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Abstract

This report explores the techno-economics of producing carbon-neutral synthetic fuel using Re-
mote Renewable Energy Hubs (RREH). A RREH is a Power-to-X concept that aims to integrate
and optimize renewable resources, designed in a remote area where high-quality renewable re-
sources are abundant and harvested. The entire energy supply chain is modeled to characterize
connectivity between technologies and processes.

The reference scenario considers the production of carbon-neutral synthetic methane, powered
by solar and wind energy in Algeria, for delivery to North-western European market by 2030 for
a system supplying 10 TWh annually.

The model has been developed to integrate Direct Ocean Capture (DOC), capturing carbon
dioxide in the water rather than in the air. Results indicate a cost reduced by 2.94% for the
DOC scenario. Sensitivity analysis considers various parameters, including investment costs and
operational flexibility, revealing configurations lowering the price by 8.28%.

The study was then extended to account for the system’s water output, by considering it as a
by-product with potential utility for local communities. Findings illustrate a scenario in which
water is priced at 3.09 €/t, equivalent to the one in Europe, facilitating the provision of fresh
water to thousands of residents. Other more favorable configurations offer prices reduction of
9.1%.

A multi-hub configuration is then created to compare different hub locations economically
and then see the possible interactions between them. The results show that a hub at Cap Horn,
in southern Chile, can deliver synthetic methane at a cost reduced by 13.36% compared to the
reference scenario.

Finally, the Fischer-Tropsch reaction is modeled to obtain synthetic fuels for decarbonizing the
transport and aviation sectors (kerosene, diesel and gasoline). The implementation of several
configurations suggests costs ranging from 2.41 € /kg to 2.13 €/kg, similar to those in the
scientific literature. A techno-economic study shows optimistic prices reduces by 20.7% and the
impact of a change in electrolyzer efficiency.
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Chapter 1

Introduction

In these times where energy crises and environmental concerns continue to extend, designing
optimized energy systems has become a major issue for the future. In recent years, the alarm
has been sounded on excessive C'O emissions, while the demand for energy keeps rising [I]. The
energy transition, especially through renewable energy sources, has thus begun in order to suc-
cessfully reduce emissions despite the fact that their introduction includes a number of technical
difficulties.

In order to help this transition and reduce C'O, emissions, energy systems that incorporate
concepts such as Power-To-X (PtX) [2] have been designated to reach a carbon-free energy sys-
tem. This report illustrates this concept by designing and optimizing a remote renewable energy
hubs (RREH).

An RRFEH is an energy hub located far away from large load centers where abundant, high-
quality renewable energy is harvested [3]. Carbon-neutral fuels can be then produced to be used
as primary materials in industry or used to generate electricity in external energy markets.

This thesis aims to develop the concept of RREH in mathematically modeled optimization
frameworks of these energy systems. The "Graph Based Optimization Modelling Language”
(GBOML) [4] developed at the University of Liege, will be used as a modelling tool to discuss
the costs, storage, and efficiency of proposed optimized systems. The study will be based on
the work of Mathias Berger’s thesis [5], which studies the economy of carbon-neutral synthetic
methane production from wind and solar resources in Algeria to supply Belgium’s energy needs.

The first chapters will serve to contextualize the problem and introduce the concepts of PtX
and RREH. The various equations, assumptions and elements required for simulations will also
be discussed to set up the mathematical framework for the report.



To reach a carbon-free energy system, carbon dioxide is captured via Direct Air Capture
(DAC) then combined with pure hydrogen to produce synthetic methane. Chapter 4 aims to
introduce a new technology to replace DAC, namely Direct Ocean Capture. Since the marine
ocean is a huge reservoir of CO2, it is possible to extract it using electrically powered membranes.
The complete modeling of this recent but promising technology will be carried out by researching
the techno-economic parameters of scientific studies. An economic report including sensitivity
analyses and the study of technical parameters is made to compare the price of methane with
the reference DAC scenario.

Chapter 5 examines the possibility of using water as a by-product of the RREH. While
methane production requires a desalination plant, drinking water could also be produced to
serve local regions in Algeria as well. To determine whether this is viable, the price of water per
ton will be computed for several profiles and quantities of water supplied per day, but also by
varying the techno-economic parameters of the desalination plant according to the conclusions
reached in the literature review.

Chapter 6 will look at the creation of hubs in other interesting remote regions, in order to
compare them economically and, more importantly, to see whether their joint integration would
enable positive interactions between them.

While the production of other fuels such has ammonia or methanol has already been con-
sidered by Larbanois et al. [0], chapter 7 will introduce new ones. Here the products of the
Fischer-Tropsch reaction are targeted, in particular gasoline, diesel and kerosene, which would
make it possible to decarbonize the transport and aviation sectors. A complete modeling of the
process will be completed to determine the cost of synthetic fuel as well as a sensitive analysis
to consolidate the results.

Finally, Chapter 8 concludes the report and resumes the interesting outcomes of this research.
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Chapter 2

Background

2.1 Renewable Energy Challenges

The challenges in the energy sector have been growing in recent years due to climate change,
environmental concerns, and ever-increasing electricity demand. As the energy sector is respon-
sible for 75% of European greenhouse gas emissions, the European Union has decided to set
energy transition goals. For 2020, the aim was to reduce greenhouse gas emissions by at least
20%, increase the share of renewable energy (RE) to at least 20% of consumption, and make
energy savings of 20% [7]. While the share of energy produced from renewable sources has been
surpassed with a value of 22.1% [8], the initial target for 2030 to reach a proportion of 32.5%
has been revised upwards with an intention to achieve a 45% share.

Many countries have therefore embarked on renewable energy transition policies. In 2020,
Belgium consumed 85.6 TWh of electricity, with nearly 26% coming from renewable sources [9].
This is the result of a long evolution, given that in 2008 only 8.4% of electricity production came
from renewable sources. While domestic renewable installations have been growing for several
years (e.g., solar panels) as well as local energy developments (e.g., wind farms), the concept of
RE giga-projects is relatively recent and represents an important field for research and devel-
opment with the aim of significantly increasing the share of low-carbon sources in the energy mix.

2.2 Introduction to energy hubs

The majority of locations with great potential for RE are situated in remote and distant areas
(for examples, the winds in Greenland [I0] or the sun in North Africa [I1]). This has led to
the definition of a Remote Renewable Energy Hub (RREH), a center situated at a considerable
distance from major load centers, where abundant and top-tier RE is harvested. The use of these
resources would suggest the potential for a decarbonized system. Nevertheless, on a large scale,
the technical challenge of renewable energies is to transmit electricity from where it is produced
to where it will be consumed. This is a key element of the research and design currently under-
way. Indeed, it is imperative that projects are both energy-efficient and cost-effective. In order
to attract investment, the system must demonstrate competitiveness in the market, with prices
similar with current energy sources.

11



2.2.1 Renewable Systems Overview

The Three Gorges hydro-electric power plant in China, with 22.5 GW installed, making it the
largest hydro-power installation in the world [12], harnesses the power of the river’s water through
turbines, generating electricity relatively consistently and usable in the surroundings of the sta-
tion. Unfortunately, such projects are very rare due to the technical and geographical challenges
associated with the massive infrastructure required around a river and its potential urban areas.

Therefore, various projects such as on/offshore wind farms are much more commonly used,
like the Hornsea project, which employs wind turbines in the middle of the sea to capture marine
winds 120 km off the coast of Yorkshire (UK) [13]. With 1 GW of installed capacity and 900
km of electrical cable, it supplies power to nearly 1 million homes (See Fig. [2.I). Although
high-voltage direct current (HVDC) systems have seen significant development over time due
to technical and structural improvements [14], direct transmission has its drawbacks. The lines
must not be overloaded and do not have maximum efficiency including voltage sourced converter
stations, resulting in losses from 1% to 3% depending on the transmitted power [15].
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Figure 2.1: Illustration of the Hornsea project.

One significant constraint of such a system is that production is not always equal to demand.
This has an even more substantial impact when the system is directly connected, in which case
it is necessary to either curtail the wind turbines or install batteries in case of overproduction,
or conversely, find another means of production when demand is too high.

To engage this issue, the concept of a global grid has been discussed in recent years, envision-
ing an electrical network connecting the entire world using a grid to collect renewable resources
and distribute them efficiently. Green energy would arrive at stations that intelligently redis-
tribute power through long, high-capacity lines. Research has already been conducted to develop
this project [16], which aligns with the vision of a future with 100% RE production. The con-
cept would effectively address the intermittency issue associated with most renewable sources, as
countries could utilize the overproduction of distant nations (and vice versa). This would flatten
demand and production curves by aggregating them into a single massive energy system, and
the global grid can be seen as a set of connected hubs.

12



2.2.2 Power-to-X

Finally, the concept of power-to-x, still relatively new but very promising, involves the trans-
portation of energy by molecules, either liquid or gaseous. Similar to how a battery works,
electricity is used to produce a molecule that can either be used as raw material or converted
back into electricity. Hydrogen serves as the backbone of this project, initially envisioned as a
more efficient and cost-effective battery and more recently as a potential fuel.

Various studies have been conducted to determine which molecules are suitable for different
applications in the power-to-x concept [17], each molecules with its own unique properties and
advantages. These studies help identify the most appropriate molecules for energy storage, trans-
port, or conversion, depending on specific needs and circumstances. To illustrate, hydrogen is
a better way to store energy due to its high energy density, but it is challenging to transport
compared to methane, which can be transported using existing gas infrastructure.

2.2.3 Remote hubs configuration

A RREH can utilize this power-to-x concept by producing large quantities of a molecule using
abundant available renewable energy and then transporting it to places where its energy can be
utilized. Fig. represents the general operation of a hub.

Inflow Resources
» Seawater
« Air
h 4
Technologies
« Elecirolysis
Electricity Production « Methanation QOutput Products
» Direct Air Capture
« PV Panels . . « Methane
« Wind Turbines - > » « Hydrogen
» Batteries Intermediate Products » Amoniac
B « Clean Water )

s Oxygen

Local Utilization

» Drinking Water
» Fertilizer

[y

Figure 2.2: Schematic operation of a RREH.

The renewable energy sources, often solar panels and/or wind turbines, harness power at
strategically chosen locations (c.f. . The generated electricity is then directly supplied to
various technologies within the overall system. Batteries are in place to manage low-production
periods. Backup generators running on natural gas can also be used, as seen in the study of
Abdelshafy, A.M. et al. [18], which optimally designs a grid-connected desalination plant powered
by RE resources.
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Their study employs the basic concept of a remote hub with a single green energy-powered
technology that produces water as the desired output, all within a limited boundary. However,
the number of technologies involved can be substantial, with one technology possibly generating
a valuable intermediate product for another, and the latter ultimately producing the desired
final product. It is possible that some technologies may require the import of a freely accessible
commodity (e.g., air) or a controlled one (such as stored CO2). Some may also generate by-
products that could be locally valuable and developed in parallel with the initially sought product
(e.g., drinking water), it can be seen as opportunities. Some hubs can produce multiple outputs,
or they can be flexible and choose the desired molecule based on criteria like the external demand.

The synergy achieved through the integration of power-to-x principles with a RREH provides
a versatile solution that adapts to the dynamic nature of energy needs, whether they involve raw
materials or the conversion of electricity. This approach effectively mitigates the challenge of RE
intermittency with a system offering a decarbonizing fuel while greatly benefit local communities.

2.3 Research context

The research carried out throughout this thesis is based on existing RREH models. To illustrate
and introduce this concept, various studies will be presented such as the work of Mathias Berger
with his study entitled Remote Renewable Hubs for Carbon-Neutral Synthetic Fuel Production
[5] 2021, which will serve as a reference model.

His paper studies the economics of carbon-neutral synthetic fuel production where solar and wind
energies needed are harvested in the Algerian desert, transported through a HVDC link where
they are converted into carbon-neutral methane (C'H,) before being transported to Europe via
shipping (see Fig. to meet constant fictive demand equivalent to 10 TWh per year. A sensi-
tivity analysis measure the impact of variations in techno-economic parameters or assumptions
on the system’s behavior, such as methane prices, different installed capacities, etc.

et
Shipping route
HVDC link
Candidate RES sites
Selected wind sites
Selected PV sites
Coastal LCH,4 cluster
LCH4 Destination
Inland RES cluster

ij“x_

g e

Figure 2.3: Remote carbon-neutral methane supply chain. Renewable energy is harvested in
Algerian desert then transmitted to coastal cluster where LC'Hy is produced. The liquid fuel is
then transported to Europe by ship.
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Studies have already been carried out on the production of carbon-neutral fuel from renew-
able sources (Work on describing hydrogen costs by Chapman et al [19], 2017), but to model
efficient and cost-effective systems, it is essential to account for all possible interactions between
subsystems.

This can be seen as a remote renewable energy supply chain, a network composed of different
components working together. To address the challenges related to this chain, it is essential
to analyze these components together, understand how they interact in space and time, and
gather sufficient technical details to represent their operations accurately (see Poncelet et al [20],
2016). This involves looking at the entire system, understanding how it is parts influence each
other, and having precise information about their operation over time to make effective decisions.

Mathias Berger’s study suggests a graph-based optimization modeling framework, where a
hypergraph is temporally resolved incorporating on one side nodes representing a technology
or process, each with its own optimization sub-problem containing their parameters, variables,
constraints and objective functions, and on the other hyperedges representing the connectivity
between different nodes to ensure the continuity of commodities passing from one node to another.

Fig. [2.4] shows the overall system diagram where each conversion or storage node is repre-
sented, linked by arrows connecting points symbolizing the hyperedges. The content within each
node, whether input or output, can be identified using a color-coded system. The scheme is
divided into distinct clusters, each representing parts of the system that correspond to different
geographical areas. This division provides a more distinct understanding of the individual parts
and their respective locations.
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Figure 2.4: RREH configuration in Algeria from Bergel et al. [5]. Icons symbolize conversion or
storage nodes, whereas bullets and arrows schematically denote conservation hyperedges.
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The first cluster, representing electricity generation and storage, is located in central Algeria
and is linked to the coastal cluster by HVDC where are situated all the processes needed to
produce methane. In its liquid form, it is then transported to Europe by ship, fueling itself with
the same methane and thus not using any fossil energy. Once the product reaches its destina-
tion, as the cluster name, it can then be either stored or used directly, either in its raw form
or to generate electricity. The model is based on a constant demand of 10 TWh per year for a
simulation period of 5 years.

The basic scenario, which will be used as a reference for the rest of this work, achieves a cost
of synthetic methane at a higher heating value (HHV) of 149.7 € /MWh by 2030, providing 10
TWh each year, with a description of the system costs on Fig. 2.5
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Figure 2.5: Cost Breakdown of Methane (HHV) for basic scenario with a total cost of 149.7
€/MWh from Berger et al. [3].

Each RREH presents different behaviors based on several parameters, such as the geograph-
ical area it utilizes, the technologies employed in the system, the desired output molecule, and
more. The goal of each study is among others to optimize a proposed model in order to reduce
the total system cost, attain realistic storage capacities, and/or identify the impact of changes
in techno-economic parameters or configuration.

To illustrate, a study has been conducted on the various molecules that can be produced from the
initial scenario [6], comparing not only their cost but also the technical and practical advantages
and disadvantages.
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| NHy | CH;OH | H, | CH,
102 | 140 | 118 | 146
107 / 120 | 149

Table 2.1: Costs for different molecules in €/MWh
from RREHs from Larbanois A. et al. [6].

Liquid
Gaseous

Based on the same scenario, the study Towards COZ2 valorization in a multi remote renewable
energy hub framework (by Dachet, V, et al [21]) is able to propose a total price of the system
reduced by 9.2% by offering a multi-use of CO2 and multi-hub RREH. As well as being cap-
tured by the Direct Air Capture technology proposed earlier, CO2 could be harvested directly by
PCCC (post-combustion carbon capture) in Belgian areas of high energy intensity. Furthermore,
the study suggests using the wind energy potential in Greenland which has very advantageous
characteristics [22] [23], in addition to the cluster in Algeria.

The results demonstrate a competitive price for the methane synthetic production using a
multi-capture CO2 system . Reference prices to calibrate the European Emission Trading Sys-
tem are also proposed for the development of RREH.

Furthermore, the multi-hub approach highlights the qualities of each proposed region, including
the quality of RE sources, available transportation/infrastructure, and local development oppor-
tunities.

This concept of a multi-hub approach aligns with the idea of a global grid, which involves
establishing large-scale renewable energy production capacities. An emerging concept is to con-
nect different hubs located in areas with high-quality energy resources, not only to optimize their
individual systems but also to enable potential collaboration between them, favoring positive in-
teractions to ensure that global energy demand is met with a maximum share of RE in the future.

Figure 2.6: Illustration of the global grid concept [16].
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Recently, TES, a worldwide green energy company, and the University of Liege successfully
conducted their first joint research on the concept of RREH [24]. This collaboration holds the
promise of accelerating the global transition to renewable and carbon-neutral energy.

The project, initiated in August 2023, aimed to assess the feasibility of producing carbon-
neutral synthetic methane, or e-NG, in sunny regions of Morocco for use in Belgium [25]. The
study modeled the energy supply chain to transport e-NG from Morocco to Belgium, examining
three carbon dioxide acquisition systems, including DAC and PCCC. (See Fig. [2.7))
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Figure 2.7: RREH configuration coming from Synthetic methane for closing the carbon loop in
Morocco [25].

A key conclusion of the study highlights the effectiveness of PCCC for CO2 supply in e-NG
synthesis, emphasizing the importance of existing infrastructure in the energy transition and
aligning with the results obtained in the previous study on multi-hubs.

This introduction presents the challenges and foundations related to RREH and establishes
the framework of the thesis, in order to examine more deeply the current challenges and oppor-
tunities. Their potential role in achieving energy sustainability goals is no longer in doubt, but
the aim now is to optimize their design and operation to obtain efficient and competitive RREH.
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2.4 Research objectives

This section aims to clearly define the fundamental objectives of this thesis to guide the work
towards tangible and relevant results. The entire research is directed towards an in-depth under-
standing of the challenges related to RREHs and explores technical, operational, and economic
aspects in detail to provide useful and pertinent information and conclusions.

First, a new method of carbon dioxide capture will be implemented with the introduction of
Direct Ocean Capture (DOC), replacing the DAC in Mathias Berger’s hub [5]. With this tech-
nology, CO2 can be extracted directly from the ocean water near the coast of Algeria and used in
the coastal cluster. After providing an overview of this brand-new technology and implementing
it, the impact of this replacement will be measured both in terms of the system’s functionality
and its economic aspects. A sensitivity analysis will be conducted on the techno-economic pa-
rameters of the DOC.

Next, a focus will be placed on a potential opportunity of the commodities in the initial sce-
nario. Since Algeria is an arid region, develop fresh water production from the water desalination
plant in the system can be worthwhile. After a complete review of the technology, data taken
from studies will be used to create a hypothetical water demand to assess its impact on the
system’s operation and see the water costs to assess the demand.

Then several hubs will be created in selected regions with high renewable potential in order
to be able to compare economically different RREHs. The final goal of this chapter will be to
create a multi-hub, a model where multiple RREHs can provide multiple load centers.

The last chapter will focus on the creation of e-fuel to decarbonize the transport and avi-
ation sectors. In particular, it will be gasoline, diesel and kerosene that will be created from
the Fischer-Tropsch (FT) reaction where the process requires pure hydrogen and pure carbon
dioxide, similar to methanation. After a brief description of the expected products, an economic
analysis will be made to compare them with traditional fuels. After this will be done a techni-
cal analysis of the parameters of the new node created, the FT-process, in order to ensure the
robustness of the results obtained.

All codes that were used to produce models and analyses in this report are available here.
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Chapter 3

Methodology

This section is used to introduce the model and equations governing the behavior of the overall
system, as well as the various concepts used throughout the analyses in the future sections.

3.1 GBOML Implementation

The system is modelled using GBOML (Graph-Based Optimization Modeling Language), a
mathematical program created at the University of Liege [4] and used in applications from energy
systems to supply chain. Implemented in Python, the program suits for structured mixed-integer
linear problems solving the optimization in a discrete-time way over a finite time horizon T € N
with he set time of periods T = [0, 1, ..., T-1].

With the use of a block structure, each node n € N contains its optimization sub-problem
with X™ € X\ and Z" € Z\ denote respectively the internal and coupling variables defined at
node n. Each hyperedge in the set £ € 2" ensures relations between them. Let denote F™ the
local objective function for node n, with a scalar objectives of the form

Fr (X7, 27 = (X, 2 + Y (X, 20 ) (3.1)

teT
Finally, equality constraints with scalar functions h} and inequality constraints with scalar
functions g; are defining on any hyperedge e € € and involve the coupling variables of nodes

incident at this hyperedge. The problem can then be written as a linear optimization that will
be modeled as

min » _ F" (X", Z")

neN
st. b (X" Z"t) =0Vt e T k=1,... K" VneN
@(X"ZM ) <0vteT k=1,...K"VneXN (3.2)

H®(Z°)=0,Ye € &
Ge(Z°) < 0,Ye € &
X" e X", Z" € 2", ¥n € N.
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3.1.1 Modelling Assumptions

The basic assumptions of the initial study [5] are re-used and described below

Centralized Planning and Execution: A single entity is responsible for both making invest-
ment decisions and operating the system. Its objective is to minimize the overall system costs.

Technology and Process Modeling: The sizing and operation of various technologies are
represented using a set of linear input-output relationships. Typically, these expressions describe
mass and energy balances at the plant or process level. Some technologies account for input or
output dynamics, while storage technologies are represented in a simplified state space format.

Investment and Operational Strategy: This approach employs a static investment model,
where investment choices are made at the start of the planning horizon, and assets are readily
available. Operational decisions, on the other hand, are made on an hourly basis. Importantly,
both investment and operational challenges are tackled simultaneously.

Predictive Capability and Knowledge: The entity in charge of system planning and operation
possesses an exceptional level of foresight and knowledge. This means it can accurately predict
future weather events, demand patterns, and has precise information about all technical and
economic parameters, leaving no room for uncertainty.

3.1.2 Nodes

Conversion

Each conversion node n € N processes a set of commodities i € £", external variables received as
input or product as output (e.g., desalination plant has 2 commodities as it receives electricity
to produce fresh water). The production of each commodity by a conversion node is governed
by linear relations such as

qy — qﬁ?rq?(tﬂin) =0,Vi € I"\{r},Vt € T" (3.3)

where ¢, is the flow of commodity r at the time r, ¢}. is the conversion factor between com-
modity i and r and 7;* is the time of the conversion process.
The next equation arises from the static investment hypothesis, meaning that the capacity ini-
tially installed K remains constant and does not change over the period T such as

KP — KP =0,vt € T\{0} (3.4)

where K is the capacity (K* in the following). The total capacity therefore has as constraint
qau, — 7 (K" + K") <0,VteT (3.5)

where k" represents the existing capacity. The availability parameter 7} € [0,1] represents the
available capacity of a plant at time t. The capacity of a plant can also be bound such as

(k" + K") —R" <0, (3.6)



with K" the maximum capacity. The following equation represents an operational constraint,
where the minimum operating level parameter p € [0,1] stands that the plant must have a
minimum amount of commodities ¢}; in order to operate.

o
o

The next equations, called ramping constraints, ensure that a certain continuity and logic are
maintained. Flows can only be raised and lowered according to fraction of the installed capacity,
with A7 and A}, € [0,1]

i,—

pt (K" + K" — ¢ <0Vt eT (3.7)

jff (q2 — 1)) — A7, (5" + K™) < 0,%t € T\{0} (3.8)
z: (Gie—1) — qir) — A7 (8" + K™) <0,Vt € T\{0} (3.9)

Finally, the objective function associated with each node n is defined as

=0 (C"+07) K"+ > 0} ,qp,0t (3.10)

teT

where v is the number of years chosen to carry out the optimization, (" € R, is the CAPEX of
a plant or in other words the investment cost which is annualised. Lastly 67 and 67, € R, are
respectively the fixed and variable operation and maintenance costs (FOM and VOM).

Storage

Each storage node n € N hold only one commodity, although it can operate with an other one.
In this context, every node possesses its own capacity, which is treated as an internal variable,
while the external variables are the flows associated with charges and discharges.

Lets define i € £ and j € £ respectively the indices of inflows and outflows of the commodity
and e} the reserve level at time t, giving the basic equation of a storage node such as

n 1 n
€er1 — (1 —ns)ef n+th + n_ant =0,vt € T\{T' -1} (3.11)

where 7" € [0,1] is the discharge efficiency, n € the charge efficiency and 7% € the self-
discharge parameter.

As mentioned earlier, storage nodes can operate with a commodity different from the one
they store, denoted as gj; with its conversion parameter ¢} (e.g., a water storage tank requires
electricity to operate the pumps).

QG — idy =0,V €T (3.12)
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The next equation refers to the static investment assumption, given that the initial installed
capacity is equivalent to that at the end of the time horizon such as

El — E' = 0,Yt € T\{0} (3.13)

n

where E}' is the total maximum capacity (E™ in the following). The relationship defining

storage is thus

ef —(€"+ E")<0,VteT (3.14)

with €" the actual stock capacity. Operating rules must also be established, including the
minimum inventory level required with the parameter o € [0, 1].

o"("+E")—e} <0OVteT (3.15)

The following two equations describe the behavior of flow capacity in relation to the installed
capacity, with k" representing the existing flow capacity and p™ € R, denoting the maximum
discharge-to-charge ratio, as in-outflows can have different maximum values.

¢y — (K" + K") <0Vt €T (3.16)

¢ —p" (K" +K")<0vVteT (3.17)

Finally, the objective function associated with each node n is defined as

Fyo=[o (& +97) E"+ ) 07 erdt] +[v(C"+07) K"+ > 07, qiot] (3.18)

teT teT

where § € Ry and ¢ € R are respectively the stock and flow components of CAPEX, 9} € R,
0% € R, the stock and flow components of FOM and 9f, € Ry 67, € Ry the stock and flow
components of VOM.

Hyperedges

Each conservation hyperedge e € € ensure local continuity between nodes exchanging the same
commodity. Hence, every hyperedge has its associated commodity, and it is described that what
exits must be equal to what enters. Let’s define ey and ey as two subsets of nodes, and A{
represents exogenous withdrawals or injections at every time t. The equation describing the
equilibrium of each hyperedge is as follows

doan— Y g =0vteT (3.19)

neer neemg
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3.2 Duality

In linear programming, duality is a concept that establishes a relationship between two linear
problems. While the initial system being solved is called the primal problem, the dual problem
is an alternative version used to find the optimal solution to the original problem. Below are
illustrated the fundamental cases of the two associated linear systems.

Primal Dual
min ¢’z max b’y
st. Az >0 st. ATy <ec
x>0 y >0

Duality has the advantage that when the optimal solution to the dual problem is achieved, it
is also the optimal solution to the primal problem (and vice versa). The values of the optimal
objective functions are also linked.

One relationship between the two problems is that dual variables are associated with a corre-
sponding constraint from the primal problem. Each variables determine whether a constraint is
restrictive (non-zero dual variable) or non-restrictive (zero dual variable).

Duality in linear programming serves as a powerful tool to assess the trade-off between re-
source constraints and costs in the context of energy optimization. The primal problem focuses on
minimizing the cost function while satisfying resource constraints. In contrast, the dual problem
seeks to maximize the value of the resources while adhering to certain cost limits. This duality
principle allows us to examine the sensitivity of cost changes with respect to resource availability.

3.2.1 Dual Prices

In the context of a linear problem in energy domain, dual costs are the relative cost of a con-
straint associated with a resource, such as the cost of producing one additional unit of energy.
So there is a different value for each constraint and for each time step t.

For example, if a dual value is 3, it means that increasing the production of 1 unit of the
resource associated with the considered constraint will increase the cost by 3 units. The utility
of these variables rest in the ability to quantify the possible variations in a constraint of the
original problem, to determine whether a small change in production has a significant impact
on the associated cost and indicate how this would affect the overall objective function of the
problem.
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3.3 Capacity Factors

In the energy sector, the Capacity Factor is an essential indicator for assessing the efficiency of
an energy production facility. It measures the percentage of a facility’s total capacity that is
actually used to generate energy over a given period. It is calculated such as

" Real energy production

Ty

= x 100% = capacity factor of node n at time step t
Maximum theoretical production ’ pactty P

The higher the Capacity Factor, the more efficient the energy production facility is. A value
of 100% means that the facility operates at full capacity all the time, while a lower one may
indicate inefficiencies in the operation of the facility. This parameter is frequently used in the
energy sector to assess the performance of installations such as wind turbines or PV panels.

The Capacity Factor is influenced by a variety of factors. Resource availability (such as wind
for wind turbines or sunlight for solar panels), regular maintenance, and other operational fac-
tors can also affect it. This is why it is important to take it into consideration when optimizing
investments related to RREH by identifying sites where conditions are most favorable for maxi-
mum production, ensuring reliable energy while minimizing costs.

To calculate the Capacity Factors of renewable installations, local meteorological data is
essential. This data includes parameters like wind speed, pressure, sunlight, precipitation, and
more. Using this information, mathematical models and simulation software are employed to
estimate the expected energy production, accounting for the technical characteristics of the
installation. The Capacity Factor is then calculated by comparing actual production to the
theoretical maximum production.

3.4 DOC emplacement selection

%_’?} The choice of location for installing a new tech-
nology must be made based on its requirements
while respecting real constraints, whether tech-
nological or societal. Assuming that the tech-
nology does not require excessively large space,
it is nevertheless necessary for it to remain suf-
ficiently in deep water while maintaining a rea-
sonable distance from the coast and especially
from the coastal cluster to ensure efficient trans-
portation of outputs. The region outlined in red
is considered a potential location, and the fi-
nal choice is made arbitrarily marked by the red
marker, at a distance equivalent to 50km from
the coastal cluster.

" Selected
DOC SITE

Figure 3.1: Selected DOC installation site
satisfying all technical criteria.
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Chapter 4

Direct Ocean Capture Plants

This chapter aims to introduce a new technology, namely the Direct Ocean Capture (DOC), and
develop its modelization. Furthermore, its implementation within a RREH will be carried out
by constructing its techno-economic parameters in a realistic manner.

4.1 Introduction and context

The overall operation of the DOC relies on electrically powered membranes, extracting carbon
dioxide from seawater passing through them, and then sending the C'Oy through pipelines while
releasing the water back into the ocean/sea.

The interest in this technology comes from the crucial role played by the ocean in absorbing
carbon dioxide emissions from human activities, with nearly one third of emitted C'O, being
absorbed by the ocean. This makes the ocean the largest carbon reservoir on our planet. In
fact, the concentration of C'Os in the ocean is approximately 140 times greater than that in the
atmosphere [26]. After processing on seawater, the water depleted of carbon dioxide is reintro-
duced into the ocean, enabling it to absorb additional C'O, from the atmosphere.

While ocean CO2 extraction techniques were often based on biological methods such as mi-
croalgae cultivation, large-scale projects are based on electrochemical capture methods [27]. It
is the case with the world’s largest offshore carbon capture project, planned for Canada in 2024
[28]. Once operational and after successful testing, it aims to capture one million tonnes annually.

Figure 4.1: Large DOC project idealisation by Captura [29].
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4.1.1 Overview of the technology

Although biological methods have been dominant for a while, electrochemical methods are prov-
ing to be more efficient and promising, especially due to better energy conversion factors as
described by Jayarathna C. et al. (2022) [27], technologies that are however less scientifically
documented. The article reviews recent advances in non-biological DOC technologies and men-
tions approaches such as ocean electrochemical capture, ocean alkalinity enhancement, mineral-
ization, air stripping, and UV irradiation.

Among the electrochemical methods, one technology is considered promising due to its low
electrochemical energy consumption and high capture efficiency, called bipolar membrane elec-
trodialysis (BPMED) [30], which will be used for the implementation of DOC.

The process involves pushing the CO2/bicarbonate equilibrium toward dissolved CO2 by
acidifying the ocean water. The acidified stream is then passed through a liquid-gas membrane
contractor, which captures the gaseous CO2 from the dissolved CO2 in the aqueous stream.
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Figure 4.2: BPM electrodialysis cell on the left and CO2 capture system on the right showing a
process flow diagram of the setup for CO2 capture from oceanwater [32].

The BPMED cell consists of two ocean water compartments separated by a bipolar membrane
(BPM), two reversible redox-couple compartments separated by a cation exchange membrane
(CEM), and two electrodes for electrochemical reactions. The BPM generates proton (H+) and
hydroxide ion (OH-) fluxes via water dissociation reactions, converting the input ocean water
into output streams of acidified and basified ocean water. The electrode solution contains a
reversible redox-couple solution to minimize polarization losses.

A significant characteristic of this system is therefore its reliance solely on electricity as an input,
which allows it to produce gaseous CO2 as an output.

Digdaya et al. (2020) [32] details the technology and lists the essential techno-economic

parameters for modeling the DOC. The considered BPMED achieved an energy consumption of
151 kJ mol™!, or 0.953 kWh kg~! of CO2.
To test the robustness of the modeling, a sensitivity analysis will be conducted in Sec. with
the conversion factors from the studies of Eisaman et al. (2012) [30] and Yan et al. (2022) [31],
corresponding to cases where consumption is higher or lower, respectively, with 1.528 kWh kg~!
and 0.663 kWh kg~
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4.2 Implementation and Simulations

Since the entire plant needs to be located at a certain distance from the coast, at the chosen site
with optimal conditions (see Sec. , it is essential to model electricity and CO2 transmissions
with, respectively, an HVDC and underwater pipelines, both of which incur non-negligible costs.
This can thus be seen as the creation of a new cluster, called the marine cluster. Fig. [£.3] shows
the integration of the new plant into the reference hub.

A significant difference lies in the fact that the DOC plant is not connected to the hydrogen
and water hyperedges, unlike the DAC. The export to the network remains unchanged compared
to the reference case, with a supply of 10 TWh per year.
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Figure 4.3: Remote hub system configuration adapted from Berger et al. [5] introducing DOC
plant. Icons symbolize conversion or storage nodes, whereas bullets and arrows schematically
denote conservation hyperedges.

The power is supplied through underwater HVDC cables, while the CO2 is transported back to
the coastal cluster via an underwater pipeline. Both transportation methods are well-established
technologies and can be readily implemented. Moreover, it is crucial to ensure that the system is
located at a sufficient distance from the coast to provide the required depth without interfering
with coastal human activities or marine transport. In this study, the suitable location for the
system has a distance of 50km from the coast.

28



4.2.1 Techno-economical parameters

Selecting the parameters accurately is a significant challenge, especially to strike a balance be-
tween overly optimistic and overly pessimistic values. The techno-economic parameters have all
been introduced in Sec. and are drawn from studies, sometimes American. Therefore, the
conversion of currency from dollars to euros will be considered with the exchange rate of May 1,
2023.

The chosen parameters for the DOC will be based on the findings of the scientific studies pro-
posed by Digdaya, Ibadillah A., et al., (2020) [32] [33] who are more deeply interested in BPMED
technology. The ability to model the direct ocean capture process with electricity as the only
input is made possible by incorporating membrane replacement costs into FOM expenses.

Although the underwater HVDC employs the same technology as one installed on land, cer-
tain parameters differ and can be found in the study by Xiaoling Zhao, et al., 2020 [34]. This
includes economic parameters, which are computed based on the total length of the HVDC, that
increase due to additional installation constraints.

The pipelines transporting CO2 are modeled in a very traditional way, with maximum effi-
ciency, and economic parameters calculated based on the total length. All the techno-economic
parameters of the new nodes are listed in Tabs [4.1] and [4.2]

CAPEX FOM(6y) VOM(,) Lifetime
Direct Ocean 3160.8 0.09 0.0738 30
Capture M€/(ktCO2 /h) M€/(ktCO2 /h)-yr M€ /ktCO2 yr
COy Pipeline 200 0.02 0 50
(50km) M€/(ktCO2 /h)  M€/(ktCO2 /h)-yr M€ /ktCO2 yr
Underwater HVDC 47.5 0.72 0.0 30
(50km) M€ /GW,, M€ /GW,; — yr M€E/GW,, yr

Table 4.1: Economical Parameters of nodes linked to DOC.

P1 H Ay -
Direct Ocean 0.953 1 0
Capture GWh/ktCO2 - -/h
COs Pipeline 1
(50km) -
Underwater HVDC 0.9499
(50km) -

Table 4.2: Technical Parameters of nodes linked to DOC.
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4.2.2 First results

In order to see whether the proposed system is viable, it is useful to compare the total costs to
the original hub with DAC. By integrating the direct ocean capture into the remote hub, the
cost of producing synthetic methane would decrease to 145.3 € /MWh for a system supplying 10
TWh annually. Fig. [£.4] shows the breakdown of costs by segment.

The main differences are located on the one hand in the part related to carbon dioxide and
on the other hand in the division related to electricity production, with PV panels and wind

turbines.
Others
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Figure 4.4: Cost Breakdown Comparison between DAC and DOC scenarios [€/MWHh].

The higher cost of CO2 is due to the higher electricity consumption to absorb carbon dioxide
in the ocean than in the air. Indeed, the consumption to have a ton of CO2 is 0.109 MWh for
the DAC while the DOC consumes 0.953 MWh for that same quantity. However, the great force
of capture in the ocean is the fact that the system does not need desalinated water or hydrogen
input, unlike DAC. This makes it possible to reduce the electrolysis capacity from 3.1 to 2.3 GW,.

This decrease in hydrogen production allows the system to consume less electricity given the
significant conversion factor of 50.6 GWh/ktys for the electrolysis plant (See App. [A.1)). This is
reflected by the fact that the capacity of the HVDC lines is reduced from 3.32 GW to 2.69 GW,
and especially by the decrease of the renewable units capacities as shown in Fig. [4.5

Unfortunately, despite the total electricity needs being reduced, the fact that the consumption
of the node capturing CO2 increases means that the total installation capacity of batteries is
increased, due to the inflexibility of the DOC, which operates constantly. 5.03 GWh of batteries
significantly increases costs, further reinforcing doubts about such a total installed capacity.
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Figure 4.5: Capacities comparison between scenarios, with a decrease in power generations for
DOC scenario trade-off by a increase in battery capacity.

An interesting change is the capacity of the water desalination unit which decrease from 1.3
kt/h to 0.17 kt/h. The vast majority of the desalinated water was used as direct air capture
input, while it is no longer used only for electrolysis here, which has also been reduced in use.

Total costs are therefore reduced mainly because DOC only requires electricity as input.
Despite its higher electricity consumption, this makes it possible to reduce the production of
hydrogen and desalinated water, previously used to capture CO2, and therefore reduce the total
electricity consumption, allowing the system to install less renewable production capacity.

4.2.3 Sensitivity Analysis

It is imperative to be cautious when considering the techno-economic parameters, particularly
due to the technology’s current lack of commercial maturity. Conducting a sensitivity analysis
enables the evaluation of the ramifications of data adjustments, encompassing both optimistic
and pessimistic scenarios. Tab. resumes the different values used for each scenario.

Optimistic Reference Conservative

CAPEX 2528.6 3160.8 3792.9
M€/ (ktCO2 /h)
VOM 0.05904 0.0738 0.08856
M€ /ktCO2
01 0.663 0.953 1.528
GWh/ktCO2

Table 4.3: Variations of techno-economic parameters resulting in 3 scenarios compared in the
sensitivity analysis.
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While optimistic values may come from technological advancements or widespread commer-
cialization, conservative values would reflect installation and usage difficulties, increasing costs
and reducing efficiency. While the CAPEX/VOM will be increased and decreased by +20%
and -20% respectively, values selected due to expertise accumulated during research, conversion
values are adjusted based on various studies from literature review with values mentioned in Sec.

[M.1.1] The results are shown in Fig. [1.6

It logically appears that the only parts of the total cost impacted are those related to carbon
dioxide production, namely everything concerning electricity generation and the DOC node itself.
The amount of CO2 required remains the same to meet constant demand, but the amount of
energy required to extract it varies, thus affecting the installed capacities of PV panels and wind

turbines.
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Figure 4.6: Cost Breakdown Comparison for reference, optimistic or conservative scenarios
[€/MWh].
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The optimistic scenario confirms the economic advantages of DOC over DAC by significantly
reducing the total system cost. However, it is important to keep in mind that technological
advancements may also occur for DAC technology, reducing either conversion factors or prices
in the case of widespread commercialization. Monitoring the evolution of both technologies
in parallel is interesting in order to reduce costs.. In the conservative scenario, the total sys-
tem cost is higher than the reference case with DAC. One of the direct causes is the increase
in installed battery capacity, from 3.58 GWh for the reference case to 5.03 GWh for this scenario.

If both the CAPEX/OPEX and the conversion factor of DOC were increased by 9.8%, the
total cost would fall back to the value of the hub with DAC, at 149.7 € /MWh. The advantage
of the solo input is also reflected here when conversion factors may differ from theory, increasing
costs related to only one commodity (installed capacity/utilization/storage).
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4.2.4 Variable DOC Operation

The purpose of this section is to assess the impact of a modeling change on the DOC. Due to
mechanical constraints, it is modeled with the minimum level parameter set to 1 (see Eq.
which claims a maximum output quantity from the DOC technology continuously equals to his
capacity. Based on the analyses conducted on the initial results, it is evident that attempting
to operate it variably would optimize the system. Therefore, the following simulations will be
conducted with p = 0.5. Results are displayed in Fig. [£.7]
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Figure 4.7: Cost Breakdown Comparison between constant or variable DOC operation
[€/MWh].

The total cost is reduced significantly, mainly coming from the decrease in costs related to
energy production. Fig. clearly shows the causes of theses decreases.

Constant DOC hub Variable DOC hub

Wind Turbines [GW] PV Panels [GW] Batteries [GWh]

Figure 4.8: Capacities comparison highlighting decrease in installed battery capacity for
variable DOC operation.
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With the DOC plant no longer required to operate constantly, it can reduce its production
during nights and periods of low renewable generation, and consequently its electricity consump-
tion. This adds flexibility that was previously lacking, which was compensated by an increase
in production and battery capacity. From the initial 5.03 GWh of installed battery, the scenario
with variable DOC now has only 4.30 GWh, thus reducing the total price.

4.3 Summary

The new DOC plant, acting as a replacement for DAC, can prove financially advantageous by
lowering the total system prices by 2.94%. Its major advantage is having electricity as its only
input, putting aside water and hydrogen inputs that were necessary for air capture.

Despite requiring a higher net quantity of electricity, the introduction of the node results in
decreased total installed capacities in PV and wind turbines. Unfortunately, this is offset by
the growing need for batteries due to the node’s lack of flexibility. This latter point is thus an
area for improvement in the technology, given the reduction in total system cost by 6.23% when
constant operation is modeled.

New price reductions of 8.30% logically occur when the technology has better techno-economic
parameters. Conversely, more pessimistic values for these parameters result in the results being
more in line with the reference DAC scenario.

Special attention can therefore be given to this technology showing a real opportunity for
the future, as well as the results obtained through the analysis of its implementation, which are
summarized for the different simulated scenarios in Tab. [4.4]

Reference DAC Hub 149.7 € /MWh
Reference DOC Hub 145.3 €/ MWh
Optimistic DOC Hub 137.3 €/ MWh

Conservative DOC Hub 156.7 € /MWh
Variable DOC Operation Hub  140.4 € /MWh

Table 4.4: Summary of different prices for each scenario.
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Chapter 5

Assessment of Water Usage

In addition to energy challenges, many African countries face a scarcity of water resources, es-
pecially in arid region [36]. Finding sustainable solutions for clean water sources aligns with
the vision of an RREH, which aims to develop local opportunities. This chapter explores water
usage, specifically considering the potential for the designated hub to produce clean water. The
goal is to assess the feasibility of providing the hub’s surrounding regions with a competitive and
sustainable water supply.

For the remainder of this chapter, the DOC will be used consistently in place of the Direct
Air Capture, as well as all the new nodes introduced in the previous section.

5.1 Study of clean water

The previous results have demonstrated that water usage was not optimal. Increasing water
production by creating a fictional external demand could allow the system to use this commodity
as an opportunity to meet local needs without having to make significant changes to the hub
operation. Using the hub to produce clean water for local regions also aligns with the Sustainable
Development Goals (SDG) of the United Nations (UN), providing additional endorsement for an
RREH that complements the goals it already validates (SDGs 6, 7, 8, 9, 12 and 13).
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Figure 5.1: EU Sustainable Development Goals [37].
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The UN and the World Health Organization (WHO) have declared that a minimum of 20
liters of freshwater per day per person is required to meet basic hydration and personal hygiene
needs, 50 liters for a decent standard of living, and starting from 100 liters for real comfort.
While developed countries are well above these thresholds, the rest of the world still struggles to
access the necessary resources [38] [39)].

The population of Algeria being 45.9 million in December 2023 [40], this corresponds to a
minimum water consumption of 4590 millions of liters per day only for a personal use.

UNESCO states that domestic uses account only for 22% of liquid freshwater global consump-
tion [41] while the agricultural sector account for 69%. While the report also states that large
proportions of the resources consumed come from groundwater or surface water, desalination of
water accounts for only a small percentage and is tending to develop further, being an interesting
source for arid and coastal regions.

5.1.1 Seawater desalination

The desalination plant have been continuously developed in recent years. While in 2010, the
sum of all installations offered an average daily production capacity of 4.6 million m3, in 2020,
this value has increased to 115 million m®/day when considering the 20 971 existing projects [42].

Joyner E. et al. [42] also presents the various existing technologies and their degree of use.
The most widely used technology is reverse osmosis (RO), operating on membranes powered by
electricity, accounting for 69% of the installed units. Other installations operate with membranes,
but RO has the best energy efficiency.

With a 24% share of installations, the thermal technologies multi-effect distillation (MED)
and multi-stage flash (MSF) have interesting efficiencies and properties, but the modeled RREH
does not easily produce heat so this technologies will not be considered.

Finally, the remaining existing technologies such as membrane distillation (MD) or forward
osmosis (FO) are only used on a small scale, either still in development or not efficient enough.

However, even though the technology is one of the most efficient currently with a conversion
factor (See Eq. of 2-6 kW he/tm,o [43] for the desalination of seawater, technology is still
in development. While the conversion factor is modeled at 4 kWhe/ty,o in the DOC RREH,
research shows that it is possible to achieve values around 1.5 kWhe/tm,o [44] [45]. It will be
interesting to see the impact of a change in technical parameters on this unit.

5.1.2 External water demand profile

The earlier discussions in Sec. Ml led to the conclusion that the water desalination unit was under-
used. This observation hints at the potential of water as a valuable resource within the RREH
framework, capable of providing local regions with resources derived from the hub’s infrastruc-
ture. The integration of an external water demand model becomes essential to understand the
system’s response to this inclusion and to elucidate the tangible prospects of this conceptual
proposal.
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Official data on water consumption in Algeria is not freely available, but it is possible to
analyze existing studies to recreate similarities in the shape of the demand profile. The study
"Predictive Uncertainty Estimation in Water Demand Forecasting Using the Model Conditional
Processor” [46] influenced the formation of the modeling. Based on the conclusions of the article,
the trends of their curve helped create a realistic representation of a general water demand.

The article already mentioned in Sec. [2.2.3] uses consumption data for a residential area in
Egypt (New Borg El-Arab city, Alexandria), serving as a valuable reference for understanding
water usage patterns in comparable arid regions. The study illustrates the orders of magnitude
in consumption, but also introduces the difference in seasonal demand. The ratio of consump-
tion between seasons is highly variable depending on the meteorological conditions in summer
and winter, but it can be considered constant between Algeria and Egypt due to their similar
conditions.

By adding the general points such as the shape of the curve profile with the orders of magnitude
and the seasonal difference, the external demand for water is modeled with the consumption
profile below:

10 Daily water consumption [kt/day]

=3 Summer (10 kt/day)
[ Winter (7.5 kt/day)

0.8 1

0.6

0.4 1

0.21

0.0 T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Time (hour)

Figure 5.2: Water Demand Profiles with two curves representing summer demand with 10
kt/day and winter demand with 7.5 kt/day. Each hour represent a timestep.

The value of A{ (see Eq. [3.19) therefore takes different values for the 24 time-steps t cor-
responding to a whole day. The hyperedge e where external demand is set corresponds to the
coaster water balance (see App. |A.3).

The winter period is considered to be between 20 October and 21 March, and the summer
period is the rest of the time, with total quantities of 7.5 kt/day and 10 kt/day respectively.

This corresponds to 7 500 000 L/day and 10 000 000 L/day (note: 1 tonne of water is estimated
at 1m® and 1000 liters), allowing to supply entire residential area.
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5.2 Water Resource Costs

Studying the cost of the system through the various units involved in production is essential to
ensure the competitiveness of the system. Previously, the total costs of the system were obtained;
however, it is crucial to distinguish the cost associated with methane production and the cost
of the external water demand. In parallel with this analysis, the overall behavior of the water
system can be understood.

The water price is influenced by various costs such as in Eq. [3.18, where CAPEX and OPEX
costs are taking into account. Fig. allows us to understand which nodes will contribute to the
total cost of water. Firstly, there are the units acting for its production but also the plants that
supply these production units. Finally, below is the list of considered plants that are required
for external water demand:

e PV Panels

Wind Turbines

Batteries

HVDC

Desalination Plant

Water Storage Unit

Methanation Plant

Some of these nodes are linked to units beyond those engaged in water production, complicat-
ing the allocation of costs to either water supply or the methanation process. Hence, to address
this, costs will be distinctly attributed to each process using the introduced variables below:

e The Water Utilization Ratio (a, ) represents the proportion of water resources used to
meet external demand, providing insights into the allocation of water within the system.
It is calculated based on the fraction of water directed to external demand relative to the
total water output.

e The Electricity Utilization Ratio (b.:) signifies the portion of total electricity consumed
by the system allocated to fulfill the external water demand

e The Installed Capacity Growth Ratio (¢") indicates the increase in installed capacities
dedicated to meeting external water demand. It is expressed as the proportion of installed
capacity specifically allocated to water demand relative to the total installed capacity for
each participating node.

The water price is then determined by adding these costs and dividing by the total quantity
of water produced by the system over the same period. This method allows for assigning a unit
cost to each cubic meter of water produced.

It is important to note that the calculated costs only include those related to water treatment;
the distribution of water also has a significant cost.
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5.2.1 Water utilization

The variable a,; denotes the proportion of the total water produced in the system that is
allocated to meet the external water demand. It is expressed as:

w
_ N
n
ZnGNw qw,t

(5.1)

Ayt =

Ay o External water demand at timestep t
5y Outgoing quantity of water w from node n at timestep t
N : Set of water-producing nodes (desalination plant, storage unit, methanation plant)

This variable provides insight into the allocation of water resources in the system. The first
800 values are illustrated in Fig. for better visibility, but the overall behavior remains the
same throughout the time horizon. The rapid variations correspond to those related to the pro-
file of the external demand. Logically, when the demand is zero, all water is used for methane
production, and the variable is 0.

The variable takes highly fluctuating values ranging from 0 (when the demand is zero) to
almost 1 (when the demand is maximal), once again demonstrating that the amount of water
required for methane production is minimal (used only by the electrolysis plant). The values will
undoubtedly affect the water costs associated with the units producing in a significant manner.

1.0
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Figure 5.3: Representation of the variable a,,; according to time in hours, i.e. percentage of
water resources used in the entire system to meet external demand.
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5.2.2 Electricity utilization

The variable b, ; denotes the proportion of the total electricity used by the system that is
allocated to meet the external water demand. It is expressed as:

(Znej\f“’ qzt) ag
H
et

i

bwt:

)

(5.2)

q:, : Electricity e used by node n at timestep t
N : Set of water-producing nodes (desalination plant, storage unit, methanation plant)
qft : HVDC incoming power e at timestep t

This variable provides insight into the utilization of electricity in the system. Fig. shows
the first 800 values of the variable b;, highlighting the daily variations associated with the de-
mand profile. It is interesting to note that the major peaks in usage correspond to moments
when significant peaks in water resource usage are present, and the values do not exceed 0.007,
affirming that the external demand does not allocate a large amount of electricity, which will
not significantly affect the price of water.
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Figure 5.4: Representation of the variable b,,; according to time in hours, i.e. percentage of
electricity used in the entire system to meet external demand.
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5.2.3 Installed capacity growth

The variable ¢ denotes the proportion at node n of the installed capacity invested to meet the
external water demand. This proportion is defined as the installed capacity specifically allocated
to the water demand relative to the total installed capacity, for each node participating in meeting
the demand. It is expressed as follows:

K" — K»
no 8 TR 5.3
¢ K (5-3)

K" : Installed capacity of node n with water demand

K™ : Installed capacity of node n for without water demand

This variable provides insight on the increase in installed capacities due to the integration of
an external water demand. This analysis is performed on all units involved in meeting the water
demand, including everything related to electricity, PV Panels, wind turbines, batteries, HVDC,
and also concerning water, the desalination plant and the storage unit.

5.2.4 Water Price

Using the three variables defined above, it is therefore possible to calculate the Total Water
Costs (TWC) as follows:

TWC =" @ awe )+ Y O dbua )+ Y e (5.4)

neNe teT neNb teT neN¢

N : Set of water-related nodes (H2O Storage, methanation and desalination plant)
Nb : Set of electricity-related nodes (PV panels, wind turbines, batteries and HVDC)
Ne¢ : All nodes linked to external water demand (N® U N?)

¢y, © Outgoing quantity of water from node n at timestep t (kt/h)

q¢+ © Outgoing quantity of electricity from node n at timestep t (GW)

6" : VOM of node n

C" : Costs related to CAPEX and FOM of node n

3

The following relationship allows obtaining the price of water per m*, enabling comparison

with general data. This is expressed as:

TWC
Price,, = 5.5
rice (Du oo & Do) T (5.5)
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D,, : Total demand for one day in winter (e.g., 7.5 kt/day)
Dy : Total demand for one day in summer (e.g., 10 kt/day)
N : Number of days when winter demand is applied

ns : Number of days when summer demand is applied

T : Time horizon

The cost breakdown of the water demand provides a detailed visualization of the major com-
ponents contributing to the total costs. Each colored segment of the horizontal bar in Fig.
represents a specific category detailing how the expenses are distributed. The value at the center
of each section indicates the cost associated with that category, while the total value at the end
of the bar represents the overall cost of water demand amounting to 3.09 €/t.

Desalination plant Storage Unit Elec Production Increase Battery Increase
Total Cost 0.49 € 0.18€ 041€ 2.02 €
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 5.5: Water Costs Breakdown for reference scenario (Total: 3.09 €/t).

The costs related to the increase in water storage are represented at a low proportion because
operating costs are neglected in the modeling. The minor expenditure is thus related to the
installation of new capacities, a conventional and affordable construction, which is necessary due
to the variability in demand within a single day.

Then come the category of the desalination plant which logically must process a larger quan-
tity of water, increasing the installed capacity and its operating costs. With the same proportion,
the increase in electricity generation comes from the fact that the use of technologies for desali-
nating water (operating with electricity) is amplified. In particular, the desalination plant has
a constant consumption due to its continuous operation, and the storage unit consumes when
water is brought in.

Finally, the largest proportion is related to the increase in installed battery capacity as well
as its operating costs. This observation is due to the constant consumption of the desalination
plant even during the night when most RE sources are down. Additionally, during the night,
the water storage unit is in operation to store the surplus water which will be released during
the day when the external demand is higher (See Fig. [5.0)).
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Figure 5.6: Water entering the storage unit (kt/h) for couples of days showing pics during
nights when the storage unit fills itself to pour out the day.

Fig. compared the dual values obtained for each hour (see Sec. and the values of
water demand over a year. The graph is too small to observe the variations in demand over the
course of the days, but it does help in easily seeing the maximum demand based on the period
throughout the year. Through this graph, several conclusions can be drawn:
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Figure 5.7: Dual prices along with water demand. Negatives values
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Positive values appear when the demand is higher, indicating that the resource is limited.
Indeed, to increase water production by one unit, it would be necessary to either increase the
installed capacity of the desalination plant or the storage, resulting in a higher relative cost.

Negative values indicate that the resources allocated to water production are underutilized,
and producing an additional unit of water would result in a decrease in the associated relative
cost. The facilities needed for higher demand in the summer are also available during the winter,
over-sizing the system during that period.

Falling picks appear about a dozen times throughout a year. The dual value drops suddenly
because the resource is underutilized during this period. This corresponds to the time when
water is overproduced while the demand is met simultaneously, so that the storage system is
completely filled, and water must then be released into the environment (due to the relaxation
of the constraint). Fig. illustrates this phenomenon that occurs on 15/06 when the storage
unit is filled for several consecutive timestep.

Recovering the dual prices allows for capturing this phenomenon that occurs only rarely
throughout the year which, with dual prices, can demonstrate the optimality (or not) of the
system.

Tab. allows for a comparison of the price obtained for the hub with those of competitive
systems in some European countries. Although more expensive than the majority, the water
produced by the hub has a reasonable price that could be realistic. In the following section,
different configurations will be considered to see how the price per tonne can evolve in a positive
direction.

Ttaly  0.67 €/t
Spain 1.90 €/t
France 2.1 €/t
Belgium 237 €/t
Germany  2.78 €/t
Remote Hub  3.09 €/t
Portugal ~ 3.23 €/t
England ~ 3.77 €/t

Table 5.1: Water treatment prices in Europe [47] compared to the water remote hub.
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5.3 Analysis of adjustments: Impact on Water Prices

This section focuses on examining modifications in the system, including changes in external
water demand and amelioration of the techno-economic parameters of the desalination plant. The
aim is to assess how these modifications influence the behavior of the system and, consequently,
impact the water price.

5.3.1 Improvements of desalination technology

As discussed in Sec. the conversion parameter of the desalination plant can be changed in
a more optimistic way, such that ¢; = 0.002 GW he;/kt g0, which doubles the efficiency of the

node (see Tab. |A.1)).
Fig. displays the results with a water price of 2.92 €/t.

Desalination plant Storage Unit Elec Production Increase Battery Increase
Total Cost 0.49 € 0.18€ 0.35€ 191 €
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 5.8: Water Costs Breakdown for improvement in desalination (Total: 2.92 €/t).

The improved efficiency of the desalination node results in a reduced electricity consumption
while producing the same amount of water.
Therefore, the price of water decreases due to the reduced need for an expansion in electricity
production capacity. However, the installed capacity required for batteries remains significant
which results in the price.

5.3.2 Constant summer demand

The analyses related to Fig. led to the conclusion that the system was oversized during
winter demand periods, resulting in lost of earnings reflected in the water price. To address this,
the summer demand will be applied consistently throughout the entire time horizon.

Fig. displays the results with a water price of 2.81 €/t.

Desalination plant Storage Unit Elec Production Increase Battery Increase
Total Cost{ 0.37€ 0.09€ 04€ 1.96 €
0.0 0.5 1.0 1.5 2.0 2.5

Figure 5.9: Water Costs Breakdown for constant summer demand scenario (Total: 2.81 €/t).
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The reduction in price is attributed to the utilization of existing infrastructure employed for
seasonal demand, where a greater volume of water is produced. Setting ny = 365, as described
in Eq. 5.5 leads to a decreased cost per ton.

Furthermore, battery storage is reduced with an installation of 4.17 GWh compared to 5.03
GWh previously required because the filling of water storage units is less significant; the previous
overproduction is now dedicated to external demand. Therefore, it is optimal to use the facilities
to the maximum and produce as much as possible relative to the installed capacities.

5.3.3 Variable desalination operation

The desalination plant is modeled to operate constantly (¢ = 1 in Eq. ; however, this has
proven to be a drawback in the system behavior as it often overproduces. To assess the impact
of a variable operating mode, the parameter will be set to " = 0.7

Fig. displays the results with a water price of 2.88 €/t.

Desalination plant Storage Unit Elec Production Increase Battery Increase
Total Cost 0.51€ 0.03€ 0.39€ 1.96 €
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 5.10: Water Costs Breakdown for variable desalination operation (Total: 2.88 €/t).

Fig. explains the drop in water price by highlighting that the resources allocated to water
production are well adapted to the external demand for water, since the dual values are mainly
zero and falling picks are rare. The desalination plant is now used judiciously, as its water output
follows the profile curve of the external water demand. This leads to an increase in the use of
the desalination plant and a reduction in the need for water storage.
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Figure 5.11: Dual prices in parallel with water demand.
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Moreover, there is a reduction in renewable production installations and batteries as the
energy demand decrease during the night, moment where water facilities functioned unnecessarily
resulting in an excess of water.

5.3.4 Combining previous improvements
Finally, it is interesting to see the impact of the three previous changes applied all at once, i.e.,

¢1 = 0.002 GWhe/ktp,o, ns = 356 and p™ = 0.7.
Fig. displays the results with a water price of 2.63 €/t.

Desalination plant Storage Unit Elec Production Increase Battery Increase
Total Cost 0.37€ 0.04€ 0.37€ 1.85€
0.0 0.5 1.0 1.5 2.0 2.5

Figure 5.12: Water Costs Breakdown when combining all previous improvements (Total: 2.63

€/t).

This configuration further lowers the price, while incorporating all the advantages mentioned
earlier. The electricity consumption is reduced by improving the efficiency of the desalination
plant, which operates in coordination with external water demand and is used optimally by
producing as much as possible, reducing the need for water storage units.

5.4 Summary

The analyses have demonstrated the possibility for an RREH to meet external water demand
while maintaining competitiveness. Potential improvements or changes in configurations also
allow for total price improvements, particularly by ensuring desalination plant operation aligned
with optimal external demand. All results are summarized in Tab. [5.2]

Classic water demand configuration 3.09 €/t
Improvement of desalination technology 2.92 €/t

Constant summer demand 2.81 €/t
Variable desalination operation 2.88 €/t
Combining all improvements 2.63 €/t

Table 5.2: Water prices depending on water demand configurations.
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Chapter 6

Multi-hub Configuration

This chapter introduces new locations where RREHs are implemented, on the one hand to
compare their own efficiency and on the other hand to introduce the idea of multi-hub, where
their simultaneous implementation would make it possible to see potential connections between
them and determine whether interactions are taking place.

6.1 Context and objectives

While most studies of energy hub implementation are limited to considering one RREH used to
power one load center, this work will examine the implementation of multiple RREHs that can
power multiple load centers. This is in accordance with the idea developed in Sec. of the
global grid concept.

In the same way as renewable energies can supply a power grid according to their output at
a given time, alleviating the problem of intermittence, the various RREHs operating in the four
corners of the world could supply the load centers of their Power-to-X products depending on
their availability. This joint collaboration between hubs is designed to reduce the total cost of
products supplied to load centers through their interaction.

At first it is necessary to locate areas where hubs could be installed, where the location
meets the necessary conditions (no nearby urban area, adjacent to a significant water source
for desalination, near an area where boats can start,..). The criterion that will determine the
final locations chosen will be the renewable power density related to climate conditions, namely
the photovoltaic potential and the wind energy density. The presentation by Dachet V. et al.
(1)(2023) [3] exposes sites with high renewable potential as well as areas with high population
density, showing the mismatch between the two and how the multi-hub concept could solve this.

One concept that has not yet been sufficiently developed is the modeling of shipping. Berger
M. et al. [5] (2021) implements the journey between its RREH in Algeria and its load center
in Belgium so that the distance is always fixed. Dachet et al. (2)(2023) [21] took on the same
working bases by implementing an additional RREH in Greenland, but as the distances between
Greenland-Belgium and Algeria-Belgium were approximately the same by ship, there was no
need to consider a change in modeling.
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6.2 Implementation and data recovering

As mentioned previously, the remote areas chosen for an RREH installation must have either
very high photovoltaic potential, or very high wind power density, or a mixture of both. This will
have an impact on the quality of capacity factors, which are essential to consider when creating
a hub, as explained in Sec. [A.3] Renewable potential maps can be used to guide the search for
interesting areas, and to confirm the potential, the RenewableNinja website provides capacity
factors for any location in the world to be retrieved.

Load centers will be chosen so as to provide easy access to energy markets, i.e. in high-density
population areas. All the selected areas meeting the expected criteria are shown on the world

map in Fig. [6.1]

G

O O Load Centers

";\ : RREH Locations

ol

Figure 6.1: World map showing four selected RREH locations providing methane to load
centers.

The Algerian region is included here, so that other locations can be compared with an already
known location. As a reminder, solar panels and wind turbines are placed in a desert, a region
combining high irradiation and abounding winds.

Greenland has also been taken into account, as work already carried out by Radu D. et al.
(2019) [23] has shown that its particular wind conditions offer great renewable potential.

Then the next location considered is rather exotic, in Namibia. The vast plains along the
coast have similar meteorological characteristics to Algeria, which can be compared by simu-
lation. Developing an RREH in Africa would also have an interesting social side, by creating
industries, jobs or valorizing by-products.
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The last region considered for a RREH is located at the southernmost point of South America,
Cape Horn on the Chilean side. This great cape is known for being one of the hardest places
for trading ships to cross, due to strong storms and violent waves. The winds passing through
the area are therefore strong and abundant, giving an interesting renewable potential despite the
lack of irradiation due to the high latitude.

54° W

; G s Grande ile de |la Terre de Feu

ol s

3 R P N
CHILI | ARGENTINE [
&
y . &
| Ushuala :*® :l’/?
> 5 ;: ;; S
i R = ' ﬁ"':ﬁ . & iles des Etats
55" 1 A foe 28
[l 2 . i NS % &£
Tl
! e
(% &,
Baie de Nassau e
-~ %‘é‘é iles wollaston
fles Iidefonso Faux cap Horn ‘ 2
GK%E a:aﬁ
56° fles Hermite —s—|
| | | Cap Horn

Figure 6.2: Map focusing Cap Horn, South American southernmost location.

These four locations were chosen for their advantageous weather conditions. Tab. [6.1] quan-
tifies this by comparing mean solar and wind capacity factors of each locations, derived from
data taken for each hour over a period of one year, which will be used for PV panels and wind
turbines modelling. To make the data representative, three points from each location were take
for their capacity factor in order to average them. At first look, Algeria and Namibia have similar
conditions, while Greenland, considered for its advantageous winds, is being swept away by those
of Cap Horn.

The first load center considered is located at the same position in Europe as previously. It
will serve as a reference for economic comparisons between each hub taken individually. The
second load center is on another continent, near a densely populated region. Although Brazil
would have been a good choice, the one made here is Argentina, near Buenos Aires.

Each location considered for the installation of an RREH will have the same design as shown
in Fig. [6.3] with the exception of Greenland and Cape Horn which will have no PV panels. Each
load center will also have the same layout for its own destination.
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‘ Algeria Cap Horn Namibia Greenland
Mean Wind Factors | 50% 72.3% 52.1% 56.2%
Mean Solar Factors | 24.6% / 23.5% /

Table 6.1: Mean capacity factors of selected locations to install RREHs.
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Figure 6.3: Ilustration of the major module used to model all four RREHs along with the one
used to model load centers.
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6.2.1 Travel costs

A very important parameter in ship modelling is the conversion factor of its associated node,
equivalent to the losses the boat assumes by consuming part of the fuel it carries, to move for-
ward. This is a decisive factor in the sizing of the RREH, since higher transport losses would
lead to an increase in the installed capacity of all the preceding units in the supply chain.

Berger et al. (2021) [5] takes into account the value of 0.125% per day of losses, equivalent to
a loss factor of 0.000052 -/h. However, they apply it directly to their journey time, while this
ratio will have various journey itineraries. The formula that takes loss factor and travel time
into account is expressed as:

Conversion Factor = (1 — Loss Factor)™avel Time (6.1)

However, placing the new variable as an exponential could create numerical problems. The
following formula is therefore proposed:

Conversion Factor = 1 — Loss Factor x Travel Time (6.2)

This proposal is perfectly acceptable, given the small difference in conversion factor, as shown
in Fig. even for travel times of several hours.

1.00
—— 1- loss_rate*travel_time
(1 - loss_rate)~travel_time

0.99 -1
5 0.98 1
¥
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Travel time [Hours]

Figure 6.4: Conversion factor according to travel time for exponential and multiplication
equations. No difference is made even for several hours of travel.

Each carrier schedule is therefore also adapted to correspond to the journey times and their
loading times, which has the basic value of 24 hours. Tab. shows all possible ship paths,
their travel times and their conversion factors.
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Path description Travel Time [hours] | ¢; [/]
Algeria - Europe 116 0.9939
Cap Horn - Europe 400 0.9792
Namibia - Europe 310 0.9839
Greenland - Europe 94 0.9951
Algeria - Argentina 312 0.9838
Cap Horn - Argentina 70 0.9964
Namibia - Argentina 193 0.9899
Greenland - Argentina 343 0.9822

Table 6.2: Full description of each possible ship path.

6.2.2 Results

As a first step, each RREH location will be modeled individually with a single load center in
Europe with a demand of 10 TWh per year. Tab. shows methane prices before and after
regasification. Values for liquid methane are considered just after liquefaction, i.e. in the hub
itself. The cost of ships, which varies according to each location, is therefore deducted in this case.

Algeria | Cap Horn | Namibia | Greenland
Cost to hub in €/MWh [Liquid] 146.0 126.1 148.4 199.2
Cost to Europe in €/MWh [Gaseous| | 149.7 129.7 151.9 202.9

Table 6.3: Methane costs in €/MWh for each RREH location, showing a great potential at
Cap Horn with its powerful and abundant winds.

Costs partially reflect the analysis made on capacity factors. Indeed, the better the climatic
conditions are, the less installed capacity is needed to produce power. Cap Horn would therefore
be the most interesting location, followed by Algeria and Namibia which are similar. The worst
is therefore Greenland, which seemed promising in view of the mean wind factors. Tab.
illustrate installed capacity in PV panels and wind turbines for each RREH locations as well as
installed battery capacities.

The installed battery capacity shows that flexibility is therefore the weak point of Greenland,
which despite strong winds, are not constant. Fig. compares wind factors with those of the
Cap Horn for the first hours and shows the difference between wind frequencies.

‘ Algeria ‘ Cap Horn ‘ Namibia ‘ Greenland

Wind capacity [GW] 4.3 3.88 4.14 4.66
Solar capacity [GW] 4.3 / 4.36 /
Battery capacity [GWh] | 2.78 4.22 3.29 16.47

Table 6.4: Installed capacities of PV panels and wind turbines for each RREH location
providing fuel to Europe. Algeria and Namibia have similar values while Cap Horn installs
much less capacity due to more abundant winds than in Greenland as shown by the installed
battery capacities.
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There are therefore many times in Greenland where it is not possible to produce electricity,
hence the important capacities of storage units regulating flexibility. Fig. shows the impact
that this has on the cost of the hub in Greenland, the system being oversized.
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Figure 6.5: Comparison of wind capacity factors of Cap Horn and Greenland, highlighting the
best wind frequency for the first location.
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Figure 6.6: Cost breakdown of methane in €/MWh (HHV) for each RREH locations providing
European markets. Highlights high costs of Greenland caused by the lack of flexibility and
therefore large storage capacities, in contrast to Cap Horn.
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6.2.3 Multi-hub limitations

The next logical step in the analysis is to integrate the four hubs into a single simulation pro-
viding both load centers. To achieve this, the modeling is done in such a way that any hub
can supply any load center. Exchanges between RREHs are therefore not taken into account,
although this could have been interesting, particularly for the transfer of captured CO2 between
hubs.

The external demands of load centers will be arbitrarily set at 10 TWh/year for Argentina
and 20 TWh/year for Europe. No constraints are set on hubs so they can install as many instal-
lations as they require.

The result in Fig. is disappointing and clearly shows the limits of linear optimization,
the model installing only one RREH on the Cap Horn location. Although this would have been
predictable, this configuration is not necessarily realistic and desirable given the lack of inter-
connections between the hubs. The model chooses the most economically advantageous location
without taking into account installed capacity values that may be too large for the location in
question.

In the end, despite the addition of the impact of the conversion factor changing with travel
distances, the loss factor remains negligible for it to have a real impact on the system. In order
for the model to begin to really penalize long-distance travel and not install only one RREH in
Cape Horn, the loss factor would need to be 8 times greater than it is currently, which would
result in a loss of 1% of cargo per day of travel (compared to 0.125% currently).
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Figure 6.7: World map with load centers with a total methane demand of 30 TWh/y. Cap Horn
provides on its own 30 TWh/y as it is more economically advantageous than other locations.
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The same conclusions will be drawn as in the previous section, namely to know the best hubs
economically. Cap Horn was the most profitable location, so the model meets effectively the
previous analysis. Fig. [6.§ shows that when restrictions are applied to this RREH, so that it
produces a maximum of 15 TWh/year, the second best rental economically speaking is priori-
tized by the model, namely Algeria.

Additional constraints could then be added, for example to respect the actual space available
on the sites, and the model will install as much as possible in Cape Horn, Algeria, then Namibia
and so on until it can provide the overall external demand of each load centers.
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Figure 6.8: World map with load centers with a total methane demand of 30 TWh/y. Cap
Horn being forced to provide 15 TWh/y maximum, Algeria provided the rest of the methane
being the second best location.
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Chapter 7

Synthetic Fuels to decarbonize transport
and aviation sectors

This chapter introduces the production of synthetic fuel oil via the Fischer-Tropsch (FT) reaction
from pure hydrogen molecule and carbon dioxide. FT-products can then be used for the same
purposes as in the conventional oil industry. An economic report will be made as well as a
sensitive analysis to capture the reactions of the system to the unexpected variations.

7.1 Context and Objectives

While international agreements, such as the Paris Agreement 2015, aim to significantly reduce
greenhouse gas emissions across all sectors by mid-century to limit global warming to 1.5°C by
the end of this century [48], some sectors face challenges in decarbonizing. This is particularly
the case for transportation-related lines of activities which constitutes nearly a quarter of the
total CO2 emissions worldwide, whether it be road or air transport. The IEA graph illustrates
the past and expected evolution of CO2 emissions from various types of transportation [49].

The concept of Power-to-X (see Sec. , introduced and previously used for methane, can
also be utilized to create synthetic liquid fuels for decarbonizing these sectors. The conversion of
H2 and CO2 via Power-to-Liquid (PtL) allows for the production of a carbon-neutral synthetic
fuel, because despite its future combustion, it will have been created from CO2 captured from
ambient air through Direct Air Capture (DAC) (see Sec. creating a carbon-neutral loop.

The PtL mechanism can be done in several distinct ways, but the reaction used here will
be the Fischer-Tropsch (FT) process. As indicated in Umwelt Bundesamt [50], PtL pathway
through Fischer-Tropsch offers a high degree of technological readiness due to the widespread
use of this reaction in biomass-to-liquid (BtL), gas-to-liquid (GtL) and coal-to-liquid (CtL)
processes. Power produced by renewable energy installations is here used to provide hydrogen
via electrolysis and carbon dioxide via DAC to the F'T reaction. Since all these technologies are at
a high level of readiness, the aim of this chapter will be to analyze their common integration and
relationships in order to produce a neutral synthetic fuel, which can be used in the transportation
and aviation sectors to accelerate their decarbonization.
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7.1.1 FT-Process Description

Sec. already introduces the nodes necessary for the production of Hy and C'O,. The purpose
of this section is therefore to introduce the Fischer-Tropsch reaction and his integration into an
RREH. The entire process is developed on Fig. |7.1

The FT process is a series of chemical reactions that can produce a variety of hydrocarbons
of form C,, Hy,.5. The reaction is formulated such as:

(2n + 1)Hy + nCO — C,Hapio + nHy0 AH = —165 kJ/molco, (7.1)

The required CO can be produced from C'O; via the reverse water gas shift (RWGS) reaction:

The amount of H, required for this reaction is so low that it would be almost negligible. The
RWGS reaction also produces water, which can be seen as a byproduct by the system and can
be reused in the system, for example as an input for the electrolyzer.

Furthermore, the Fischer-Tropsch reaction also releases water, which can be used for the same
purpose, but is also a highly exothermic process. The heat can thus be recovered to be used
for the C'O, capture. However, the previously introduced DAC does not account for a heat
input. In order to modify the implementation of the technology, the techno-economic param-
eters from Michael Fonder et al. (2024) [25] are used to introduce a DAC utilizing available heat.

Air

Heat

Direct Air Capture

CO2

Synthetic Fuels

Product Separation
and upgrading

Reverse Water Syncrude

Gas Shift (RWGS)

Fischer-Tropsch

H2 (2n+1) H2 +n CO nd CnH2n+2 +n Hzo

Electrolysis

H20 H20

H20

Figure 7.1: Development of the entire FT-Process including all steps: Reverse Water Gas Shift
(RWGS) reaction, FT reaction and the product separation and upgrading.
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The product of the FT reaction is called syncrude and consist of a mixture of hydrocarbons of
various sizes, often described by their carbon number. The lightest products have fewer carbon
atoms. This ranges from C1 (methane) to higher carbon chains such as C40 (tar, used for route
creation for example). The mixture obtained in the syncrude heavily depends on operating con-
ditions [52], such as the operating conditions of various components (temperature and pressure),
or the types of catalysts used (iron, cobalt, etc.).

The syncrudes must be treated to obtain the desired range of products. Depending on these,
different chemical steps and physical components will be necessary to achieve the desired carbon
chain sizes and properties. Daniel H. Konig et al. (2015) [53] illustrates well all the necessary
components for each step of the process. From separation units to compressors and pumps, the
operating conditions of each unit are crucial to obtaining a mix of desired products.

The modeling of all these different steps of the F'T process will be treated as a unique block,
a node taking CO, and H, as inputs and outputting a liquid mixture of hydrocarbons called
FT-Products, with techno-economic parameters that will vary the output, the implementation
will be done like a black box. These different parameters will be introduced in the following
section. Fig. illustrates the integration of the node into the RREH that will be studied.
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Figure 7.2: Integration of FT-Process in a RREH adapted from Berger et al. [5]. Icons
symbolize conversion or storage nodes, whereas bullets and arrows schematically denote
conservation hyperedges.
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7.1.2 FT-products description and models

Many studies have been conducted on the pure modeling of the entire process using Aspen Plus
software, allowing for the creation of complex models and their simulation. Colleli et al. (2023)
[54] analyzes the economic efficiency of producing synthetic kerosene. Two main processes are
studied: a two-stage indirect process and a direct process. Kinetic models are used to evaluate
reactions, and sensitivity analyses are carried out to optimize costs and efficiency.

The article entitled ”Power-to-X: Modelling of Fischer-Tropsch synthesis in Aspen Plus” [55]
investigates PtX technologies and analyzes carbon-neutral FT synthesis, highlighting its large-
scale feasibility, claiming carbon-neutral F'T synthesis is not yet ready for large-scale production
but a reduction in green hydrogen costs could make FT fuels economically competitive with
their fossil equivalents. Dieterich V. et al (2020) [56] explores PtL processes that transform
hydrogen and carbon dioxide into synthetic liquid fuels, offering an alternative for sectors that
are difficult to decarbonize. It highlights current challenges and developments, particularly for
the production of methanol, DME and Fischer-Tropsch fuels, offering avenues for future research
and technological development.

However, modeling the entire process with Aspen is not within the scope of this report.
Therefore, scientific literature will serve as the primary source for acquiring requisite technical
parameters for desired outputs essential for constructing our FT node as a black-box.

Particular attention will be paid to the production of gasoline, diesel and kerosene, three
e-fuels that can be used in the automotive, transport and aviation sectors. These fuels have the
advantage of having a higher energy density than methane, previously considered. Their main
characteristics are summarized in Tab. [7.1]

’ FT-Products \ Gasoline \ Diesel \ Kerosene ‘
Carbon chains C4-C12 C12-C20 C12-C18
Usage Fuel for vehicles: Fuel for vehicles: Fuel for jet
cars, motorcycles, | trucks, buses, trains, | engines, turbojets,
light utility vehicles utility vehicles aircraft engines
Storage Easy Easy Easy

Table 7.1: FT-Products characteristics and usage.

These fuels can all be produced from hydrogen and carbon dioxide. So what will change
between a system producing more diesel or more kerosene will be the internal components of
the FT-process or the operating conditions of these. These systems are taken from existing
studies, in order to obtain the conversion parameters needed to obtain the input/output ratio,
and therefore the quantity of each fuel for each system.

The first model to be created is based on technology of F'T studied by Daniel H. Konig et al.
(2015) [53]. The proposed configuration is aimed primarily at the production of lighter fuels, in-
cluding gasoline. Then, the paper entitled “A Techno-Economic Assessment of Fischer—Tropsch
Fuels Based on Syngas from Co-Electrolysis” from Peters R. et al (2022) [57] will be taken to
target majority production of e-diesel. Finally, the last system will be more focused will be the
production of kerosene with models from Atsonios K. et al. (2023) [58].
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The utilization of three distinct systems, from three different studies, will give varying model
parameters and subsequent configurations for the RREH. All the parameters used in the modeling

are summarized in Sec. [7.2] The corresponding proportional outputs for each configuration are
shown in Fig. [7.3]

Config 1 Config 2 Config 3
Kerosene

Kerosene

43.9% 38.9% Kerosene

60.0%

31.2%
Gasoline

Diesel

Diesel

Figure 7.3: FT-Products output depending on configurations. While gasoline and diesel can be
used in vehicles, kerosene is principally used in aviation sector.

In order for the different products to be used in the sectors under consideration, it is necessary
that the products be of similar quality to those conventionally used. The products coming out
of the F'T-process are cleaner than conventional fuels because the chemical reaction is well con-
trolled, with uniform and predictable compositions based on pure hydrogen and carbon dioxide
molecules. Optimum operating conditions eliminate any impurities that may be created, whereas
conventional fuels may naturally contain impurities such as sulfur or benzene [59].

However, while gasoline and diesel have mainly performance criteria that can be easily ad-
justed in the refinery if need be, the kerosene used in aircraft has stricter criteria to ensure the
safety that is the priority in this sector. Specific standards are in place, such as the latest updated
versions of British standard DEF STAN 91-091, US standard ASTM D1655 and the NATO F-35
specification. Atsonios K. et al. (2023) [58] explains in more detail how the kerosene resulting
from the FT-process meets the necessary standards for synthetic fuel oil. Tab. [7.2] summarizes
its characteristics and compares the values with those required, showing that most of the criteria
are met, with the exception of fuel density. However, this attribute is not a major obstacle and
could easily be modified, by adding additives in refinery, so it is assumed that the fuels obtained
by FT are of equivalent quality to conventional fuels.

‘ Fuel Properties ‘ Standard Al H Synthetic Fuel ‘
LHV [MJ/kg] > 42.80 44.15
Density [kg/m3| 775-840
Viscosity (-20°C) [mm?/s] < 8.0 5.28
Flashpoint > 38 44.4
Distillation 10% < 205 153.1
Distillation 100% < 300 288.7

Table 7.2: Produced synthetic jet fuel properties compared with mandatory standards Al.
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7.2 Implementation and Simulations

The FT-process node will be modeled in three distinct cases as discussed in Sec. [7.1.2] with the
conversion parameters changing each time. These parameters are introduced in such a way as
to produce a kiloton of FT-products each time. More concretely, if ¢; = 0.519 ktp,/ktpr from
config 3 is considered, this means that 0.519 kt of hydrogen are needed to produce one kiloton
of FT-products, i.e. 0.6 kt of kerosene and 0.4 kt of diesel (according to the proportions shown

in Fig. [7.3).

Conversion parameters of DAC have also been adapted so that the plant takes heat into
account as an input, as discussed in Sec. [7.1.1l All the technical parameters introduced are
listed in Tab. [Z.3l

¢ P2 ®3 P4 pooAL
FT-Process 0.547 4.16 3.3 0.06 1 0
Config 1 B3] kty,/kter ktco, /ktrr  ktm,o/ktrr kthear /ktrr - -/h
FT-Process 0.53 3.04 3.46 0.06 1 0
Config 2 BTl kty,/kter ktco, /ktrr  ktm,o/ktrr ktheat/kter - -/h
FT-Process 0.519 3.417 3.21 0.06 1 0
Config 3 [ ktp, /ktpr ktco, /ktrr  ktm,o/ktrr ktheat/kteT - -/h
Direct Air 0.15 5.0 0.0438 0.2 1 0
Capture [25]  aWha/ktoo, ktuyo/ktco,  ktus/ktcos GWhiea/ktcos -  -/h

Table 7.3: Technical Parameters of new nodes introduced to produce FT-Products.

An important change in the implementation of the RREH is the storage of hydrocarbons. In
contrast to methane, FT-products do not require an advanced device. The liquid product com-
ing out of the overall process can simply be stored in conventional barrels, which have basic but
sufficient safety measures. Consequently, the costs associated with FT-product storage nodes
will be considered negligible.

The economic parameters used to model the FT-process are taken from ElSayed M. et al. [60].
His paper investigates potential in Egypt for a transition to 100% renewable energy, exploring
scenarios involving e-fuels, e-chemicals, and carbon dioxide removal technologies. The economic
parameters of the DAC are once again taken from Fonder M. et al (2023) [25]. All economic
parameters are listed in Tab.

CAPEX FOM(6y) VOM(#,) Lifetime
FT-Process 12407.4 6.1 0 25
[60] M€/(ktpr/h)  M€/(ktpr/h) —yr  M€/ktpr yr
Direct Air 6000 300 0.0 20
Capture [25] Me€/(ktcos/h)  M€/(ktcos/h) —yr M€ /ktcos yr

Table 7.4: Economical Parameters of new nodes introduced to produce FT-Products.

Finally, it is important to specify that external demand is modeled with A¢ = 0.07393 kt/h
(see App. . This gives a total of 647.6 kt/year of FT-Products to network, or approximately
7900 TWh/year. For information, the external demand for the DOC part in Chp. {4] was also
equal to 647.6 kt/year.
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7.2.1 FT-Products Costs and Analysis

For conducting an economic analysis and facilitating comparison with actual markets, the prod-
uct pricing will be assessed in euros per kilogram, referencing the prevailing barrel or gallon
prices in the American market. Subsequently, the derived objective function (refer to Eq.
in euros will be normalized by the aggregate volume of exported FT-Products.

The economic evaluation will focus on the cost of FT-products, assuming uniform prices across
all hydrocarbons. This is based on the assumption that the proportion of the system that is
built /used (and therefore the costs incurred) is the same as the proportion of the hydrocarbon
among the FT-products. For illustration, if the total cost is €100M to produce 10 MKg of
FT-Products (which is €10/kgrr), with 60% being kerosene resulting in 6 Mkg, the cost for
kerosene production would be the same proportion, i.e., €60M, and therefore also €10/kg.

Economic studies have already been carried out to determine the cost of producing e-fuel
from Fischer-Tropsch. Delgado et al (2023) [61] uses the same technologies, but powered by
nuclear energy, estimating a minimum fuel selling price of 1.08 €/kg (or 0.85 € /kg depending
on configurations) of FT-products fuel mix. Pratschner S. et al. (2024) [62] have also examined
a comparable system, emphasizing the characteristics of the power source, such as electricity
costs and the duration of full-load operation. FT-products net production costs varied from 2.42
to 4.56 € /kg for grid-based scenarios, while off-grid scenarios yielded values ranging from 1.28
to 2.40 €/kg.

The system considered in this report therefore provides a new approach concerning the energy
source. The simulations for the different configurations give costs of FT-products produced from
renewable energy from 2.13 € /kg to 2.41 €/kg. Fig. [7.4) gives prices for each configuration as
well as cost breakdowns for each part of the system.

Others
B FT-Process
Config 1 1 Battery
Solar PV
Wind
W Hydrogen
mm CO2
Config 2 1
Config 3 A
0.0 0.5 1.0 15 2.0 2.5

Figure 7.4: Cost breakdown comparison for each configurations in reference scenario in €/kg,
with a total cost varying from 2.18 to 2.41 €/kg, as a result of technical parameters changes
affecting the costs associated with each part.
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The majority of costs are linked to the units of the inland cluster, those linked to electric-
ity production. For all configurations, this corresponds to almost 50% of the cost, value which
remains more or less constant for the 3 scenarios. What makes the cost vary depending on
the configurations are the parts related to the units and products necessary for the FT-process,
namely the electrolyzer and the DAC. A slight change in the conversion parameters is enough
for the quantities of Hy and C'O, to be produced to increase considerably, leading to a further
increase in the installed capacity of the units producing them, and the associated costs, which
in turn up the price.

Costs are higher for configuration 1 because the conversion parameters are the most disadvan-
tageous, logically increasing the installed capacity needed to meet demand. Fig. [7.5] illustrates
the differences in installed capacity between each configuration showing that a change in the
technical parameters of a single unit varies the installed capacities of many units.

mmm Config 1
M Config 2

[kt/h] Desalination mm Config 3

[Mt/y] DAC

[GW_th] FT Process

[GW_el] Electrolysis

[TWh] Hydrogen

[GW] Wind turbines

[GW] Solar PV

[GWh] Batteries

0 1 2 3 4

Figure 7.5: Installed capacities comparison of important plants for each configurations in
reference scenario, showing that change in technical parameters for one unit can result in
multiple modifications to the system.
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7.2.2 Sensitivity Analysis

The sensitivity analysis investigates the impact of changes in techno-economic parameters on
FT-product costs. The different configurations used for the simulations were in fact a partial
analysis, by changing the FT-process conversion parameters. Here, the techno-economic param-
eters will again be changed at FT-process level, but in a similar way for each configuration, in
order to maintain the different initial ranges. This means that the parameters will be 20% worse
in the conservative scenario, and 20% better in the optimistic case. These ratios, which have
been defined on the basis of the expertise acquired during the literature review, will be applied
to CAPEX, VOM, FOM and conversion parameters ¢; and ¢y of the FT-process plant.

Simulating the three configurations in the three possible scenarios - optimistic, reference or
conservative - gives new costs ranging from 1.69 to 2.90 € /kg. Fig. summarizes the costs for
each configuration in each scenario.

Optimistic
[ Reference
mmm Conservative

Config 1 241

2.9

Config 2

Config 3

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 7.6: Cost Breakdown Comparison for each configurations in reference, optimistic or
conservative scenario in €/kg, with a total cost varying from 1.69 €/kg in config 2 with
optimistic scenario to 2.9 € /kg in config 1 with conservative scenario.

One of the direct causes of the consequent changes between the prices of the different scenarios
is the installed capacity of DAC, which results from an increased need for CO2 due to unfavorable
conversion parameters in some cases. The worst price, configuration 1 in the conservative scenario
has 3.25 Mt /y of installed DAC while the best configuration in the optimistic scenario is at 1.58
Mt/y of DAC, which is more than half.
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7.2.3 Influence of electrolyzer technology

The aim of this section is to study the impact of technical changes on the electrolyzer plant,
to see what consequences this would have on cost. As discussed in Sec. [7.I] the electrolysis
technology considered is the same as in the research by Berger et al. [5] but most studies of
e-fuel production via Fischer-Tropsch have used solid oxide electrolyzer cell (SOEC) technology.
In contrast to conventional electrolysis technologies, the SOEC can use heat as a parallel input of
electricity, reducing normal electricity consumption [63]. This allows for higher efficiency yields
than conventional technologies, but is less mature and is still in the early stage of commercial-
ization.

The fact that the SOEC suits well with the F'T-process is that the reaction is highly exother-
mic. While heat has already been implemented as output for DAC input, it can also be added
as input for electrolysis. Here, we will only consider a range of efficiencies achievable by the
electrolysis node assuming that the rejected heat is sufficient to achieve higher efficiencies. The
hypothesis made here is that the amount of heat released by the F'T-process is such that it can
achieve a maximum efficiency of 85% for the electrolysis plant.

While the reference efficiency is around 63%, simulations will be made for efficiency values
ranging from 50 to 85%. While the range below 70% refers to PEM technologies, the part above
designates SOEC. Fig. shows the difference between the two ranges and the cost of FT-
products as a function of electrolysis efficiency for configuration 2 in the reference scenario.

The cost varies from 2.59 € /kg for an efficiency of 50% to 1.79 €/kg for the maximal effi-
ciency, with a non-linear relationship. Better efficiency leads to less installed capacity in power
generation, which was a significant share of total costs.

2.6 1 PEM

2.5 SOEC

2.4 A
2.3 A
2.2 1
2.1 A

2.0 1

FT-Products Cost [€/kg]

1.91

1.8 1

50 55 60 65 70 75 80 85
Electrolysis Efficiency [%]

Figure 7.7: F'T-products cost according to electrolyzer efficiency, showing a non-linear
relationship. High efficiencies refer to SOEC (red points) technology while lower efficiencies
relate to PEM technology (blue points).
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Chapter 8

Conclusion

The aim of this report was to create energy systems for carbon-neutral synthetic fuel production.
In particular, the implementation and optimization of Remote Renewable Energy Hubs including
new technologies or concepts has been carried out in order to perform techno-economic analyses
on synthetic fuel production.

After establishing the context and framework for this work, the first technology implemented
was the Direct Ocean Capture, capturing carbon dioxide from water, which replaces Direct Air
Capture. Its implementation reduces the total cost of the system from 149 €/MWh to 145.3
€/MWh for a system supplying 10 TWh annually of synthetic methane. Making his usage
flexible over time reduces costs by up to 137 € /MWh. This technology is therefore theoretically
promising, but data found has to comply with practical conditions.

The model was then adapted to suit an external water demand as well as methane demand.
Water was considered as a by-product that could serve the local regions of the RREH. Its price
was derived on the basis of the proportion of the system serving this demand, with a reference
price of 3.64 €/t. By improving configurations, either by adapting the operating conditions of
the desalination plant or by optimizing water demand, prices can be reduced from 2.92 €/t to
2.63 €/t, an excellent result compared to European standards of around 2.5 €/t.

The multi-hub concept introduced travel costs and Cap Horn, a high-potential location for
an RREH with a methane price of 129.7 € /MWh. Despite these interesting points, the main
goal of the chapter was not achieved, as no natural interactions were possible between different
RREHs. A large future work would be to rethink how to optimize the models, with the aim of
capturing interactions between hubs using more complex models.

Finally, the production of synthetic conventional fuels is attractive, given its potential for
valorization in major transport sectors. Costs between 2.13 € /kg and 2.41 € /kg are obtained
for production of gasoline, diesel and kerosene via the Fischer-Tropsch reaction. An optimistic
scenario shows costs falling to 1.69 € /kg. The results are equivalent to those obtained in the sci-
entific literature and are not much higher than conventional fuels. These findings are promising,
but they primarily stem from preliminary scientific investigations. Constructing models in ther-
modynamics equation solver could enhance this section, providing precise product proportions,
conversion factors, and heightened quality assurances.
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Appendix A

System configuration and parameters

A.1 Conversion nodes

This subsection comprises detailed explanations for each conversion node, accompanied by tables
displaying the associated technical and economic parameters used to model them. The data used
are estimates for 2030.

Solar photovoltaic panels are used for power generation. To realistically model the system,
capacity factors 7' of irradiance data were obtained from the ERA5 database [68] over a 5 year
period (2015-2019) and averaged to predict future weather conditions with a degree of certainty
(See Fig. . When selecting the locations for PV panels, a choice was made based on the
quality of the capacity factor, as depicted in Fig. The plant is modeled with an external
variable being the output power production and an internal variable representing the installed
capacity.

Wind turbines are also used for power generation. Similarly to solar, wind speed capacity
factors 7' are retrieved from the ERA5 database [68] over the period 2015-2019 and also aver-
aged to select the best capacity factors for choosing the locations of installations, as illustrated
in Fig. The only external and internal variables are respectively the output power and the
capacity.

01/01 07/07 10/10

= Wind Signal = Wind Signal
PV Signal PV Signal 08
08 08

06

06 06
—— Wind Signal
0e 04 04 PV Signal

0 5 10 15 20 0 5 10 15 0 5 o 5 10 15 0 5
Hours Hours Hours

Capacity Factor

Figure A.1: Sample of capacity factor 77
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High voltage direct current (HVDC) ensures the transmission of power between the inland
and coastal clusters. Since both means of production are in close proximity, the transmission line
is located right next to them and is assumed to be directly connected, making the infrastructure
costs connecting them negligible. The assumed 1000 km-long line utilizes two voltage source con-
verters at each end station and get a power loss of 1.8%. The transmission-related loss is 1.5%
of the power, resulting in a total efficiency as presented in Tab. [A.T] The node has two exter-
nal variables, which are the in and outgoing power, while the internal variable is the line capacity.

Water desalination plant’s purpose is to produce fresh water from seawater. To achieve this,
the conventional technology, reverse osmosis, is utilized. This process involves the use of a semi-
permeable membrane to remove impurities and contaminants from water by forcing it through
the membrane under high constant pressure. The plant requires electricity to produce fresh wa-
ter, which serves as the two external variables. The internal variable, capacity, is referenced in
relation to water. Seawater is not considered as an input, as it is assumed to be freely accessible,
and the cost of obtaining it is negligible. The membranes have the mechanical constraint of
operating continuously, which is one of the parameters listed in Tab. [A.T]

Electrolysis plant split fresh water into hydrogen and oxygen using proton exchange mem-
brane, powered by an electric current and operating at 20 bar and 40°C. This results in a total of
4 external variables: water, electricity, oxygen, and hydrogen which is the reference commodity.
The internal variable, capacity, is sized in relation to the power input. The plant has mechanical
particularities, such as a minimum level of hydrogen output when it is operational, as well as
the ability to be flexible and ramp up and down very quickly. All of these parameters are listed

in Tab. [A 1l

Direct Air Capture units enable the extraction of CO2 from natural air. A unit is based on
two chemical loops. The first loop employs aqueous sorbents to capture carbon dioxide from the
air, converting it into dissolved compounds and then into solid compounds. The second loop
retrieves the carbon dioxide by calcining the solid compounds and replenishing the sorbents,
requiring electricity to power the system components. The various loops also require hydrogen
to generate heat and fresh water to create aqueous solutions, all in order to produce gaseous
CO2. This results in a total of 4 external variables. The different conversion parameters are
detailed in TabJA.I], with the reference flow being the carbon dioxide output. Capacity is the
only internal variable.
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1 05} ¢3 1% A+,f
HVDC Interconnection 0.9499

Desalination 0.004 1.0 0.0

GW hey /Kt 11,0 - /h
Electrolysis 50.6 9.0 8.0 0.06 1.0
GWhey/ktw, ktm,o/ktm, kto,/ktm, - -/h
Methanation 0.5 2.75 2.25 1.0 0.0
ktHz//ﬂtCH4 ktCOZ/ktCH4 ktH2o/ktCH4 - —/h
Direct Air Capture 0.1091 0.0438 5.0 1.0 0.0
GWhel/ktCO2 ktp, //ﬂtco2 ktHQO/ktCOQ - —/h
C H, Liquefaction 0.616 0.0 1.0
GWhei/ktroma - -/h
LCH, Carriers 0.994
LCH, Regasification 0.98

Table A.1: Technical parameters of conversion nodes from Berger et al. [5].

Methanation plants has four external variables. Indeed, carbon dioxide and hydrogen are
used in stoichiometric proportions to produce gaseous methane and water vapor through the
highly exothermic Sabatier reaction. The reference flow is methane, which is also used to size
the plant, making capacity the only internal variable. To maintain high-quality production, the
plant is assumed to operate in steady-state. The various technical parameters are detailed in

Tab. [A 1l

Methane liquefaction units allow for the conversion of gaseous methane into liquid form
through several stages of compressors and pumps, powered by electricity, using the Joule-
Thomson effect. This results in 3 external variables: electricity, gaseous methane, and liquid
methane as the reference flow. The plant’s capacity is the internal variable, and the parameters
are detailed in Tab. [A]l

Methane carriers transport liquid methane from the coastal cluster to Europe, and the ad-
vantage is that they can use the same methane they are transporting as fuel. This results in
a conversion parameter detailed in Tab. [A.3] with fairly high efficiency. External variables are
the coastal methane and the methane reaching its destination while the internal variable is the
carrier capacity. The journey is modeled with Eq. [3.3] providing the parameter 7;* = 116h. 7
identical carriers making round trips are considered, with loading and unloading taking 24 hours,
and their schedules not overlapping in any way.
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Regasification units only utilizes two external variables: the incoming liquid methane and the
produced gaseous methane. This assumption is made to avoid using electricity for heat produc-
tion during the reaction. Instead, 2% of the total methane is used to provide the required heat,
resulting in a high conversion parameter. The capacity, the only internal variable, is based on

the methane level.

CAPEX FOM(0y) VOM(4,) Lifetime

Solar PV Panels 380.0 7.25 0.0 25.0
M€/GW M€/GW —yr M€/GWh,, yr

Wind Turbines 1040.0 12.6 0.00135 30.0
M€/GW M€/GW —yr M€/GWh,, yr

HVDC Interconnection 480.0 7.1 0.0 40.0
M€/GW M€/GWy —yr M€/GWh, yr

Electrolysis 600.0 30.0 0.0 15.0
M€/GW M€/GW —yr M€/GWh, yr

Methanation (HHV) 735.0 29.4 0.0 20.0
M€/GWep, M€/GWey, —yr M€/GWhep, yr

Desalination 28.08 0.0 0.000315 20.0
M€/(ktgo/h)  M€/(ktm,o/h) —yr  ME€/ktu,0 yr

Direct Air Capture 4801.4 0.0 0.0207 30.0
M€/ (ktco,/h)  ME€/(ktco,/h) —yr  M€/ktco, yr

C H, Liquefaction 5913.0 147.825 0.0 30.0
M€/ (ktrom, /h) M€/ (ktpom, /h) —yr M€ /ktrom, yr

LCH, Carriers 2.537 0.12685 0.0 30.0
M€ /ktrcm, M€ /Xt cm, — yr M€ /Xt cm, yr

LC'H, Regasification 1248.3 24.97 0.0 30.0
M€/(ktc, /h)  ME€/(ktcm, /h) —yr  ME€/ktcm, yr

Table A.2: Economic parameters of conversion nodes from Berger et al. [5].
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A.2 Storage nodes

Storage nodes are described here along with the tables containing the techno-economic data
(2030 estimates).

Lithium-ion battery storage are used for short-term electricity storage. Power in/outflows
are the external variables while the power capacity and the level of charge are internal variables.
Techno-economical parameters are situated in Tabs. [A.3] [A.4] [A.5] and [A.6] for all nodes.

n° U ¢
Battery Storage 0.00004 0.959 0.959 0.0 1.0
Compressed Hy Storage 1.0 1.0 1.0 0.05 1.0 1.3
- - - - - GWhe/kty,

Liquefied C'O, Storage 1.0 1.0 1.0 0.0 1.0 0.105
- - - - - GWhe/ktco,
Liquefied C'H, Storage 1.0 1.0 1.0 0.0 1.0
H>0 Storage 1.0 1.0 1.0 0.0 1.0 0.00036
- - - - - GWhel/ktHzo

Table A.3: Technical parameters of storage nodes from Berger et al. [5].

Hydrogen storage tanks maintain the gas under pressure, which, arriving directly from the
electrolysis unit at 20 bars, must be increased to 200 bars using electrically powered compressors.
So, the three external variables are electricity, and the in/outflow of hydrogen. The three internal
variables are the level of charge, the power capacity, and the energy capacity. Also, tanks must
have 5% of minimum inventory level.

Water storage tanks are conventional technologies with electrically powered pumps. Three
external variables are power consumption and water in/outflows and the three internal variables
are the level of charge, the flow of water (the size of the pipes connecting the tanks) and the
installed capacity.

Liquefied methane storage tanks are designed in a way that prevents any leaks such that
efficiency is 100%. Also, the electrical consumption used to keep the methane properly liquefied
is negligible. There is therefore two external variables with the in/outflows of liquid methane
and internal variables are state of charge and the tank capacity.
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n° nt o o p ¢
Battery Storage 0.00004 0959 0959 0.0 1.0
Compressed Hy Storage 1.0 1.0 1.0 0.05 1.0 1.3
- - - - - GWha/kty,

Liquefied C'Oy Storage 1.0 1.0 1.0 00 1.0 0.105
- - - - - GWhel/k't002
Liquefied C'H4 Storage 1.0 1.0 1.0 00 1.0
H>0O Storage 1.0 1.0 1.0 0.0 1.0 0.00036
- - - - - GWhe/kty,o

Table A.4: Technical parameters of storage nodes from Berger et al. [5].

Liquefied carbon dioxide storage tanks also use liquefaction and regasification units to store
carbon dioxide. Liquefaction is done using electricity while regasification use ambient air to re-
cover gaseous C'O,. Therefore, there are 3 external variables, including the in/outflow of carbon
dioxide and the electrical consumption for liquefaction, and 5 internal variables, including the
level of charge, flows of liquefied C'O,, the tank capacity and capacities of both liquefaction and
regasification units.

CAPEX  FOM(f;) VOM(f,) Lifetime

Battery Storage 142.0 0.0 0.0018 10.0
M€/GWh M€/GWhyr ME€/GWh yr

Compressed H, Storage 45.0 2.25 0.0 30.0
M€ /kt M€ /kt-yr M€ /kt yT

Liquefied C'O, Storage 1.35 0.0675 0.0 30.0
M€ /kt M€ /kt-yr M€ /kt yr

Liquefied C'H, Storage 2.641 0.05282 0.0 30.0
M€ /kt M€ /kt-yr M€ /kt yr

H,O Storage 0.065 0.0013 0.0 30.0
M€ /kt M€ /kt-yr M€ /kt yr

Table A.5: Economic parameters of storage nodes (stock component) from Berger et al. [5].

CAPEX  FOM(f;) VOM(0,) Lifetime

Battery Storage 160.0 0.5 0.0 10.0
M€/GW  M€/GW-yr  M€/GWh yr

Liquefied CO, Storage 48.6 2.43 0.0 30.0
M€/(kt/h) M€/(kt/h)-yr M€ /kt yr

H>0O Storage 1.55923 0.0312 0.0 30.0
Mé€/(kt/h) ME/(kt/h)-yr M€ /kt yr

Table A.6: Economic parameters of storage nodes (flow component) from Berger et al. [5].
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A.3 Conservation Hyperedges

Hyperedges are introduced here to maintain continuity between different nodes. It will be as-
sumed that A{ is zero for all cases, except as noted, indicating that there is no exogenous power
injection or withdrawal.

Inland power balance use the Kirchhoff law such that the sum of power flows from PV pan-
els, wind turbines and batteries outflow is equal to the sum of power for the battery inflow and
HVDC connection. As with all storage nodes, it is ensured that the charging and discharging of
units do not occur simultaneously.

Coastal power balance ensures that the HVDC provides the necessary power to the units in
the coastal cluster, which are the desalination plant, the direct air capture, the electrolysis plant,
the hydrogen and water storage, the methane liquefaction units and the liquefied CO, storage.

Coastal hydrogen balance enforces the mass flow conservation between the sum of hydrogen
storage unit outflow and electrolysis plant with the sum of flows for direct air capture plant,
methanation unit and the storage system inflow.

Coastal carbon dioxide balance ensures the mass flow conservation, the sum of flows from
the direct air capture and the storage outflow must be equal to the sums of flows to methanation
plant and the storage unit inflow.

Coastal water balance maintains equality between the masses of fresh water coming from one
side of the desalination unit and the outputs of the storage tanks, and on the other side, the
inputs of the electrolysis plant, direct air capture, and the storage unit. Eq. can be relaxed
to "greater than or equal” because water can be released into the environment (or for other uses)
in case of overproduction.

Coastal methane balance guarantees conservation of gaseous mass flow from methanation
plant to liquefaction unit.

Coastal liquefied methane balance enforces the liquid mass flow conversation between the
sum of flows from the liquefaction unit and the storage outflow and the sum of flows to methane
carriers and storage system inflow.

Destination liquefied methane balance ensures the conservation of liquefied methane mass
flow. The sum of flows from methane carriers discharge and the storage output must be equal
to the flows of regasification units and storage system inflow.

Destination methane balance enforces that the regasification plant satisfies the methane gas
demand, which is 10 TWh (HHV) per year. That being said, no assumptions are made regarding
the future use of this energy, which can be used as it is or converted into electricity. It is assumed
that synthetic methane has a HHV of 15.441 kWh/kg and that the profile demand is constant
for every t such that the exogenous demand is

103 1
X X
8760  15.441
74

XS =10

= 0.07393kt/h
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