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Abstract

This paper introduces the concept of Distributed E-Fuel Hubs (DEFHs), which are small units, highly integrated
in their environment and distributed across an area for local e-fuel production. In particular, they aim to take full
advantage of local commodities such as unused by-products of local industries or local renewable energy. They
can also benefit from local market opportunities, for example, by selling by-products of e-fuel synthesis, such as
waste heat, through district heating networks. In addition, because of their distributed nature, DEFHs can reduce
transportation costs by being located close to energy demand centers.

We assess the e-fuel production cost of this concept through a techno-economic analysis involving a DEFH synthe-
sizing Fischer—Tropsch liquids, located near a lime plant in Belgium. Our analysis is based on a Linear Programming
(LP) model for system sizing and operation planning, using hourly resolution data over one year. We consider a range
of scenarios, from a low integrated DEFH with minimal local commodities integration and no by-products valoriza-
tion, to a highly integrated scenario where the DEFH takes full advantage of local commodities and valorizes all of its
by-products. These various scenarios highlight the impact of integration on e-fuel production cost. Our results show
that DEFH integration can significantly reduce e-fuel production costs, achieving up to a 45% cost reduction in the
highly integrated scenario compared to the low-integrated one.
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1. Introduction fundamental reaction of cement production involves the
decomposition reaction of Calcium carbonate (CaCOs3)
into calcium oxide (CaO) and CO,. This chemical reac-
3 o tion accounts for 60% on average of the CO, emissions
Fhe amount of CO, emitted to meet th.at demgnd 1 s of the cement industry (GROSS, 2021). Other sectors,
1ne. 'In the cont'exF of global warming, this upward mostly related to long-haul transport, such as aviation
trer.ld in CO CMISSIONS 15 CONCCTNINE. The European and maritime transport, require energy-dense storage to
Union has set itself the goal of a ne.t—.zero greenhouse cover long distances. Current commercial batteries lack
gas.(GHG). future' ('European—Commlslon, 2024b). To sufficient energy density to power planes, ships, or long-
achl.eve th.15 a‘?‘b_l?ous goal, all sect'ors must decar- haul trucks, leading these sectors to rely heavily on fos-
bonize their act1V}t1es as much as possible. This fosters sil fuels (GROSS, 2020). Consequently, both industrial
th? need for finding new carbon-neutral ways to meet and transport sectors face significant challenges in re-
this energy demand. ducing their carbon footprint. These challenges are ac-

Global energy demand is growing, and at the same time,

Some sectors are inherently difficult to decarbonize due centuated by the fact that, according to the European
to their need for High Temperature (HT) heat and/or Parliament (European Parliament, 2024), the top 3 emit-
high-density energy storage. Sectors for which HT ting sectors in 2022 are energy supply (27.4%), domes-
heat is crucial include, for instance, steel and cement tic transport (23.8%), and industry (20.3%).

production. These often require temperatures up to
1600°C, typically achieved through fossil fuel combus-
tion (GROSS, 2021). Additionally, some sectors de-
pend on certain production processes that emit CO, as
a byproduct of chemical reactions. For example, the

In order to decarbonize these sectors, a number of solu-
tions have been tried out. First, regarding the chemical
reaction that produces CO; as a by-product, some works
explored new possible reactions that release less CO,



(Gartner, 2004; Bosoaga et al., 2009). However, there
is no guarantee that such reactions can be developed,
and even if they are discovered, implementing them may
require transforming the entire production chain. This
could result in high costs to replace or transform all pro-
duction lines involved.

Secondly, regarding the fossil fuel usage for its prop-
erties (e.g. HT heat and high-density energy storage),
there exist alternative solutions. For HT heat produc-
tion, an approach can be to replace them with elec-
tric fuel (e-fuels). E-fuels are energy-dense molecules
synthesized using low-carbon electricity. The simplest
e-fuel to synthesize is green hydrogen (H,), which
releases no CO, during its production and combus-
tion. However, its integration requires important invest-
ments to adapt existing facilities (International-Energy-
Agency, 2019). To alleviate expensive facility modifi-
cations, a second approach can be to use hydrocarbon
e-fuels. These e-fuels are synthesized by combining H,
with CO,. From a practical point of view, these hydro-
carbon fuels have very similar properties to their fossil
counterparts and can be used in the same applications.
These e-fuels can be burned to produce HT heat. More-
over, these e-fuels have an energy density similar to
that of fossil fuels. For instance, the aviation sector has
shown great interest in e-kerosene due to its greenhouse
gas (GHG) emission reduction targets (International-
Air-Transport-Association, 2024). One simple solution
is to convert the CO,-rich flue gases emitted by the in-
dustries that inevitably produce it as a by-product into e-
fuels that can then be used by sectors that require high-
density energy storage. However, it should be noted that
recycling CO, emitted into e-fuel only extends the life
cycle of the CO, molecule before being released into the
atmosphere, resulting in a lower but not neutral carbon
footprint. Moreover, this extended life cycle idea can be
extended beyond CO;-rich flue gases.

In this paper, we introduce the concept of Distributed
e-Fuel Hubs (DEFHSs) that valorize local commodities
and infrastructure to produce e-fuels. DEFHs are small
units distributed across an area for local e-fuel produc-
tion. To minimize their e-fuel production costs, these
hubs aim to be strategically located and sized to take
full advantage of the local infrastructure and local com-
modities, such as by-products from nearby industries
(e.g. CO; in flue gases or waste heat) and renewable
energies. Moreover, DEFHs can valorize the e-fuel syn-
thesis by-products, such as oxygen or waste heat, in the
local markets (e.g. selling waste heat for district heat-
ing). Finally, DEFH can reduce transport costs by being

located near Energy Demand Centers (EDCs).

These EDCs can be airports for plane refueling, ports
for ship refueling, or heavy industries that require e-
fuels for HT processes.

The main advantage of these distributed hubs is their
great emphasis on the local supply chain and produc-
tion. Most European countries heavily depend on for-
eign countries for their fossil fuel supplies. That de-
pendency on other countries can weaken their posi-
tion in the case of geopolitical tension and reduce their
ability to control energy costs. By installing DEFHs
within their borders, countries can increase their energy
sovereignty. Moreover, by installing multiple smaller e-
fuel hubs over a centralized bigger unit, we can improve
the supply chain’s resilience. Indeed, in the case of an
extreme event (e.g. earthquake, tsunami, bombing, etc.)
impacting a DEFH, only a small proportion of the sup-
ply is lost. Conversely, in the case of an extreme event
impacting a bigger centralized unit of production, the
entire supply can be lost, and can lead to undesirable
scenarios like forced shutdowns.

DEFH can also participate in other markets like the Eu-
ropean (EU) Emission Trading System (ETS) and the
service-to-grid markets. The EU ETS is a cap-and-trade
mechanism designed to reduce GHG (e.g. CO;) emis-
sions by setting a limit on total emissions from certain
sectors and allowing companies to trade emission al-
lowances within this cap, aiming to incentivize the re-
duction of GHG in the target sector. DEFH installed
within the EU can receive remuneration for helping in-
dustries to offset or avoid CO, emissions that exceed
their allocated cap. The service-to-grid markets include
the reserve electricity market, such as the Frequency
Containment Reserve (FCR). The DEFH can help sta-
bilize the local electrical grid by adapting its electricity
consumption from the grid. This ancillary service can
be a potential by-product of DEFHs as envisioned for
electrolyzers in (Johnsen et al., 2023). This participa-
tion in these two potential markets can generate addi-
tional revenue streams that can reduce the production
cost of DEFH.

There are barriers to DEFHs’ deployment. The low
quality of renewable resources in some European coun-
tries can increase e-fuels production costs. Addition-
ally, DEFHs cannot benefit from economies of scale like
larger centralized units, limiting their ability to optimize
costs. To mitigate these two issues related to the produc-
tion cost, DEFHs aims to be strategically located and
sized to take full advantage of these three key factors: 1)



the local commodities, such as by-products from nearby
industries (e.g. fuel gas or waste heat) and renewable
energy, ii) the local demand in a commodity that can
be matched by e-fuel synthesis by-products (e.g., oxy-
gen or waste heat), and iii) proximity to EDC to avoid
costly transport logistics.

If the concept of DEFH is massively adopted, we can
imagine a future in which almost every heavy industrial
plant in the world would have its own DEFH that recy-
cles the CO,-rich flue gas produced by these plants into
e-fuel. Consider, as an example, the cement industry to
illustrate the potential impact of DEFHs. In 2022, the
cement industry emitted around 4.3% CO, emissions
worldwide (Hannah and Max, 2024). If these CO, emis-
sions were captured and transformed into e-kerosene
through a Fischer-Tropsch (FT) process, we could pro-
duce enough e-kerosene to fuel 66.42% of the commer-
cial aviation fuel consumption in 2022, (International-
Energy-Agency, 2024). This computation is detailed in
Appendix C.1.

This paper introduces and formalizes the concept of
Distributed E-Fuel Hubs (DEFHSs), as detailed in Sec-
tion 2. Section 3 illustrates the DEFH concept through
various scenarios. Section 4 presented the methodology
used to study these scenarios. The experiments asso-
ciated with each scenario, along with their results, are
presented in Section 5. The findings are discussed in
light of the modeling assumptions in Section 6. The rel-
evant literature is then reviewed in Section 7. Finally,
this paper ends with a conclusion in Section 8.

2. DEFH Concept

In this section, the concept of a DEFH is presented
and broken down into its principal components. The
main idea behind the concept is to valorize the local
commodities and infrastructure to produce e-fuel. The
DEFHs are locally highly integrated units distributed
across an area for local e-fuel production. To mini-
mize their e-fuel production costs, these units aim to be
sized and located to take full advantage of local infras-
tructures and commodities, such as by-products from
nearby industries (e.g. CO, in flue gases or waste heat)
and renewable energy that can be produced from differ-
ent sources. Moreover, DEFHs are meant to valorize the
e-fuel synthesis by-products, such as oxygen or waste
heat, in locally unavailable markets (e.g. selling waste
heat for district heating). Finally, DEFH can reduce
transport costs by being located near EDCs. Although

DEFHs can produce various e-fuels based on local de-
mands, they share a common, generic structure.

This generic structure comprises three modules: the lo-
cal opportunities, the e-fuel production, and the trans-
port and markets. These modules are described in Sub-
section 2.1, Subsection 2.2, and Subsection 2.3, respec-
tively. The generic DEFH structure is illustrated in Fig-
ure 1.

The subsequent section outlines the components of each
module of a generic DEFH. The role of each component
and the interaction between them are detailed.

2.1. Local opportunities module

The local opportunities module is the first module of
the DEFH, responsible for extracting, converting, and
transporting local commodities to the e-fuel produc-
tion module. These local commodities include renew-
able energy sources as well as by-products from nearby
industries. For instance, renewable energy may come
from wind, solar, or geothermal energy, while industrial
by-products can be CO,-rich flue gases or waste heat.
The local opportunities module also includes the ex-
ploitation of local infrastructure, such as the local high-
voltage grid or gas network.

DEFH aims to produce low-carbon e-fuels, and an es-
sential commodity in their production is low-carbon
electricity. This low-carbon electricity can be produced
by harvesting the local renewable energy potential and
converting it into electricity through renewable energy
plants. These renewable energy plants are installed ac-
cording to the region’s potential. For instance, a DEFH
in southern Spain might rely on a renewable energy mix
with a higher proportion of solar panels, capitalizing on
the region’s high solar energy potential. In contrast, a
DEFH in Belgium might opt for an energy mix with
more wind turbines, taking advantage of the region’s
windier but less sunny climate.

The DEFH concept also focuses on valorizing by-
products of the nearby industries, such as waste heat
or CO;,-rich flue gas, which can be reused in the e-
fuel synthesis. For instance, these industries can be
cement, lime plants, or any industry that is difficult to
decarbonize due to the technical requirements of their
production process. More precisely, one example is a
lime plant that produces CO;-rich flue gases that can
be used as CO, sourcing if combined with a Post-
Combustion Carbon Capture (PCCC) unit. This CO,
sourcing can be advantageous in comparison with CO,
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Figure 1: Concept diagram of a DEFH.

sourcing from Direct Air Capture (DAC), which is more
energy-intensive (van der Giesen et al., 2017). Addi-
tionally, waste heat from nearby industries can be used
to meet some of the heating demands for e-fuel synthe-
sis.

2.2. E-fuels production module

The second module is the e-fuels production module.
This module is responsible for combining and convert-
ing the input commodities into e-fuels. This process is
often referred to as a power-to-x process.

The central asset in most e-fuels production is the elec-
trolyzer. Electrolyzer decomposes the molecule of wa-
ter (H,O) into molecules of H, and dioxygen (O;). This
H; molecule can be directly used as an e-fuel but is of-
ten combined with other molecules to synthesize other
e-fuels (e.g. e-methane or e-kerosene) that are easier to
transport or/and compatible with actual fossil fuel dis-
tribution infrastructure or internal combustion engines.
These electrolyzers use electricity as the energy source
to enable this decomposition reaction, and if the elec-
tricity used in the process is low-carbon, the hydrogen
produced is referred to as green hydrogen.

To produce more complex e-fuels, an important asset
in e-fuels production is the feedstock capture asset. As
said before, green H, can be combined with another
molecule to synthesize e-fuel with similar properties to
fossil fuel. This molecule, which is combined with H,
is typically called a feedstock in e-fuel synthesis. The

two most studied feedstocks are CO, and di-nitrogen
(N2). CO; can be used for the synthesis of hydrocar-
bons, while N, is commonly used for the production of
ammonia.

Then, after synthesizing H, and capturing a feedstock,
we can use chemical reactors to combine H, with feed-
stocks such as CO; or N to synthesize the target e-fuel
through chemical processes. These processes enable the
production of various e-fuels, including e-methane, e-
kerosene, e-diesel, and e-ammonia.

In the case study of this work, we focus on the synthe-
sis of FT liquids, a blend of hydrocarbons with a typi-
cal mass distribution of approximately 60% e-kerosene,
20% e-diesel, and 20% e-naphtha, according to the
Danish-Energy-Agency (2024). This mass distribution
is not fixed. It can be adjusted to favor specific hy-
drocarbons by tuning key reactor parameters, notably
the choice of catalyst and reactor operating tempera-
ture. A more detailed description of FT reaction and
other e-fuel synthesis processes can be found in Palys
and Daoutidis (2022) and Dieterich et al. (2020).

The final assets in this e-fuel production module are the
flexibility assets, including electrical battery storage, H,
storage, and CO, storage. These flexibility assets aim to
manage the intermittency of renewable energy sources
and the limited flexibility of other assets, such as the
power-to-x reactor, which are not yet well understood
under dynamic production loads Wentrup et al. (2022).



2.3. Transport and markets

The third and last module of the DEFH is the transport
and markets module, which is responsible for delivering
the synthesized e-fuels and their by-products to the end
user and managing participation in markets.

The transportation part involves managing the flow of
commodities to end users and markets, which can be
achieved through various technologies. For instance,
synthesized e-fuels can be transported via pipelines or
trucks. In the case of truck transport or other discon-
tinuous transport methods, temporary storage is neces-
sary to manage the interval between truck arrivals at the
production site. Additionally, trucks themselves can be
powered by the e-fuels produced by the DEFH.

Moreover, valuable by-products generated during e-fuel
synthesis, such as waste heat and oxygen from elec-
trolyzers, can also be delivered to end users. For ex-
ample, waste heat can be integrated into a local district
heating system.

This last module also includes the markets in which
DEFH can participate to generate additional revenue
streams, along with the sale of e-fuels and by-products.
Two particularly interesting markets for DEFH are the
European Union Emission Trading System (EU ETS)
and the service-to-grid markets.

Emission Trading System (ETS), like the EU ETS
(European-Commision, 2024a) also called the European
CO; market, is a cap-and-trade mechanism designed to
reduce GHG (e.g. CO;) emissions by setting a limit
on total emissions from certain sectors and allowing
companies to trade emission allowances within this cap,
aiming to incentivize the reduction of GHG in the tar-
get sector. DEFHs installed within the EU can receive
remuneration for helping industries to offset or avoid
CO; emissions that exceed their allocated cap. When
sourcing CO, from DAC, the DEFH offsets emissions,
while sourcing CO, from PCCC avoids emissions. In
both cases, the DEFH can be remunerated at the market
emission allowance price for each ton of CO, converted
into e-fuel.

The service-to-grid markets include the reserve electric-
ity market, such as the Frequency Containment Reserve
(FCR). The DEFH can help stabilize the local electri-
cal grid by adapting its electricity consumption from
the grid. This ancillary service can be a potential by-
product of DEFHs as envisioned for electrolyzers in
Johnsen et al. (2023).

This participation in these two potential markets can
generate additional revenue streams that can reduce the
production cost of DEFH.

3. DEFH instantiation

This section presents a techno-economic analysis of five
DEFH scenarios with varying levels of local integration.
The objective is to evaluate how integration strategies,
such as access to local commodities and by-product val-
orization, can affect e-fuel production costs. The scenar-
ios range from a minimally integrated DEFH with no
by-product utilization to a highly integrated DEFH that
takes full advantage of local commodities and valorizes
all of its by-products.

The various scenarios considered are defined below.
Additionally, a summary of all the scenarios is provided
in Table 1.

Scenario S1 S2 S3 S4 S5
District heating X X X X v
Oxygen Valorized X X X v v
ETS X X v v v

CO, Sourcing PCCC DAC PCCC PCCC PCCC

Table 1: Summary table of scenarios and their parameters.

Scenario 1: PCCC

For the baseline scenario, we considered a Belgian in-
dustrial site near the city of Namur with a lime plant
emitting around 10 tons of CO, per hour. The DEFH
is assumed to be installed in this industrial site and cap-
ture the CO, from the rich CO; flue gases to synthesize
Fischer-Tropsch (FT) liquids. A schematic representa-
tion of the case study DEFH is shown in Figure 2.

For this base scenario, we considered that renewable
electricity is harvested from solar and wind resources
using photovoltaic (PV) panels and onshore wind tur-
bines, respectively. Two types of PV systems are con-
sidered: fixed-mounted panels and tracking solar pan-
els, which follow the sun’s trajectory to improve energy
yield. Moreover, we assume the local High-Voltage
(HV) grid (i.e., the Belgian HV grid) is connected to
the DEFH and used for electricity supply.

In this scenario and all the other scenarios, we con-
sider DEFH synthesizing only FT liquids for the sake
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and CO; is sourced from DAC. The “Electricity Hub” is an abstract connection point to which each component is considered to have access. For
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of comparison. FT liquids are produced by combining
H, and CO; in an FT reactor. First, H, is generated
via water electrolysis. In this study, we consider the
two most mature electrolyzer technologies: the Alka-
line Electrolyzer Cell (AEC) and the Proton Exchange
Membrane Electrolyzer Cell (PEMEC). Second, CO, is
captured from the rich flue gas emitted by the co-located
lime plant using a PCCC unit. Then, the captured CO,
and produced H; are fed into an FT reactor to synthesize
FT liquids.

As shown in Figure 2, the system includes electrical bat-
tery storage to manage the intermittency of renewable
energy sources. In addition, H, and CO, storage units
can be installed to increase system flexibility. In this in-
stantiation, we also assume that a portion of the HT heat

generated by the exothermic Fischer—Tropsch (FT) re-
action is recoverable and used to partially meet the heat
demand of the post-combustion carbon capture (PCCC)
unit.

In this scenario, revenue is solely generated from the
sale of the synthesized e-fuel. Moreover, in all scenar-
ios, we do not model the transport part of the e-fuel, as
the costs associated are dependent on the final user.

Scenario 2: DAC

The only difference with respect to Scenario 1 comes
from CO; sourcing from DAC. In this scenario, the
DEFH cannot take advantage of other local commodi-
ties, except for renewable energy, and does not valorize
by-products. This scenario aims to identify the e-fuel
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production cost when the DEFH is low-integrated. In
this scenario, DAC ensures CO, sourcing, and revenue
is solely generated from the sale of the synthesized e-
fuel. Moreover, for the sake of comparison, we con-
sider that the CO, capture rate is limited to the quantity
of CO,; capturable from the flue gases of the lime plant
in the first scenario. A schematic representation of this
scenario is shown in Figure 3.

Scenario 3: PCCC with ETS

This scenario is the same as the previous one, but we
consider that the DEFH helps local industries that par-
ticipate in the EU ETS market and is remunerated at the
CO,; emission allowance market price for each ton of
CO; converted into e-fuel. We assume that the price of
emission allowances is set at 80€ per CO, ton. How-

ever, the EU ETS market is an auction market, so the
prices fluctuate over time, and this price uncertainty is
studied in experiment 3 (more details can be found in
5.3). This scenario aims to assess the potential benefits
of integrating the DEFH in such a market. A schematic
representation of this scenario is shown in Figure 4.

Scenario 4: PCCC with ETS and valorization of O,
This scenario mirrors the previous one but considers a
DEFH that valorizes oxygen synthesized during elec-
trolysis by selling it to local industries, for example.
This scenario aims to determine the gains from oxygen
valorization for the DEFH. In this work, we assume a
price of €40 per tonne of oxygen, which is a lower esti-
mation of the selling cost. Indeed, according to Breyer
et al. (2015), the price can be up to €80 per tonne. A
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schematic representation of this scenario is shown in
Figure 5.

Scenario 5: PCCC with ETS, valorization of O,, and
district heating

This last scenario showcases a highly integrated DEFH
by adding the valorization of the waste heat to the pre-
vious scenario. This waste heat is considered to be
sold as district heating through a local heat network.
A schematic representation of this scenario is shown in
Figure 6.

4. Methodology

To evaluate the impact of local integration on the e-
fuel production cost, techno-economic analyses are per-
formed over the different scenarios defined previously,
ranging from a low-integrated DEFH to a highly inte-
grated DEFH.

We model our DEFH instances as a linear program (LP).
This LP model optimizes the asset’s capacities and oper-
ations of the DEFH according to the local commodities
(e.g. solar energy or wind energy) and the economic
parameters (e.g. selling price of e-fuel by-products).
However, the financial parameters, such as the sell-
ing price of e-fuels, by-products, and CO, emission al-
lowances, are inherently uncertain and can directly im-
pact DEFH’s profitability. In our experiments, we assess
the impact of these uncertainties across all scenarios.

The experimental setup is divided into three parts.
Firstly, we present the modeling assumptions. Next, we

describe the framework used to model the various sce-
narios of DEFH instantiation. Finally, we outline the
data sources.

4.1. Modeling assumptions

Here, we list and discuss the different modeling assump-
tions taken for our techno-economic analysis.

Investment and Operational Decisions. A single-year
investment horizon is considered. Investment decisions
are made at the start of the period, with assets becom-
ing immediately available. Operational decisions are
made on an hourly basis. Both investment and opera-
tional planning are executed simultaneously using the
LP optimization model.

Hourly resolution. The model considers an hourly res-
olution to capture both daily and seasonal variations
in weather that affect load factors of renewable energy
sources. This resolution is a good trade-off between
computational time and model accuracy.

Perfect Foresight and Knowledge. The LP model as-
sumes perfect foresight and knowledge, meaning that
future weather conditions, electricity market prices, and
all technical and economic parameters are known with
certainty. No uncertainty is considered in the model,
except during sensitivity analysis.

Linearity. All assets in the model are represented us-
ing linear input-output relationships. Even assets with
inherently nonlinear behaviors, such as battery storage
and electrolyzers, are approximated with linear models.
This simplification is made as we have large problems



with hundreds of variables, and the linearity is a good
tradeoff between computation time and precision.

Grid Access. The DEFH is assumed to be a sufficiently
large consumer to connect to Elia’s 36 kV grid in Bel-
gium. We assume that a 1 km long cable is necessary
for connecting the DEFH to the 36 kV grid and that
investment in a 125 MVA transformer is also needed.
Network and transformer costs are based on Elia’s pub-
lished tariffs for 2027 Elia (2024).

Market Interaction. The DEFH will purchase elec-
tricity through the Belgian day-ahead market but is not
authorized to sell electricity back to the market. This re-
striction is applied to prevent the model from installing
batteries or renewable energy plants (e.g., photovoltaic
or wind turbines) solely for energy trading. Given the
perfect foresight of the optimizer, it could otherwise ex-
ploit market fluctuations to maximize profits through
trading, which is not the intended focus of this study.

Hypothetical Local Industry. The study aims to illus-
trate the benefits of coupling a DEFH to a local industry.
To avoid creating an overly specialized problem, a sim-
plified model of a local industry is used. This industry
is represented as having a constant flue gas flow with a
steady CO2 concentration.

Unconstrained Land Surface. We assume no direct
constraints on land usage. However, land usage is indi-
rectly limited by the CO2 capture rate, which limits the
annual e-fuel production. This annual limit, combined
with the cost minimization, inherently restricts the ca-
pacity of installed assets and thus land usage. Although
this assumption is optimistic and might be unrealistic
in some cases, it enables the determination of the cost-
optimal asset configuration and the necessary land sur-
face to achieve it.

Flexibility of Assets. We assume that all assets satisfy
ramp-up and ramp-down constraints between consecu-
tive time steps, given the hourly resolution of the model.
Therefore, no ramp-up or ramp-down constraints are in-
tegrated into the model. Moreover, the Fischer—Tropsch
process is modeled as operating at a steady-state rate,
as its dynamic behavior remains insufficiently charac-
terized (Wentrup et al., 2022). Additionally, minimal
load constraints are applied to the electrolyzers; further
details can be found in Appendix B.

4.2. Model formulation

We model our case study as a linear programming (LP)
problem with GBOML (Graph-Based Optimization

Modeling Language) Miftari et al. (2023). GBOML is
an open-source Python framework for representing and
solving Mixed-Integer Linear Programs (MILPs) by ex-
ploiting their structural characteristics, modeled as hi-
erarchical hypergraphs. The overall framework is sim-
ilar to the ones of Mbenoun et al. (2025); Dachet et al.
(2023), and so will not be detailed in this work. But the
mathematical formulation of the new or adapted node
is presented in Appendix B, and the asset parameters
and cost are all coming from Danish-Energy-Agency
(2024).

4.3. Data sources

Renewable energy. The load factors for the photo-
voltaic panels and the wind turbines is taken from the
Renewables Ninja website, which is based on Staffell
and Pfenninger (2016); Pfenninger and Staffell (2016).

Assets datasheet. The parameters and costs of the dif-
ferent assets are taken from the projections of the Dan-
ish Energy Agency’s Technology Catalogues for the
year 2030 (Danish-Energy-Agency, 2024).

Electricity costs. The electricity costs of the grid are
based on the Day-ahead price in Belgium for the year
2023. These reference prices come from the ENTSO-E
(2024).

5. Experiments

The five scenarios defined in the previous section con-
sider different levels of local integration. These scenar-
ios are subject to uncertainty on several economic pa-
rameters, namely the selling price of the e-fuels, the an-
nual production, and the evolution of the market price
of CO, emission allowances. To assess the impact of
each of these parameters on these scenarios, we conduct
three experimental analyses on each of these unknown
parameters.

5.1. Experiment 1: Minimum e-fuel selling price

The first experiment aims to determine the minimum
selling price of e-fuels at which the model begins to
produce them for each scenario. This minimum sell-
ing price corresponds to the price at which producing
e-fuels becomes profitable. This tipping point reflects
the influence of local integration on production cost. We
perform a sensitivity analysis by varying the e-fuel price



Inputs S1 S2 S3 S4 S5

CO, tax [€/t] 0 0 80 80 80

O, price [€/t] 0 0 0 40 40
Heat price [€/MWh; gy] 0 0 0 0 40
CO, sourcing PCCC DAC PCCC PCCC PCCC
Results S1 S2 S3 S4 S5
Annual production [MWhy gv] 254912 226100 254909 254914 254914
price [€/MWh gv] 204 (-10.9%) 229 @ef) 185 (-192%) 172(-24.9%) 125 (-45.4%)
ETS revenues [€/MWh yv] 0 0 19 19 19

02 revenues [€/MWh yvy] 0 0 0 13 13
Heat revenues [€/MWh; gv] 0 0 0 0 47

Table 2: Summary of the minimum profitable selling price of e-fuel across the study scenarios, including the associated economic parameters for
each scenario. The percentages are calculated compared to the reference scenario (S2).
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Figure 7: Sensitivity Analysis of the FT liquids production according to the FT liquids selling price.

from 140 €/ MWh v to 300 €/ MWh; v in increments minimum profitable selling prices, highlighting the po-
of 1€. For each price value, the LP model is solved to tential of integrated e-fuel production to reduce produc-
observe the resulting annual production. This analysis tion costs. These results are presented in Table 2.

helps to identify the minimum profitable selling price

under different integration levels.

The results show that the minimum profitable selling
price of e-fuels varies across scenarios. Notably, scenar-
ios with higher levels of local integration exhibit lower
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The results also show that sourcing CO, from DAC to
PCCC has a noticeable impact on the minimum prof-
itable selling price. The cost difference between DAC
and PCCC can be attributed to two main factors. First,
DAC requires more energy per ton of CO, captured
compared to PCCC. Second, a significant portion of
PCCC’s energy needs can be supplied by the waste
HT heat (around 200°C) generated during the FT syn-
thesis reaction. However, this waste heat reuse is not
feasible for DAC, as it requires very high temperature
heat (around 900°C) to maintain its operating condi-
tions. The results indicate that PCCC is less costly for
CO, sourcing compared to DAC. However, PCCC re-
quires that the DEFH be located close to industries emit-
ting CO, or importing CO;, captured with PCCC, which
complicates the logistic chain and can increase the cost
of the CO, ton.

By comparing the minimum profitable selling price of
scenario one (S1) with scenario three (S3) in Table 2, we
can see that the ETS can reduce the minimum profitable
selling price by 19€. It represents around 8.3% of the
minimum profitable selling price of the “DAC” scenario
(S2). The decrease in minimum profitable selling price
is attributed to the additional revenue generated from
participating in the ETS market, alongside the sale of
e-fuels and by-products. This additional revenue offsets
a part of the production cost and, therefore, reduces the
minimum profitable selling price.

The minimum profitable e-fuel selling price of scenario
four (S§4) is 13€/MWh gy lower than scenario three
(S83). This is due to the sale of O,, and this reduc-
tion corresponds to approximately 5.7% of the refer-
ence scenario (S2). Furthermore, waste heat valoriza-
tion for district heating in scenario five (S5) results in
the most significant cost reduction, lowering the mini-
mum profitable selling price by 47€/MWh; gy between
S4 and S5. This reduction corresponds to 20.5% of
the production cost of S2. Among all the integration
strategies analyzed, waste heat valorization shows the
highest impact on production cost. However, this re-
sult should be interpreted with caution, as the model as-
sumes a fixed heat selling price and does not consider
the infrastructure or operational costs associated with
district heating networks. Nonetheless, additional anal-
ysis reveals a linear relationship between heat price and
the minimum e-fuel selling price, with an approximate
decrease of 1.18€/MWh for every 1€/MWh increase
in heat price. This result can be attributed to the prob-
lem formulation as an LP problem and the energy ratio
between Fischer—Tropsch liquid energy and recoverable
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district heating energy.

These results show that by-product valorization and
market participation can help reduce e-fuel production
costs. However, even in the highly integrated sce-
nario (S5), the minimum profitable selling price re-
mains at 125€/MWhp gy, which is still significantly
higher than the estimated market value of equivalent
fossil-based Fischer—Tropsch liquids, approximated at
66€/MWh| v based on the petroleum fraction assumed
in this work (see Appendix C.2 for details).

Figure 7 shows the production of e-fuel according to
the e-fuel price. In all scenarios, the production curve
exhibits a sharp discontinuity at the tipping point, in-
creasing from zero to the theoretical maximal produc-
tion for all the scenarios except the second (S2), which
reaches a point close to the theoretical maximum. Be-
yond this point, production increases gradually toward
the theoretical limit. This theoretical limit represents the
maximum annual e-fuel production achievable based on
the total capturable CO, over the year and the carbon
efficiency of the synthesis process. The gap between
production and the theoretical limit observed for S2 is
caused by periods when production is not profitable due
to either low availability of renewable energy or high
electricity prices. As the selling price increases, such
unprofitable production periods become less frequent.

Furthermore, CO, sourcing from DAC in S2 results in
lower annual e-fuel production at the minimum prof-
itable selling price compared to PCCC. This is pri-
marily due to the higher energy demand of DAC,
which increases reliance on the grid. As a result,
electricity sourcing becomes more expensive, render-
ing more production periods economically unprofitable.
To minimize production costs over the year, the model
avoids producing e-fuel during these unprofitable pe-
riods, thereby reducing the overall annual production
compared to scenarios with CO, sourcing from PCCC.

5.2. Experiment 2: Optimal annual e-fuel production

The second experiment investigates the optimal annual
e-fuel production. To determine this, we assess how
enforcing a minimum annual e-fuel production impacts
the average cost of production. Similar to the first ex-
periment, we performed a sensitivity analysis. We run
several simulations, gradually increasing the minimum
production from 19,900 MWhy gy to 254,900 MWh; v
(i.e. the theoretical production limit) in steps of 10,000
MWh; yvy. For each minimum production level, the LP
model is solved to observe the resulting average price.



Results S1

S2 S3 S4 S5

optimal production [MWhy yv]

minimum price [€/MWhygv] 204

254900 228900 254900 254900 254900

229 185 172 125

Table 3: Summary of the minimum price of e-fuel across the study scenarios for experiment two.

As shown in Figure 8, the average cost curve demon-
strates that costs decline with increasing production un-
til reaching an optimal production point, beyond which
the mean cost starts to rise. This first phase of cost re-
duction is primarily driven by the fixed connection costs
to Elia’s grid (Belgium’s high-voltage network), which
are amortized over higher production volumes. The in-
crease after the optimal production point is attributed
to the need to produce during less favorable periods,
where electricity must be sourced at higher prices due
to low renewable availability and high electricity mar-
ket prices. Moreover, key results of these experiment
are reported in Table 3

— S1 —— 53 — S5
S2  —— S4  --- Limit=254910 MWhy

240 1
. 1
- ~ i
Z 220 ;
T '
§ i
—x%
Z 200 '
v !
[} %
k] X
S 180 !
[
o
S 160
>
©
—
L 140
!
—%
120

H
50000 100000 150000 250000

FT produced [MWh ]

200000

Figure 8: Sensitivity analysis of the FT liquids average production
cost according to the FT liquids’ yearly total production. The CO,
emission allowance price is set at 80 €/t, and the price of oxygen at
40 €/t. The cross on each line represents the minimum price over the
sensitivity analysis.

5.3. Experiment 3: Impact of CO2 Emission Pricing

The third and final experiment explores how regulatory
measures, such as subsidies or CO, emission taxes, af-
fect the profitability of e-fuel production. The impact
is analyzed by studying the FT liquids production quan-
tity regarding the CO, emission allowance price. As
in the previous experiments, a sensitivity analysis was
conducted across the relevant scenarios; scenarios S1
and S2 were excluded, as they do not participate in the
EU ETS market. We run several simulations, gradu-
ally increasing the CO2 emission allowance price from
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400€/tCO;, to 800€/tCO; in steps of 5€. For this ex-
periment, we have set the price of oxygen at 40€/t and
the price of FT liquids at 66€/MWh; »y. This price is
based on the oil market price and the petroleum fraction
considered for FT liquids. More details on this calcula-
tion can be found at Subsection Appendix C.2.

Table 4 shows that with the actual price of the FT lig-
uids, the CO, emission allowance needs to be pushed
around 400€ per ton to make the production of FT lig-
uids profitable with a price of the district heating set
at 40€ per MWhyyy. The current price of the CO,
emission allowance is around 80€ per ton and must
increase five times to make the production of FT lig-
uids with a DEFH in Belgium profitable. As shown in
Figure 9, there is the same discontinuity as in 7 at the
tipping points, which represent the minimum profitable
CO, emission allowance price. Furthermore, in the low-
est integrated scenario, production only becomes viable
at a CO;, price of 665€/ton, which is more than eight
times the current price. These findings suggest that CO,
taxes alone may not be sufficient to make e-fuels com-
petitive, even in highly integrated e-fuel production set-
tings. Additional factors, such as a willingness from
certain stakeholders (e.g., the aviation sector) to pay a
premium for low-carbon fuels over fossil fuels, may be
necessary to enable the emergence of a low-carbon e-
fuel supply. Once this supply is in place, it may benefit
from economies of scale, similar to the cost reductions
observed in the deployment of distributed renewable en-
ergy systems like solar panels.

S3
665

S4 S5
605 400

Results
price [€/tCO;]

Table 4: Summary of the minimum profitable CO, emission al-
lowance price across the study scenarios.

6. Limitations, future works, and comparison with
literature

This study offers valuable insights, but several limita-
tions should be noted. First, the use of linear approx-
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Figure 9: Sensitivity analysis of FT liquid production according to the
CO, emission allowance price, with a price of FT liquids set at 55
€/MWh| gy and a price of oxygen at 40 €/t.

imations to model assets may not fully capture their
complex behaviors, potentially leading to a gap with
practical conditions. Second, assuming perfect fore-
sight simplifies the analysis but may not account for
real-world uncertainties in weather, market prices, and
technical parameters. We also assume that the FT reac-
tor cannot ramp up or down its production. The liter-
ature does not provide clear information on the ramp-
ing capabilities of such reactors. Relaxing this con-
straint could help to size these assets optimally given
their ramping capabilities.

Additionally, our work considers a planning and control
linear programming (LP) model for the year 2023 only.
Extending this planning and control over a longer pe-
riod or multiple historical periods could provide a better
assessment of the results and production costs. Further-
more, the assumption of unconstrained land availabil-
ity is optimistic and may not be practical, especially in
densely populated or environmentally sensitive areas.

Future work could integrate grid ancillary service mar-
kets into the DEFH model, which could show economic
benefits that can reduce the production price. Another
direction for future work is to explore advancements
in electrolyzers and carbon capture technologies, which
could enhance the efficiency and, hence, decrease the
production cost of DEFHs. Additionally, while this
study focuses on a single case study in Belgium, analyz-
ing other locations in the world can provide a broader
assessment of DEFH production costs and feasibility.
Another aspect that can make this local hub more com-
petitive compared to RREH (i.e., importing energy) is
the WACC. Indeed, a lower WACC implies lower pro-
duction costs. The WACC could often be lower for
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plants installed in the EU than in foreign countries, such
as Maghreb countries or Latin American countries.

To further contextualize our results, regarding the highly
integrated scenario that presents the lowest production
cost of 125€/MWh,gy. This production cost falls
within the cost range of Fasihi et al. (2017), which
examines the production of low-carbon e-fuels in the
Maghreb region through renewable energy plants, AEC
electrolyzers, and DAC for CO, sourcing. Moreover,
our production cost is a bit higher than Pfennig et al.
(2023), which simulated production costs for various e-
fuels, including FT liquids with RREH installed across
the globe for import to Germany. This comparison in-
dicates that e-fuel can be produced in Western Europe
at competitive costs, provided that production is well-
integrated into its environment and maximizes the val-
orization of local commodities, existing infrastructure,
and e-fuel synthesis by-products.

7. Related work

The concept of Distributed E-Fuel Hubs (DEFHs) is
encapsulated in the more generic energy hubs concept
Geidl et al. (2007) and Sadeghi et al. (2019). The energy
hub concept envisions production units using multiple
commodities (e.g., gas, petrol, biomass) to produce var-
ious energy carriers (e.g., fuel, electricity, heat) to meet
demand. Energy hubs aim to be resilient and efficient
units able to produce multiple energy carriers. In this
energy hub concept, a DEFH can be seen as an energy
hub that produces low-carbon e-fuel from various local
commodities into e-fuel and valorizes the e-fuel synthe-
sis by-products to meet local demand, to minimize the
marginal e-fuel production cost.

The DEFH concept focuses on three main components:
1) production of low-carbon e-fuels, ii) the valorization
of local by-products and existing infrastructure, and iii)
the valorization of e-fuel synthesis by-products.

These concepts have already been studied indepen-
dently in other works. Zeman and Keith (2008) was
among the first to propose the production of low-carbon
fuel using renewable energy plants and carbon capture
technology to achieve carbon neutrality in hydrocarbon
fuels. Additionally, Graves et al. (2011) was pioneering
in quantifying the production cost of low-carbon fuel.
These studies fall into the realm of DEFH even though
they consider little to no valorization of by-products and
infrastructure.



Daiyan et al. (2020) already highlighted the interest of
integrating e-fuel production hubs into markets such as
service-to-grid markets and/or CO, market, generating
additional revenue streams, but does not quantify this
potential revenue.

For by-product valorization, recent works explore the
idea of valorizing waste heat or CO,-rich flue gases
from local industries. For instance, Ledn et al. (2024)
examined the cost of e-methanol production valorizing
CO;-rich flue gases of a cement plant, but did not high-
light the cost reduction introduced by this valorization.
Another study Koumparakis et al. (2025) explored the
use of heat as a commodity flow within the hub, show-
ing that reusing heat internally and externally can re-
duce e-fuel production costs. These articles can also be
seen as instances of DEFH.

The concept of DEFH is also closely linked to the Re-
mote Renewable Energy Hubs (RREH) concept (Berger
et al., 2021; Dachet et al., 2025). RREHs are energy
hubs that harvest renewable energy in regions where it is
abundant or of high quality to export it. DEFH proposes
an alternative approach, which is to produce locally e-
fuel by taking full advantage of the unused by-products
and existing infrastructure to minimize e-fuel produc-
tion cost. DEFH wants to be a flexible solution, easy to
deploy and integrate into an existing environment.

In summary, previous works have often focused on in-
dividual vectors of integration, and/or do not exhibit the
cost reductions introduced by these integrations. In our
work, we formalize the DEFH concept but also propose
a case study that highlights the impact on e-fuel produc-
tion cost of different vectors of integration. Specifically,
we consider 1) valorizing local by-products (e.g., CO,-
rich flue gases), ii) e-fuel synthesis by-products (e.g.,
waste heat), and iii) integration into regional markets
(e.g., EU ETS market).

8. Conclusion

In this work, we introduced and formalized the concept
of Distributed E-Fuel Hubs (DEFHSs): small-scale, lo-
cally integrated units designed for decentralized e-fuel
production. To minimize their e-fuel production costs,
these units aim to be well integrated in their environ-
ment by being strategically sized and located to take
full advantage of local commodities, opportunities, and
proximity to Energy Demand Centers (EDCs).
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In order to study this concept, this paper models a
DEFH with various levels of integration so as to as-
sess the integration’s impact on the e-fuel production.
More precisely, we conduct a techno-economic analysis
of a DEFH configured for Fischer-Tropsch liquid syn-
thesis in Belgium. The levels of integration range from
a low-integrated DEFH with minimal local commodity
integration and no by-product valorization, to a highly
integrated DEFH where we take full advantage of local
commodities and valorize all of the by-products. The
results indicate that a higher level of integration reduces
the minimum profitable selling price by around 45%,
with 229€/MWh iy for the minimal integration DEFH
and 125€/MWh; gy for the highest level of integration.
These results show the potential impact of integration
on production cost.

The DEFH concept is complementary to other CO,
emission reduction strategies, such as increasing low-
carbon electricity production or electrifying fossil fuel-
intensive sectors. Nevertheless, the DEFH concept rep-
resents more than only a technical concept. DEFHs of-
fer a strategic pathway toward a resilient, low-carbon
energy future. By taking advantage of existing indus-
trial ecosystems, valorizing unused by-products, and
participating in local markets, DEFHs can unlock syner-
gies that centralized production models overlook. Their
modularity, adaptability, and potential for rapid deploy-
ment make them particularly suited for accelerating the
decarbonization of hard-to-abate sectors such as avia-
tion and industry. With appropriate policy support and
stakeholder engagement, DEFHs could become a cor-
nerstone of future energy systems - empowering regions
to produce clean fuels locally, reduce dependence on
imports, and valorize local renewable resources.
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Scenario S1 S2 S3 S4 S5
Wind Onshore [MW] 150.75 160.30 150.75 150.66 157.09
PV tracker [MW] 0 0.08 0 0 0
PV [MW] 12556  131.19 125.56 12542 125.58
Grid connection [MW] 125 125 125 125 125
CO2 tank [tCO,] 0 271.44 0 0 0
CO2 liquefaction [tCO,/h] 0 0.98 0 0 0
H2 tank [tH;] 121.27 133.28 133.27 133.53 137.77
NaS Battery [MWh] 24.15  29.66  24.15 24.13 18.14
Li-ion Battery [MWh] 0 0.15 0 0 0
PEMEC [MW] 0.12

AEC [MW] 93.74  85.02 9374 9381  92.69
FT reactor  MW] 29.1 25.81 29.1 29.1 29.1
DAC [tCO,/h] 0 9 0 0 0
PCC [tCO,/h] 9 0 9 9 9

Table .5: Table showing the installed capacity of each asset at the minimum profitable selling price of Experiment 1, for each scenario.

Appendix A. Additional tables

In this section, we present the additional Table .5 that
shows the assets’ capacity installed by the model for
each scenario at the minimum profitable selling price
of Experiment 1 in Subsection 5.1.

Appendix B. Model Formulation

Appendix B.1. Notation

Before diving into the model formulation in the next
section, we will define the notation used in this ap-
pendix.

Scalars are denoted by small letters a,@. Column vec-
tors are denoted by small, bold letters a, .

Variables are always denoted by Roman letters a, b, and
parameters are always denoted by Greek letters «, S.

Appendix B.2. Model formulation

In this section, we formalize the DEFH presented in
Section 3 as a linear programming problem.
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First, let us define generic components that are then
tuned to represent each specific technology. We model
the DEFH as an hypergraph, which is a generalization of
a graph in which a single edge, called a hyperedge, can
connect several nodes. In our context, the nodes rep-
resent the assets (e.g., electrolyzers, solar panels, flexi-
bility assets), while the hyperedges represent the flows
of commodities (e.g., electricity, hydrogen, CO;, heat)
exchanged between these assets.

As stated previously in Subsection 4.2, this hypergraph
is modeled using GBOML. Several nodes are the same
as in Dachet et al. (2023); Mbenoun et al. (2025), and
are therefore not detailed in this work. Their implemen-
tation is available in the project repository (link).

However, this section presents the mathematical formu-
lation of newly introduced or modified nodes specific
to our DEFH model. This includes, for instance, node
adaptation with by-product valorization or the FT reac-
tor node. Moreover, all the variables and parameters
used in the following formalization are presented in Ta-
ble B.6 and Table B.7.


https://gitlab.uliege.be/smart_grids/public/gboml/-/tree/master/examples?ref_type=heads

Variable Description Unit

q’ Time-indexed vector of flow of commodity x in node n depends of x (e.g. MWh or tons)

K. Maximum flow (capacity) of reference commodity x* in node n depends on x* (e.g. MWh or tons)
Spec Node-specific cost function [€]

Parameter Description Unit

al Conversion factor for input commodity x in node n [-]

Joi Conversion efficiency for output commodity w in node n [-]

M Minimum load factor for reference commodity x* in node n [-]

A Mean CO, flow from factory [tons/h]

1 Vector of ones of size T [-]

ntL CO, conversion efficiency in FT reactor (-]

d, Time-indexed vector of selling price of commodity x depends of x (e.g. €/ MWh or €/tons)

Qg Grid electricity capacity [MW]

Table B.6: Summary of key variables and parameters used in the DEFH model formulation

Generic node. First, we will define the generic formu-
lation of a node, which includes two main types of con-
straints: conversion constraints over the input and out-
put flows and a set of flexibility constraints. These con-
straints aim to approximate the dynamics of the node.

A conversion constraint represents the conversion pro-
cess from input commodities into output commodities
and can be modeled as follows:

Xy = Baly » (B.1)
where '} denotes a time-indexed vector of size T rep-
resenting the flow of the commodity x in the node 7 at
each time step ¢ € [0, 7 — 1]. The parameter '} € [0, 1]
is the conversion factor of the commodity x in the node
n, and B}, € [0, 1] is the conversion efficiency into the
commodity w in the node n. This generic node formu-
lation is illustrated in Figure B.10

Figure B.10: Generic node representation.

Flexibility constraints include ramp-up, ramp-down,

and load limits. In this work, as explained before in
Section 4, we consider that ramp-up and ramp-down
constraints are always satisfied between two time steps.
Therefore, our model only has minimum and maximum
load constraints. Each node is associated with a refer-
ence commodity, and the flow of this reference com-
modity is subject to these load limits. The constraints
can be expressed as follows:

q. <Kk (B.2)
JLKL < (B.3)

where k7. € [0, +o0] is the maximal flow of reference
commodity x* in node n, also called the capacity, and
. € [0,1] is the minimal load factor of commodity x*
in node n.

For example, a Gas Turbine (GT) can be represented by
the following constraints:

a,g;quT :ﬁZquT (B.4)
g qg" =B ai (B.5)

q <x9" (B.6)
uSI kG < qG" (B.7)

where ¢ is the flow of gas in the GT in MWhypy, g,
is the flow of electricity in MWhy gy, q,,, is the low-



temperature (LT) heat flow in MWhy gy, kgT is the elec-
tricity capacity, and u&7 is the minimal load factor.

Each node is associated with cost functions, and the
global objective is to minimize the sum of all these
cost functions. All nodes share common cost functions,
while some may include additional, node-specific cost
functions. The common costs include the installation
cost, referred to as CAPital EXpenditure (CAPEX), and
operational costs, which are further decomposed into
Fixed Operational Maintenance (FOM) costs, which
are recurring annual expenses, and Variable Operational
Maintenance (VOM) costs, which depend on the flow of
commodities through the node at each time step.

Fischer-Tropsch plant. The FT reactor is modeled
as a conversion node taking as input CO, concentrated
gases, hydrogen, and electricity, and outputs FT liquids
and HT heat, and LT heat. This FT reactor node is mod-
eled by the following constraints:

arlay’ = pflaj) (B.8)
@ au’ =By 4y (B.9)
ofral) =il af! (B.10)
@, 4, = Bl Uiy (B.11)
a5 45, = B A (B.12)
@y ay' = Bl iy, (B.13)
" al" = B » (B.14)

where, qutT is the flow of FT liquids in MWhy gy in the
FT reactor, g/ is the flow of electricity in MWhy v,
qflz " is the flow of hydrogen in MWhy gy, g7, is the flow
of CO; in tons, MWhyyy,q}/ is the flow of LT heat in
MWhy v, and g/ is the flow of HT heat in MWhygy.

The chemical reactor used in the FT reaction is con-
sidered with no flexible operations, and we impose a
minimal load factor of 100% modeled by the constraint
Equation B.3. Indeed, as explained before in Section 4 ,
the dynamic rate of the FT process is not yet fully under-
stood, and fluctuations in the production may impact the
quality of the products Dieterich et al. (2020). There-
fore, to avoid a big gap with real operational conditions,
we considered a steady-state rate.

Moreover, the CO, inputs into the FT plant node are not
totally converted into e-fuel, so this CO; is released into
the atmosphere and is modeled by the constraint:

FT FT FT

qfoTz = ncozqcoz—c + (1 - nf::)];)qcoz—r > (BlS)
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where g/ _ is the mass of CO, converted into e-fuel
in tons, q/_, is the mass of CO, released in the atmo-
sphere, and 77¢, € [0, 1] is the carbon efficiency.

The FT node shares the common cost function but in-
cludes two additional objective, which are to maximize
the profit from the FT liquids and to maximize the CO,
emission allowances (more details in Figure 3) obtained
from each ton of CO, converted into e-fuel. These two
objectives can be modeled with the following cost func-
tion:

e =y b —dl B (B.16)

where ¢, is the node-specific cost function, ¢y, is a

time-indexed vector of the selling price per MWhy v of
the FT liquids, and ¢, is a time-indexed vector of
the selling price of CO, emission allowance per ton of
CO, converted into e-fuel.

Post-combustion carbon capture. The modeling of
the PCCC node is similar to Mbenoun et al. (2025); Da-
chet et al. (2023), but we have modified and added con-
straints to account for heat exchange flows. This con-
straint allows the injection of HT waste heat to replace
the electricity used to maintain the operating tempera-
ture of the PCCC chemical reaction. This behavior can
be represented as:

pPCccc (., PCCC

PCCC\ _ pPCCC [ PCCC
@y (qel—heat T Gy, )—:3002 Aco, (B.17)
PCCC \PCCC _ pPCCC  PCCC
@, qd. - lBel—heatqel—heat (B 1 8)
PCCC PCCC _ pPCCC PCCC
@, qd. _IBel—el ! P (B19)
where q/““€ is the flow of input electricity, q7°CC 'is
the electricity used to generate HT heat, q} “© is the HT
heat coming from the waste heat of other assets, q-o¢

represents the CO, captured, and q/°CC represents the

energy needs that can only be met with electricity.

Moreover, we have considered an output flow of the re-
coverable LT heat modeled by the following constraint:

PCCC  ,PCCC

_ pPCCC, PCCC
i Qs =B

coy qcaz s

(B.20)

Electrolyzer. The electrolyzers are formulated simi-
larly to Mbenoun et al. (2025); Dachet et al. (2023), but
we have introduced a new constraint to model the flow
of recoverable LT heat. This constraint is modeled as
follows:

EC_EC

EC_EC
@, qel

=@ Yy, (B.21)

Moreover, the electrolyzers produce O, as a by-product
of H, production. An additional cost function is intro-
duced to model the sale of this oxygen, which can be



formalized as follows:

Uokee = —45 - $o0, - (B.22)

where Y5, is the node-specific cost function, q;° is
a time-indexed vector of oxygen produced by the elec-
trolyzer in tons, and ¢, is a time-indexed vector of oxy-
gen selling prices in euros per ton.

Factory. The factory is modeled with constant out-
put flows, specifically considering only the flow of flue
gases in this case study. This flow can be represented
by:

qbp=1-2, (B.23)
where 1 is a vector of ones of size 7, A is a constant
representing the mean flow of CO, of the factory, and
qgozis the CO, mass content in tons of flue gases com-
ing from a factory.

District heating. In our model, we assume that the LT
heat generated by all nodes is used as district heating.
This district heating is represented by a central node that
aggregates the LT heat flows from various model assets.
This central node receives multiple LT heat flows from
the DEFH assets and outputs a district heat flow without
any losses. This process can be expressed as:

DHN

=g, (B.24)

Z Dy

neN

where, N represents the set of nodes considered, qj,, de-
notes the LT heat flow from node n, and g5V is the dis-
trict heat flow within the district heating network. Addi-
tionally, this node aims to maximize the valorization of
LT heat as district heating, which can be modeled with
the following cost function:

DHN

DHN _
wxpec =-4y - ¢dh ’ (BQ’S)

DHN ; : : DHN ;
where ¢, is the node-specific cost function, q,;,"" is a

time-indexed vector of district heating passing through
the district heating network and ¢y, is a time-indexed
vector of district heat selling prices in euros per MWh.

Grid. The grid is modeled as a node with only a capac-
ity constraint. The capacity of the installed connection
limits the flow of electricity and can be expressed as fol-
lows:

G G
qel < Qel ’

(B.26)
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where qeGl represents the flow of electricity drawn from
the grid, and Qecl denotes the fixed electricity capacity
of the grid. As previously explained in Section 4, the
grid connection is assumed to be fixed and is not a vari-
able of the model. The CAPEX, FOM and VOM of the
grid are not fixed and depend on certain model variables.
This cost formulation is derived from Elia (2024). The
fixed operational cost of the grid can be formulated as
follows:

11

G _ G G
lpfom - (7T3 + 71'2) : pyr—peak +m Z pmth—peak’ (B27)
i=0

where the various parameters and variables of this equa-
tion are described in Table B.7.

The variable operational cost of the grid can be written
as:

w\?om,t = weGI»trans,t + (//eGl—purchase,t (B28)
‘l’?gm,t = ({1 + 42) + (¢el—market,t + ¢el—margin)s (B29)

where various parameters and variables of this equation
are described in Table B.7.



Variable Description Value
lﬁ?om FOM cost variable
[€]
U s VOM cost variable
(€]
a5, Electricity drawn variable
from the grid [MWh]
pfr_pm " Annual peak power variable
demand [GW]
pg thpeak Monthly peak power variable
demand [GW]
Parameters Description Value
m Monthly peak 0.2099 x 10°
[€/GW]
o Annual peak 5.2958 x 10°
[€/GW]
3 Available power 4.5060 x 10°
[€/GW]
4| Electricity grid 0.9195
management [€/MWh]
O Market integration 0.3706
[€/MWh]
Del-market Day-ahead elec- ENTSO-E (2024)
tricity market price [€/MWh]
Del-margin Margin of the elec- 10
tricity supplier [€/MWh]

Table B.7: Parameters and variables of the electricity grid operational

cost
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Appendix C. Calculation

In this section, computation results used throughout the
paper are detailed to support the assumptions and nu-
merical values presented in the main analysis. These
include large-scale estimations of the impact of DEFHs
when integrated into heavy industries, as well as price
estimation for synthesized FT liquids based on current
fossil fuel market data.

Appendix C.1. DEFH integrated with the cement in-
dustry impact calculation

If the concept of DEFH is widely adopted, we can en-
vision a future where every heavy industrial plant has
its own DEFH. These hubs would recycle CO,-rich flue
gas, waste heat, or any by-products produced by these
plants into e-fuel. Consider the cement industry as an
example to illustrate the potential impact of DEFHs.
In 2022, the cement industry emitted around 1605 Mt
of CO; emissions worldwide, accounting for 4.3% of
total emissions. If these CO, emissions are captured
and transformed into Fischer-Tropsch (FT) liquids (e-
kerosene, e-diesel, and e-naphtha) with a CO, efficiency
of 72%, then 1123.5 Mt of CO, are converted into 370
Mt of FT liquids (4673 TWh). Assuming that 60% by
mass of the FT liquids is e-kerosene, this represents
2504 TWh of e-kerosene, or 66.42% of the commercial
aviation fuel consumption in 2022 (3773 TWh of fuel).
This computation is detailed below.

Our computations are based on a DEFH composed of
a factory equipped with Post-Combustion Carbon Cap-
ture (PCCC) to capture CO, from CO;-rich flue gas and
then send it to the FT plant to synthesize FT liquids
with an input of hydrogen and electricity. The PCCC
technology considered here has a 90% capture rate, and
the FT plant is considered to have 80% CO, efficiency,
requiring 3.9 tons of CO; to synthesize 1 ton of FT lig-
uids. First, the mass of FT liquids produced is computed
as follows:

_ Mco2 - Npccc

mrr = 39 (C.D
1123.5[Mt] - 0.72
o = 1BIM072 o

where mcp; is the mass of CO, released by the factory,
npccc 1s the capture rate of PCCC, 3.9 is the conversion
mass ratio of CO; to FT liquids, and mpr is the mass of
FT liquids.



Second, to convert the mass of FT liquids into TWh, we
use the following formula:

Ekero = mpgr 'ﬁkero (C3)

where B, is the energy density per kilogram of
kerosene (11.277 kWhygy) and Ey,,, is the energy of
kerosene produced.

Appendix C.2. FT liquids actual gross market price

To determine a relevant price for the FT liquids, we as-
sume a mass distribution of 60% kerosene, 20% diesel,
and 20% naphtha. Given the low value of naphtha,
its price is neglected. We then assume that for each
MWh; gy of FT liquids, 79.3 kg of FT liquids are ob-
tained (see Danish-Energy-Agency (2024) for more de-
tails). This results in 47.58 kg of kerosene (density: 0.82
kg/L) and 15.86 kg of diesel (density: 0.85 kg/L). Con-
verting these masses to volumes yields approximately
58 liters of kerosene and 18.66 liters of diesel. The price
¢ is computed as follows:

¢fz = Vkerosene . ¢kerosene + Vdiesel : ¢diexelv (CS)
66[€/MWh] =~ 58[1] '0.96[@/1] + 18.66[1] '0.57[€/1], (C6)

where, Vierosene and Vyi.ser represent the volumes of
kerosene and diesel, respectively, for one MWh of FT
liquids, Pkerosene and @gieser are the respective prices (in
€/L) of kerosene and diesel in Belgium according to
GlobalPetrolPrices.com (2025) and EnergiaFed (2025).
Rounding the calculation result, we obtain a price of
approximately 66 €/MWhy gy for the fossil fuel equiv-
alent of FT liquids.

Appendix D. Assets parameters

This section presents the economic and technical pa-
rameters used in the LP model of our case study
DEFH introduced in Section 3. All values are primar-
ily sourced from Danish-Energy-Agency (2024) unless
stated otherwise. The economic parameters of the assets
are presented in Table D.8 and the technical parameters
are presented in Table D.9.
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Table D.8: Economic parameters of assets. These parameters are based on Danish-Energy-Agency (2024) except for the grid, which is based on

Elia (2024).

Unit CAPEX FOM VOM Liftetime [years]
Wind Onshore 1.15 0.16663 0.00002 30
[M€/MW] [M€/MW-yr] [M€/MWh]
PV Tracker 0.45 0.0104 0.0 40
[ME€/MW] [ME€/MW-yr] [M€/MWh]
PV 0.38 0.0095 0.0 40
[M€/MW] [M€/MW-yr] [M€/MWh]
Grid 0.00154 Appendix B.2 Appendix B.2 -
[M€/MW]
PEMEC 0.950 0.0475 0.002 25
[M€/MW] [M€/MW-yr] [M€/MWh]
AEC 0.875 0.04375 0.004 25
[M€/MW] [M€/MW-yr] [M€/MWh]
FT reactor 1.701 0.085 0.000045 25
[M€/MW] [M€/MW-yr] [M€/MWh)]
DAC 2.7 0.10 0.00005 30
[M€/(tCO/h)]  [ME€/(tCO,/h)] [M€/tCO,]
PCCC 2.5 0.08 0.00002 25
[M€/(tCO/h)]  [ME€/(tCO,/h)] [M€/tCO,]
CO, tank 0.0038 0.000114 - 25
[M€/tCO,] [M€/tCO,-yr]
CO; liquefaction 1.33 0.05 - 20
[M€/(tCO>/h)]  [M€/(tCO»/h)-yr]
H, tank 0.048 0.00532 - 30
[M€/MWh] [M€/MW-yr]
NasS Battery 0.2445 0.00367 0.00002 24
[M€/MWh] [M€/MWh-yr] [M€/MWh]
Li-ion battery 0.66 0.00057 0.00002 25
[M€/MWh] [M€/MWh-yr] [M€/MWh]
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Unit Parameters Value

PEMEC minimal load factor [%] 5
efficiency[%] 74.7
recoverable LT heat [%] 26.5
AEC minimal load factor [%] 30
efficiency[%] 81.5
recoverable LT heat [%] 20.6
FT reactor minimal load factor [%] 100
efficiency[%] 70
recoverable HT heat [%] 20
Carbon efficiency [%] 80
DAC minimal load factor [%] 0
energy input [MWh/tCO,] 1.385
recoverable LT heat [%] 0.296
PCCC minimal load factor [%] 0
energy input [MWh/tCO,] 0.742
recoverable LT heat [%] 1.54
Carbon efficiency [%] 90
CO, tank round-trip efficiency [%] 100
CO, liquefaction  round-trip efficiency [%] 100
maximum charge rate [tCO,/h] 1
electricity input [MWh/tCO;] 0.129
H, tank round-trip efficiency [%] 89
maximum charge rate [MWy, | 0.09
electricity input [MWh,/MWhg, ] 0.01
NaS Battery round-trip efficiency [%] 85

maximum charge rate [MW/MWh] 0.1667
maximum discharge rate [MW/MWh] 0.1667
Li-ion battery round-trip efficiency [%] 96
maximum charge rate [MW/MWh] 3
maximum discharge rate [MW/MWh] 0.5

Table D.9: Technical parameters of assets. The recoverable LT and HT heat is expressed in a percentage of total energy input [MWh/MWh]. These
parameters are based on Danish-Energy-Agency (2024).
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