse water gas shift reaction (RWGS) [36]. The syngas is then upgraded to
synthetic crude oil (syncrude) through the Fischer-Tropsch synthesis before being further
refined into a range of hydrocarbons. The low-temperature version of the Fischer-Tropsch
synthesis was chosen, as it favours the production of liquid hydrocarbons. [49] As with the
methane pathway, excess heat is not accounted for. The heat needed for the RWGS (T=100-
200 °C) is assumed to be electrified (n = 100%) [49].

A-12 Reverse water gas shift reaction [106].
CO, + H, s CO + H,0

Alternative to the Fischer-Tropsch synthesis, a methanol-to-hydrocarbon (MTH) pathway is
also modelled. The benefit of including the methanol production pathway lies in higher tech-
nology readiness levels and thus lower current costs [107]. In this study, the MTH route is
modelled analogously to the methanol-to-kerosene process. First, methanol (CH;OH) is
synthesized via direct catalytic hydrogenation of COz2, then upgraded to kerosene-range hy-
drocarbons. During this process, methanol is initially transformed into water and dimethyl
ether (DME), which is then catalytically converted into hydrocarbons and water [57].

XXVII



(co. )( H: )Feedstock( €0, )(( H. )
v v

A-13 Process diagram Fischer-Tropsch and Methanol-to-kerosene synthesis [34]
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The needed CO: for all processes must, in the model, be sourced through solid adsorption
direct air capture (DAC), as sourcing the CO2 from point sources does not enable true car-
bon neutrality, since the fossil carbon gets recycled, rather than removed from the ecosys-
tem. Capturing CO2 from the atmosphere also ensures consistency with future CO2 point
source devaluation after 2041 [35]. Input heat demand is, similar to other processes electri-
fied (n = 100%, T = 100°C) [48].

Storage

e Base model instance technology envelope:
o Lithium-lon batteries
o CHa cavern storage
o Hz cavern storage
o Hztank storage

e Added/changed technologies:
o H20 buffer storage (added)
o COz2 buffer storage (added)

o General hydrocarbon storage (added)

Transportation

e Base model instance technology envelope:
o HVAC
o HVDC
o CHa4 gas pipeline
o H2 pipeline (new)

XXVl



o H2 pipeline (retrofitted)
e Added/changed technologies:
o Land transport for hydrocarbons and liquefied hydrogen (added)
o Maritime transport for hydrocarbons and liquefied hydrogen (added)
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Annex 5 Matched model region ids
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Annex 6 Post-processed network maps

A-16 Reduced HVAC grid
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A-17 Reduced HVAC grid including link capacity
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A-18 Reduced HVDC network
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A-19 Reduced HVDC network including link capacity
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A-20 Reduced gas network
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A-21 Reduced gas network including link capacity
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A-22 Reduced land network

Yl
h

Legend

= Il Model region
]

— Road network

XXXV



A-23 Reduced waterways network
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Annex 7 Waterways
Origin port | Destination | Origin lon- Origin Destination Destination
port gitude latitude longitude latitude
MAR_2 LNG_ESP_5 -5.78332 35.7999 -7.518 37.211
MAR_2 LNG_ESP_3 -5.78332 35.7999 -0.966526 37.62754
LNG_ESP_5 |LNG_ESP_3 -7.518 37.211 -0.966526 37.62754
DZA 1 LNG_ESP_3 3.07714 36.77138 -0.966526 37.62754
MAR_2 DZA_1 -5.78332 35.7999 3.07714 36.77138
LNG_ESP_3 | LNG_ESP_0 -0.966526 37.62754 -0.235301 39.641627
DZA_1 LNG_ESP_0 3.07714 36.77138 -0.235301 39.641627
DZA_1 TUN_1 3.07714 36.77138 10.310726 36.80462
LNG_ESP_0 | LNG_ESP_4 -0.235301 | 39.641627 2.20347833 41.4247853
DZA_1 LNG_ESP_4 3.07714 36.77138 2.20347833 41.4247853
LNG_ESP_4 | LNG_FRA_2 2.20347833 | 41.4247853 4.89018714 43.4269899
LNG_FRA 2 |[LNG_ITA 2 4.89018714 | 43.4269899 9.8574425 44.0904305
LNG_ITA 2 LNG_ITA O 9.8574425 | 44.0904305 10.311025 43.547519
LNG_ITA O LNG_ITA_1 10.311025 | 43.547519 14.424149 35.93143
TUN_1 LNG_ITA_1 10.310726 36.80462 14.424149 35.93143
LNG_ITA_1 LBY_2 14.424149 35.93143 20.02652 32.11325
LNG_ITA_1 LNG_ITA_3 14.424149 35.93143 12.2347206 45.0480048
LNG_ITA_1 LNG_GRC_1 14.424149 35.93143 23.3840165 37.7243015
LBY_2 LNG_GRC_1 20.02652 32.11325 23.3840165 37.7243015
LNG_GRC _1 LNG_GRC_ 0 23.3840165 | 37.7243015 25.994099 40.939928
LNG_GRC_0 | TUR_1 25.994099 | 40.939928 29.272627 40.66283
LBY_2 EGY_1 20.02652 32.11325 31.1976371 31.9842104
LNG_GRC_1 | EGY_1 23.3840165 | 37.7243015 31.1976371 31.9842104
EGY_1 ISR_1 31.1976371 | 31.9842104 34.638238 31.829967
ISR_1 LBN_1 34.638238 | 31.829967 35.51717 33.90817
EGY_1 SAU_1 31.1976371 | 31.9842104 39.14746 21.46655
SAU_1 OMN_1 39.14746 21.46655 56.36848 25.171098
OMN_1 ARE_1 56.36848 | 25.171098 54.6475877 24.3574665
ARE_1 QAT _1 54.6475877 | 24.3574665 51.64284 25.91328
QAT _1 KWT_1 51.64284 25.91328 48.17091 29.05278
KWT_1 IRN_1 48.17091 29.05278 52.200821 27.695922
MAR_2 ESH_1 -5.78332 35.7999 -14.49593 26.10981
LNG_ESP_5 | LNG_PRT_0 -7.518 37.211 -8.797 37.937
LNG_PRT_0 |LNG_ESP_2 -8.797 37.937 -8.277 43.475
LNG_ESP_2 | LNG_ESP_6 -8.277 43.475 -5.695359 43.5271955
LNG_ESP_6 LNG_ESP_1 -5.695359 | 43.5271955 -3.100987 43.3336625
LNG_ESP_1 | LNG_FRA_1 -3.100987 | 43.3336625 -2.1383025 47.3133415
LNG_FRA_1 | LNG_GBR_2 -2.1383025 | 47.3133415 -5.61350667 51.724077
LNG_FRA_1 |LNG_FRA_O -2.1383025 | 47.3133415 2.175771 51.1755
LNG_GBR_2 | LNG_FRA_0 -5.61350667 | 51.724077 2.175771 51.1755
LNG_FRA 0 |LNG_GBR_1 2.175771 51.1755 0.69427886 51.414549
LNG_FRA 0 | LNG_BELNLD 2.175771 51.1755 3.67771 51.4487408
LUX_0
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LNG_BELNLD | LNG_BELNLD 3.67771 | 51.4487408 4.6889 51.959378

LUX 0 LUX_1

LNG_GBR_ 1 | LNG_GBR 0 0.69427886 | 51.414549 1129514 54571158

NSEA_2_1 LNG_GBR_0 2.69160387 | 55.0290693 -1.129514 54571158

NSEA_2_1 LNG_GBR_1 2.69160387 | 55.0290693 0.69427886 51.414549

NSEA_2_1 LNG_FRA O 2.69160387 | 55.0290693 2175771 51.1755

NSEA_2_1 LNG_BELNLD | 2.69160387 | 55.0290693 3.67771 51.4487408
LUX 0

NSEA_2_1 LNG_BELNLD | 2.69160387 | 55.0290693 4.6889 51.959378
LUX_1

NSEA_2_1 LNG_SWE_0 2.69160387 | 55.0290693 11.9284657 57.7232583

LNG_SWE 0 | LNG_DEU 0 11.9284657 | 57.7232583 14.294722 53.909167

LNG_DEU 0 | LNG_ESTLVA 14.294722 | 53.909167 21.101954 55.7253
LTU 1

LNG_ESTLVA | LNG_FIN_O 21.101954 55.7253 21.4045365 61.635196

LTU 1

LNG_ESTLVA | LNG_ESTLVA 21.101954 55.7253 24.7157915 56.8352214

LTU 1 LTU 0

LNG_ESTLVA | LNG_ESTLVA 21.101954 55.7253 24.8231514 59.3377056

LTU 1 LTU 2

LNG_FIN.O | LNG_ESTLVA | 21.4045365 | 61.635196 24.7157915 56.8352214
LTU 0

LNG FIN.O | LNG_ESTLVA | 214045365 | 61.635196 24.8231514 59.3377056

LTU 2
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Annex 8 Enlarged model network map
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Annex 9

Techno-economic technology assumptions

Hydrogen production

A-24 Alkaline electrolyser (1 GW), techno-economic input data

Parameter 2030 | 2040 | 2050 | Source
Electricity demand [MWh/MWhu2] | 1.608 | 1.531 | 1.431 [49]
Water demand [t/MWhn2] 0.185]0.195 | 0.298 | [49]
Lifetime [a] 25 [49]
Capacity factor [-] 1 [49]
Ramping rate [%/h] 100 [49]
Capital expenditure cost [k€/MWe] | 615 | 429 | 338 [49]
Fixed operation cost [Y%capPex] 4 [49]
A-25 Proton-exchange membrane electrolyser (100 MW), techno-economic input data
Parameter 2030 | 2040 | 2050 | Source
Electricity demand [MWh/MWhn2] | 1.709 | 1.623 | 1.506 | [49]
Water demand [t/MWh#2] 0.178 1 0.187 | 0.202 | [49]
Lifetime [a] 25 [49]
Capacity factor [-] 1 [49]
Ramping rate [%/h] 100 [49]
Capital expenditure cost [k€/MWe] | 800 | 615 | 430 [49]
Fixed operation cost [%capex] 2 [49]
A-26 Solid-oxide electrolyser (10 MW), techno-economic input data
Parameter 2030 | 2040 | 2050 | Source
Electricity demand [MWh/MWhn2] | 1.437 | 1.418 | 1.379 | [49]
Water demand [t/MWhn2] 0.237 | 0.240 | 0.248 | [49]
Lifetime [a] 25 [49]
Capacity factor [-] 1 [49]
Ramping rate [%/h] 12 15 20 [49]
Capital expenditure cost [kE€/MWe] | 1538 | 1292 | 984 [49]
Fixed operation cost [Y%caPex] 12 [49]
Storage technologies
A-27 H20 storage tank (6,000 L), techno-economic input data
Parameter 2030 | 2040 | 2050 | Source
Lifetime [a] 30 Assumption
Ramping rate [%/h] 100 Assumption
Self-discharge rate [%/d] 0 Assumption
Capital expenditure cost [€/tH20] 23.3 [108]
Fixed operation cost [Y%caPex] 0 Assumption

A-28 Storage tank for liquid hydrocarbons, techno-economic input data

Parameter 2030 | 2040 | 2050 | Source
Lifetime [a] 25 [36]
Ramping rate [%/h] 100 Assumption
Self-discharge rate [%/d] 0 Assumption
Capital expenditure cost [kE€/MWherT] 2.77 [36]
Fixed operation cost [Y%capPex] 6.25 [36]
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A-29 COz storage tank, techno-economic input data

Parameter 2030 | 2040 | 2050 | Source
Lifetime [a] 25 [109]
Ramping rate [%/h] 100 Assumption
Capital expenditure cost [k€/MWhcoz] 2,580 [109]
Fixed operation cost [Y%capPex] 2 [109]

TCO land and ship calculation

The TCO for trucks is based on Basma and Rodriguez [59], selecting the e-diesel-powered
cross-border long-haul class as a reference. Including fuel cost, the truck TCO amounts to
1.33 €/km. Trailer investment cost are assumed at 100,000 € for synfuel tank trailers and
780,000 € for liquid hydrogen tank trailers [48, 60]. No additional operational costs are at-
tributed to trailer usage. Assuming a 15-year trailer lifetime and the same average annual
mileage as reported by Basma and Rodriguez, the resulting total TCO per truck-trailer unit
is 1.57 €/km for synfuel and 1.79 €/km for liquid hydrogen [61].

Each trailer is assumed to carry 0.472 GWh of synfuel or 0.117 GWh of liquid hydrogen,
corresponding to specific transport costs of 3.33 €/ GWh*km and 15.30 €/ GWh*km, respec-
tively [48, 49, 60]. The average travel speed and driving hours per day are assumed at 80
km/h and 9 hours of travel time per 24 hour period, as outlined in Regulation (EC) No
561/2006 [62]. The duration of loading and unloading time spent filling the trailers is as-
sumed to be <1 h for synfuels and 6 h total for liquefied hydrogen [63].

The ship transport is modelled analogous. TCO parameters are derived using the Total Cost
of Ownership (TCO) model of the Meersk Mc-Kinney Mgller Center for Zero Carbon Shipping
[64].

For the transport of synfuels the tanker ship class, using a heavy fuel oil (HFO) internal
combustion engine (ICE) as main and auxiliary engine, is selected. E-Diesel sourced from
DAC is selected as fuel for both engines. For the electricity and oil price scenario “Path we
are on” is chosen, no CO2 price is assumed.

The yearly TCO of amounts to 39.99 M€ (2030) and decreases to 31.22 M€ (2050). With an
assumed annual traveling distance of 64,800 nm per year and a carrying capacity of 34,380
tonnes (60,671 dead weight tonnage (DWT), 57% load factor) the total specific TCO is 0.80
€/GWh*km which decreases down to 0.62 €/ GWh*km in 2050. The travelling speed as-
sumed is 13 nm/hr. Loading is expected to take up 16 hours based on the average visiting
duration at the oil terminals in the port of Rotterdam (calculated with data from [110]).

For the transport of liquified hydrogen, the gas carrier class is selected as it represents cur-
rently operational LNG tankers. Since the volumetric energy density of liquified hydrogen is
roughly half that of LNG, it is assumed that construction characteristics cannot be mapped
to allow the transport of liquified hydrogen without adjustment [111].

The cargo capacity of the tanker is therefore modelled after Alkhaledi et al. [65], who explore
the design of large liquified hydrogen tankers. The cargo capacity per tanker is, based on
[65], assumed to be 20,000 tonnes of liquified hydrogen. With an initial TCO between 56.88
M€ (2030) and 50.21 M€ (2050) and an assumed travel distance of 102,000 nm, the specific
TCO totals to 0.45 €/GWh*km and 0.40 €/ GWh*km respectively. The traveling speed is as-
sumed to be 17 nm/hr. Loading time for liquified hydrogen is higher than synfuels, as
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evidenced by the average visit duration at the HyTouch Kobe terminal which is 103.6 hours

[110].

Hydrogen liquefaction is scaled to deliver 1 GWh/h from annual values and includes respec-

tive pump cost, also from [112].

A-30 Hydrogen liquefaction, techno-economic input data

Parameter 2030 | 2040 | 2050 | Source
Electricity demand [MWh/MWhLH] 0.206 [112]
Hydrogen demand [MWhu2/MWhLH2] 1.05 Assumption
Lifetime [a] 20 [112]
Capacity factor [-] 1 Assumption
Ramping rate [%/h] 100 [112]
Capital expenditure cost [k€/MWel] 1,726 [112]
Fixed operation cost [Y%capPex] 8 [112]
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Annex 10  Water stressed model regions

A-31 Water scarce model regions Europe

Europe

Country Node_ID
Benelux BELNLDLUX 1
Spain ESP_T1

ESP_2
France FRA 2
Greece GRC 1
Italy TA_1

ITA 3

A-32 Water scarce model regions Middle East

Middle East
Country ID
Iran IRN_1
IRN 2
Iraq IRQ_1
Jordan JOR 1
Kuwait KWT _1
Lebanon LBN 1
Oman OMN 1
Qatar QAT 1
. . SAU 1
Saudi Arabia SAU_2
Syria SYR 1
TUR 1
Turkey TUR 2
TUR 3

A- 33 Water scarce model regions North Africa

North Africa
Country ID
Algeria DZA_1
9 DZA 2
EGY_1
Egypt EGY 2
Morocco MAR 1
MAR 2
Tunisia TUN_1
, LBY 1
Libya LBY 2
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Annex 11 Energy and mass balances of synfuel pathways

A-34 Energy and mass balance catalytic methanation (including SWRO)
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A-36 Energy and mass balance Fischer-Tropsch synthesis (including SWRO)
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A-37 Energy and mass balance Fischer-Tropsch synthesis
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A-38 Energy and mass balance Methanol-to-hydrocarbon (including SWRO)
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Annex 12 Country sensitive WACC assumptions from Braun et al.

A- 40 MENA country-specific cost of capital assumptions, based on scenario WACC_bau from [21]

Country Cost of capital RES [%] | Cost of capital hydrogen and other synfuels [%)]
Algeria 15.69 18.67
Egypt 13.86 16.78
Iran 15.69 18.21
Iraq 17.53 20.59
Jordan 12.02 15.21
Lebanon 22.32 25.77
Libya 21.18 24.27
Morocco 8.34 10.68
Oman 9.27 11.32
Qatar 4.87 6.25
Saudi Arabia 5.05 6.45
Syria 24.84 28.21
Tunisia 13.86 16.64
United Arab Emirates 4.67 6.05
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Annex 13  Additional figures
BASE scenario

A- 41 Installed onshore wind capacity per region (BASE)

Onshore Wind capacity per region




A- 42 Hydrogen network flows divided into retrofitted (left) and new (right) pipelines BASE (2050)
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Pipeline H2 retrofit (2050)
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A- 43 Installed methane storage capacity BASE (2050)

CH4 storage capacity per region
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Marginal value [€/kWh]

44 EU (left) and MENA (right) mean hydrogen demand duration curves
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Marginal value [€/kWh]

45 EU (left) and MENA (right) mean FT fuel demand duration curves
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A- 46 EU and MENA marginal demand duration curves BASE (2030)

Marginal value [€/kWh]
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A- 47 Marginal methane production cost A BASE (2030-2050)
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A- 48 Marginal FT fuel production cost A BASE (2030-2050)
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A- 49 Hydrogen cavern installation difference between BASE and AUTARKY (2050)
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A- 50 Methane import dependency top 15 countries BASE (2050)

Top 15 CH4 import dependency — country level — 2050 — BASE
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A- 51 FT fuel import dependency top 15 countries BASE (2050)

FT fuel import dependency [%]

Top 15 FT fuel import dependency — country level — 2050 — BASE
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A- 52 Net annual hydrogen flows TRANS _delay, top 75% of flows (2050)
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