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A B S T R A C T

Hydrogen and carbon capture and storage are pivotal to decarbonize the European energy system in a broad
range of pathway scenarios. Yet, their timely uptake in different sectors and distribution across countries are
affected by supply options of renewable and fossil energy sources. Here, we analyse the decarbonization of
the European energy system towards 2060, covering the power, heat, and industry sectors, and the change in
use of hydrogen and carbon capture and storage in these sectors upon Europe’s decoupling from Russian gas.
The results indicate that the use of gas is significantly reduced in the power sector, instead being replaced
by coal with carbon capture and storage, and with a further expansion of renewable generators. Coal coupled
with carbon capture and storage is also used in the steel sector as an intermediary step when Russian gas is
neglected, before being fully decarbonized with hydrogen. Hydrogen production mostly relies on natural gas
with carbon capture and storage until natural gas is scarce and costly at which time green hydrogen production
increases sharply. The disruption of Russian gas imports has significant consequences on the decarbonization
pathways for Europe, with local energy sources and carbon capture and storage becoming even more important.
Given the highlighted importance of carbon capture and storage in reaching the climate targets, it is essential
that policymakers ameliorate regulatory challenges related to these value chains.
1. Introduction

In the wake of the disruption of Russian gas supply to Europe, Euro-
pean Union (EU) policymakers are reshaping incentives and measures
to reduce dependency on Russian fossil fuels and maintain the pace of
emission reduction and decarbonization efforts (Commission, 2023b).
Sector-specific and cross-sectorial plans are being rolled out to adapt
implementation plans for decarbonization and electrification, promote
necessary technology developments, and ensure the economic viability
of transition with a sharpened competition for clean energy. Recently,
the EU launched the Net-Zero Industry Act (Commission, 2023a) as a
part of the Green Deal Industrial Plan, promoting regulatory conditions
that facilitate faster scale up of technologies that are crucial for sectors
that must reach net-zero by 2050, such as wind, solar, renewable
hydrogen and CO2 storage.

The disrupted Russian gas supplies and geopolitical instabilities
increase energy scarcity in the European energy market and reinforce
the price pressure and volatility for fossil and renewable energy. Com-
petition for clean energy increases, while limitations in the availability
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of rare and vital metals and supply constraints create delays and
cost challenges for several large-scale renewable energy projects. The
prevailing energy crisis and rapidly evolving energy landscape in Eu-
rope present ambiguous energy transition trajectories, especially with
sustained removal (Pedersen et al., 2022) of Russian gas supplies. A
large share of hydrogen is a recurring scenario, e.g., Seck et al. (2022),
yet to the best of our knowledge, little has been studied about the
disruption of the Russian gas supply. In this paper, we aim to fill this
research gap by studying the impact on European energy systems with
the absence of the Russian gas supply.

Several European countries have reoriented to LNG imports, while
the ambitions for penetration of hydrogen as a clean fuel are main-
tained (Commission, 2023b). Current estimations for future hydrogen
consumption appear to be at odds with emerging data (van Rossum
et al., 2022). The impact of limited energy supplies on prioritization
and strategies for remaining possible decarbonization options should
thus be lifted. Pedersen et al. (2022) addressed this topic, focusing
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Nomenclature

Abbreviations

BF-BOF Basic furnace - blast oxygen furnace
CCS Carbon capture and storage
CHP Combined heat and power
EAF Electric arc furnace
EU European Union
LNG Liquid natural gas
SMR Steam methane reforming

Indices

𝜔 Operational scenario
𝑎 Asset
𝑐 Commodity
ℎ Operational hour
𝑖, 𝑗 Investment period
𝑛, 𝑚 Node
𝑝 Production method
𝑠 Season

Parameters

𝐷𝑐
𝑛,ℎ,𝑖,𝜔 Demand for commodity 𝑐 in hour ℎ in node

𝑛 in scenario 𝜔
𝐴𝑐
𝑛 Total capacity for commodity 𝑐 in node 𝑛

𝑖𝑙𝑖𝑓𝑒𝑎 Lifetime of asset 𝑎
𝐿𝑝𝑒𝑟𝑖𝑜𝑑 Length of investment periods
�̄�𝑎𝑛,𝑖 Remaining initial capacity of asset 𝑎
𝛼𝑠 Scale factor for season 𝑠

Sets

 Assets
 Operational hours
𝐹 First hour of every season
𝐿 Last hour of every season
𝑠 Hours belonging to season 𝑠
 Investment periods
𝑐
𝑛 All possible bidirectional arcs to node 𝑛 for

commodity 𝑐
𝑐 Production methods for commodity 𝑐
 Seasons
𝛺 Set of scenarios
𝜎𝑐 Sinks of commodity 𝑐

Variables

𝑣𝑎𝑛,𝑖 Available capacity of asset 𝑎 in node 𝑛 in
period 𝑖

𝑥𝑎𝑛,𝑗 Investment into asset 𝑎 in node 𝑛 in period
𝑖

𝑣𝑐,𝑠𝑡𝑜𝑟𝑛,𝑖 Available capacity of storage for commod-
ity 𝑐 in node 𝑛 in period 𝑖

𝑦𝑐,𝑡𝑟𝑎𝑛𝑠𝑛,𝑚,ℎ,𝑖,𝜔 Transport of commodity 𝑐 from node 𝑛 to
node 𝑚 in hour ℎ in period 𝑖 in scenario 𝜔

particularly on the cross-sector distribution of capacities and use of
renewable energy across sectors to adhere to the 1.5 ◦C climate target.
They showed that the 1.5 ◦C target can be maintained without Rus-
sian gas supplies, while a 2 ◦C target is greatly affected. Mannhardt
2

t al. (2023) explored the effects of collective demand reduction across
𝑦𝑐,𝑠𝑖𝑛𝑘𝑛,ℎ,𝑖,𝜔 The use of commodity 𝑐 in other endoge-
nous processes in node 𝑛 in hour ℎ in period
𝑖 in scenario 𝜔

𝑦𝑐,𝑠𝑜𝑢𝑟𝑐𝑒𝑛,𝑝,ℎ,𝑖,𝜔 The production of commodity 𝑐 in node 𝑛
using production method 𝑝 in hour ℎ in
period 𝑖 in scenario 𝜔

𝑦𝑙𝑙𝑛,ℎ,𝑖,𝜔 Electric demand shed in node 𝑛 in hour ℎ in
period 𝑖 in scenario 𝜔

𝑦𝑐,𝑐ℎ𝑟𝑔𝑛,ℎ,𝑖,𝜔 Charging of storage for commodity 𝑐 in
node 𝑛 in hour ℎ in period 𝑖 in scenario 𝜔

𝑦𝑐,𝑑𝑖𝑠𝑐ℎ𝑟𝑔𝑛,ℎ,𝑖,𝜔 Discharging of storage for commodity 𝑐 in
node 𝑛 in hour ℎ in period 𝑖 in scenario 𝜔

𝑤𝑐
𝑛,ℎ,𝑖,𝜔 Storage level of commodity 𝑐 in node 𝑛 in

hour ℎ in period 𝑖 in scenario 𝜔

sectors as a response to disrupted Russian gas supply to reduce energy
consumption. Klaaßen and Steffen (2023) used a meta-analytical ap-
proach to explore shifts in needed power and transport investments to
maintain climate targets due to Russian gas removal in the EU.

The main objective of the paper is to broaden the impact analysis of
the persistent removal of the Russian gas supply in the European energy
system, focusing particularly on the uptake of hydrogen and CCS in the
power, heat and industry sectors. To this end, endogenous hydrogen
demand modelling is needed to achieve more accurate projections,
which has so far been overlooked in the scholarly discourse. In this
paper, the open-source power-system model EMPIRE model (Backe
et al., 2022a) is applied and its scope is extended by enhancing its
analytical capability to scrutinize the role of natural gas and hydrogen
in the prospective European energy infrastructure. Originally designed
for long-term European power system expansion planning, the EMPIRE
model has since been augmented to encapsulate CCS (Turgut et al.,
2021), domestic heating systems (Backe et al., 2022a) and hydrogen
production (Durakovic et al., 2023b,a).

On the methodology side, the EMPIRE model is suitable for the
objective of the paper. First, it is a linear programming model which
enables the modelling of a large-scale energy system but remains
tractable. Compared with other energy system models formulated as
mixed-integer linear programming (Munoz et al., 2014) or even more
complex optimization models (Krishnan et al., 2016), linear program-
ming can capture sufficient physical details of an energy system and al-
low to model a large-scale long-term energy system planning problem.
Secondly, the EMPIRE model is a multi-horizon stochastic program.
Multi-horizon stochastic programming can handle short-term uncer-
tainty in multi-period investment planning problems without having
an explosion in the size of the scenario tree (Kaut et al., 2014). It is
important to manage short-term uncertainty, such as wind and solar
availability in a system with high penetration of renewable energy.
Multi-horizon stochastic programming is a state-of-the-art modelling
technique to manage short-term uncertainty in long-term investment
planning problems. Few existing studies adopted traditional multi-stage
stochastic programming to manage short-term uncertainty in a multi-
period investment planning problem because of the size of the models.
Also, a stochastic programming model can provide insights into how
short-term uncertainty affects investment decisions (Kaut et al., 2014).

In this paper, the focus rests on the modelling of hydrogen produc-
tion technologies, which include electrolyzer and natural gas reforming
processes with and without CCS, while considering the scarcity of
electricity and natural gas. Furthermore, we evaluate energy consump-
tion and the feedstock requirements of major industry sectors, such as
cement, steel, ammonia, and refinery. The modelling approach for the
power and heat sectors is informed by Backe et al. (2022a), while the
energy consumption figures for the transport sector are derived from
external references. Our methodological approach seeks to illuminate
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the fuel and feedstock switch from natural gas to hydrogen within the
future European energy system.

The main contributions in this paper include: (1) the incorporation
of endogenous hydrogen demand within a large-scale, long-term en-
ergy system investment model, (2) detailed modelling of the energy
consumption and feedstock demand in key industry sectors, and (3) a
comprehensive analysis of the influence of natural gas price and avail-
ability on hydrogen production, and the subsequent decarbonization
implications for the power, heat, and industry sectors in Europe.

The structure of the paper is as follows: Section 2 furnishes back-
ground information concerning the industry sector’s role in energy
systems, the prospective impact of hydrogen, and the use of CCS. Sec-
tion 3 elucidates the adopted methodology and data sources. Section 4
presents and interprets our computational results. Finally, Section 5
provides concluding thoughts and directions for future research.

2. Literature review

In the following, we present a brief overview of relevant literature
on the energy consumption and decarbonization of the industry sectors
and its representation in energy system planning models, demand
side flexibility in industry sectors, and the potential role of CCS and
hydrogen in the industry sector.

2.1. The industry sector in the energy system

In 2021, the industry sector accounted for 25.6% of the final energy
consumption in the EU (European Environment Agency, 2023) and for
22% of the total emissions with 757 million tonnes of CO2 emitted. The
need for accelerating the decarbonization of this sector is undoubtedly
urgent. In this paper, we explore transition pathways and investment
planning of the industry sector using a long-term stochastic, multi-
carrier energy system planning model. We focus on modelling of the
energy consumption of the industry sector, in particular cement, steel,
ammonia and refineries, constituting a major share of the energy
consumption in this sector in Europe (European Commission - eurostats,
2023). In the following, we present the background knowledge on
modelling of production processes in these subsectors of the industry
sector.

Cement production involves raw materials handling, pyroprocess-
ing, milling and bagging (European Environment Agency, 2019). CO2
is emitted during the pyroprocessing phase, where the raw materials
mix needs to be heated up to produce clinker, see Alsop (2019) for de-
tails. Different CCS technologies in the cement industry were reviewed
by Hills et al. (2016). As CCS is essential to eliminate CO2 emissions
in cement production, hydrogen in connection with cement production
is a relatively little explored. As an exemption, a techno-economic
assessment was performed by Nhuchhen et al. (2022) in terms of using
by-product oxygen from water electrolysis in hydrogen production for
CCS in clinker production. Potential cost advantages, supply reliability
and transport distance were considered.

Steel production involves the extraction of iron from its ore, purifi-
cation, and conversion into steel, typically through the blast furnace-
basic oxygen furnace method or the electric arc furnace method. Steel-
making and continuous casting is usually the bottleneck in iron and
steel production. An integer programming model was developed to
optimize this process by Tang et al. (2002). A techno-economic model
was developed for evaluating four alternative primary steelmaking
routes (Fischedick et al., 2014). The authors investigated the economic
and technical viability of innovative primary steel production methods
in Germany until 2100 by comparing three new ore-based steelmaking
routes to the traditional blast furnace method. The study showed that
with rising prices for coal and CO2 allowances, blast furnace-based
routes might become unprofitable, making hydrogen direct reduction
and iron ore electrolysis economically attractive due to higher energy
and raw material efficiency together with the potential to meet 80%
3

s

reduction targets. However, high investment costs and electricity price
dependency could hinder profitable implementation without further
subsidies before 2030–2040.

Ammonia production plants traditionally use natural gas as a
feedstock to produce hydrogen locally via steam reforming and then
produce ammonia from hydrogen (Simonelli et al., 2014). The pro-
duction processes of chemicals as ammonia are often challenging to
represent with high detail in capacity expansion models due to the
complexity and often nonlinearity of the governing processes. Eason
and Biegler (2016) addressed this issue by formulating a trust region
filter method for the black-box optimization problem was proposed to
solve an ammonia synthesis problem. Here, due to the problem size and
research focus, we simplified the modelling of ammonia production.
In addition, we consider ammonia production from the purchased
hydrogen from a hydrogen system.

Refineries utilize hydrogen to reduce the sulfur content of diesel
fuel. Traditionally, hydrogen is produced on site with associated emis-
sions. A single objective optimization model is proposed to maxi-
mize hydrogen production in an oil refinery at steady state condi-
tion (Sarkarzadeh et al., 2019). The study showed that the main ad-
vantages of the optimized process were the higher hydrogen production
at lower steam capacity in the plant and higher hydrogen production
in reforming and shifting reactors. A linear programming model was
developed to optimize the hydrogen distribution network for the refin-
ery industry, and an efficient network design has been achieved with a
30% reduction in hydrogen utility usage (Fonseca et al., 2008). Most of
the literature considered the optimization of hydrogen production on-
site, and the emissions from producing hydrogen were not sufficiently
addressed. In this paper, we combine the refinery sector with other
industry sectors and consider acquiring hydrogen from the system for
the refinery processes.

Demand-side management has become increasingly important due
to the higher penetration of uncontrollable renewables in the en-
ergy mix. The industry sector has a significant potential to shift their
production activities according to energy availability and thereby im-
prove utilization of varying renewables. Zhang and Grossmann (2016)
pointed out that the active management of electricity demand by
power-intensive process industries is an important part of demand
side management. A comprehensive review of the existing works on
enterprise-wide optimization for industrial demand side management
was presented. As a major energy consumer, demand-side management
in steel plants can help stabilize the power grid (Castro et al., 2020).
The authors developed a new mixed integer linear programming model
to optimize electric arc furnace operations in steel plants, showing that
despite low electricity prices, high-power modes are largely avoided
due to their less energy-efficient nature and higher electrode con-
sumption, emphasizing the importance of electrode replacement in
reducing overall costs. In this paper, we include industrial demand-
side flexibility, which can be a significant source of flexibility (Gils,
2014), by allowing each industry sector to shift their production by
some percentage of their capacities.

2.2. Hydrogen in energy systems

The literature above highlights how hydrogen is currently used and
its significant potential for decarbonization in multiple industry sectors.
In this paper, we systematically model the potential hydrogen demand
in industry. In addition to providing fuel and feedstock for industrial
production processes, hydrogen as a clean energy carrier can be used
in other sectors, such as power and heat and can be important for the
energy transition in general. We provide some literature on hydrogen
in the energy transition in the following.

Cloete et al. (2022) investigated the potential trade channels for
energy exporters in a low-carbon future using a new model. They
found that natural gas imports with CO2 capture is the least costly

olution. However, exporting blue hydrogen or steel produced via
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hydrogen reduces CO2 handling and is a viable diversification strat-
gy for fossil fuel exporters like Norway, despite moderately higher
osts. Moreno-Benito et al. (2017) extended the SHIPMod optimization
ramework to develop a sustainable hydrogen infrastructure for the
K’s transition towards a low-carbon transport system. The extended
odel includes economies of scale, road and pipeline transportation,

nd CCS technologies. The authors found that the most cost-effective
ydrogen production method that maintains low carbon emissions is
atural gas reforming with CCS. Bødal et al. (2020) proposed a cost-
inimizing model to optimize investments in electricity and hydrogen

nfrastructure under various low-carbon scenarios. They found that in
exas, by 2050, hydrogen produced from both electricity and natural
as is cost-effective for emissions reduction, offering system flexibility
nd enabling high renewable energy shares with less battery storage.
owever, the results showed that the shift from electrolysis to steam
ethane reforming for hydrogen production depends on carbon pric-

ng and hydrogen demand. Wiese and Baldini (2018) implemented a
etailed description of the industry sector in the Balmorel model and
emonstrated the model on the Danish energy system. The pathway
f the energy transition was simulated but not optimized. Although
he models include sufficient operational details, the optimal invest-
ent for the transition in the industry sector was not investigated,
or were options for decarbonization by CCS. A mixed-integer lin-
ar programming model was proposed to use offshore energy hubs
o produce and store green hydrogen offshore for the decarboniza-
ion of the Norwegian continental shelf (Zhang et al., 2022b) and
he European energy system (Zhang et al., 2022a). The REORIENT
odel was proposed to integrate investment, retrofit and abandonment
lanning in a single stochastic mixed-integer linear programming for
he long-term planning of the European energy system (Zhang et al.,
023). The results showed that the REORIENT model could yield 24%
ower investment cost in the North Sea region than the traditional
nvestment-planning-only model.

Only a few published studies have explored the integrated natural
as, CCS and hydrogen value chains in multi energy system mod-
ls. Sunny et al. (2020) developed a H2–CCS value-chain modelling
ramework as a resource task network, incorporating the specification
f exogenous demand that can be satisfied using hydrogen and other
lternatives. Hydrogen and CCS infrastructure was optimized, yet few
etails on the demand side, particularly the industry sector, were
ncluded, and the power sector was omitted in the model. Reigstad
t al. (2022) analysed future hydrogen demand and infrastructure
or hydrogen production, transport and storage with a specific focus
n Germany, the UK, the Netherlands, Switzerland and Norway. The
nalysis also included the use of hydrogen and its combination with
CS for decarbonization of both industry and transport, still with
xogenous demand. The studies of Pedersen et al. (2022) and Victoria
t al. (2022) applied the PyPSA-Eur-Sec model including options to
nvest in hydrogen production using steam methane reforming with
r without CCS and electrolysis. Options for autothermal reforming
ith CCS, constituting improved efficiency and reduced CO2 emissions
ere not included in the model. Resorting to a deterministic approach,

tochasticity in renewable generation was omitted in the model and a
h time resolution was used, thereby limiting the impact of variability

n renewable generation in their analysis. Seck et al. (2022) analysed
he potential of low-carbon and renewable hydrogen in decarbonizing
he European energy system according to the set EU targets, using a
hree-level, deterministic modelling approach with a detailed European
IMES-type model (MIRET-EU), an aggregated model for the European
nergy system, and a dedicated model for assessing hydrogen import
ptions for Europe (HyPE). An emerging feature of this approach
as the ability of endogenous cost reductions based on technology
eployment in the model.

A comparison of this paper with relevant literature is presented
n Table 1. In addition, for a more detailed literature review on hy-
rogen in energy systems, we refer the readers to Agnolucci and
cDowall (2013), who reviewed hydrogen literature across different

patial scales, and Li et al. (2019), who reviewed optimization literature
4

n hydrogen supply chains.
3. Methodology and data

EMPIRE (Skar et al., 2016; Backe et al., 2022a) is used in this paper,
formulated as a multi-horizon (Kaut et al., 2014) stochastic (Birge
and Louveaux, 2011) mathematical problem. EMPIRE is an established
model, and its framework has been used in several publications for
the European energy system (Skar et al., 2014, 2016, 2018; Cre-
spo del Granado et al., 2019; Holz et al., 2021; Backe et al., 2022b,a,
2023; Durakovic et al., 2023b,a). EMPIRE minimizes the investment
and operational costs for power production, transmission, and storage.
While EMPIRE was originally a power sector model, it has since been
expanded considerably with an explicit model for the domestic heating
demand Backe et al. (2023), and also the production of green (Du-
rakovic et al., 2023b) and blue (Durakovic et al., 2023a) hydrogen to
meet an exogenous demand. In this work, EMPIRE has been expanded
to include the option to develop a CCS chain, and it now includes the
industry sector together with the hydrogen sector. With this change,
hydrogen demand is no longer an exogenous input, as hydrogen is one
of several energy carriers and industrial feedstocks that the model can
choose. Also, the availability of natural gas is modelled explicitly with
available resources, LNG terminals, and pipeline capacities. With these
changes, EMPIRE is more like a multi-energy system model, where the
output of one sector can be directly used in another. For example,
power that is consumed in the industry sector must be generated in
the power sector. These connections are preserved in EMPIRE. An
introduction to how EMPIRE is generally set up is given in Appendix.

The two temporal scales in the multi-horizon framework are the
long-term strategic periods, and the short-term operational hours. The
strategic periods are each five years long, and EMPIRE can invest in
new capacity for all assets at the start of each strategic period. The
operational hours are linked to each strategic period, featuring hourly
dispatch of the assets to meet the demand of each commodity, such
as e.g., power. EMPIRE represents each of the meteorological seasons
with one representative week of hourly operations each, as well as two
days of peak power demand. This temporal resolution is to validate the
investments made in the strategic period, and the operational costs for
these representative weeks and peak days are scaled up to represent
the operational cost for one representative year. EMPIRE features un-
certainty in its operations, where each operational scenario consists of
such a representative year. There are three such operational scenarios
in this work, where the uncertain parameters include renewable power
generation and electric power demand. The focus of EMPIRE is to
study investments into production capacity in the energy system, while
being subject to the operational uncertainty in demand and renewable
energy production. The operational hours are thus included to ensure
that the system will function in a variety of different scenarios for
the uncertain parameters. Properly representing such uncertainty has
been shown to properly value flexible assets (Seljom and Tomasgard,
2015) and storage (Crespo Del Granado et al., 2016). By including these
operational uncertainties, EMPIRE is able to design a robust energy
system.

EMPIRE features 52 nodes to represent the European energy system.
30 nodes are for countries in Europe, in addition to 5 nodes for the
five power price zones in Norway. There are also 14 offshore wind
farm nodes, and one offshore energy hub node as in Durakovic et al.
(2023b). The remaining two nodes are the Sleipner and Draupner
offshore platforms, which are used to transport natural gas in the
North Sea. The industries included in EMPIRE include the steel, cement,
ammonia and oil refining industries, all of which have the potential for
large-scale use of hydrogen in the future.

EMPIRE features a cap on annual CO2 emissions, in line with the
targets set by the European Commission (2018). Whereas the European
Commission separates the CO2 emissions from the power and industry
sectors, in EMPIRE, these separate caps are added into one shared cap
for all sectors, giving the model the freedom to trade emissions across

sectors if necessary.
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Table 1
Comparison of this paper with relevant literature.

Ref. Optimization Multi-period Stochastic Power Heat Industry Hydrogen CCSa Natural gasb

Seck et al. (2022) X X X X X X X
Sunny et al. (2020) X X X X X X
Pedersen et al. (2022) X X X X X X X
Backe et al. (2022a) X X X X X
Zhang et al. (2022a) X X X X X X
Bødal et al. (2020) X X X
Fischedick et al. (2014) X (only steel) X
Nhuchhen et al. (2022) X (only cement) X
Fonseca et al. (2008) X X (only refinery) X
This paper X X X X X X X X X

a This column marks the papers that include the development of the CCS transport chain, as well as the sequestration of CO2.
b The natural gas column designates those papers that model the natural gas reserves and the production from these, or import from LNG terminals, along with transport through
the natural gas pipeline network.
Previously in EMPIRE, natural gas was assumed to be abundant, and
following the price as reported by the European Commission (2016).
This has changed in this work in order to reflect the lack of Russian
natural gas in the energy system. Instead, the production and trans-
mission of natural gas are now modelled explicitly in EMPIRE, where
production can occur in Russia, North Africa or in the North Sea. No
new pipeline capacity or liquid natural gas (LNG) import capacity can
be built, where the existing pipeline capacity is taken from ENTSO-G
as implemented by Egging-Bratseth et al. (2021), and the LNG capacity
of each country is as reported by Gas Infrastructure Europe (2022). All
reserves estimates are taken from bp (2021), except for the Norwegian
reserves, which are allocated to the three south-western price zones
based on geographic location as reported by Norwegian Petroleum
(2023). Furthermore, in the cases where Russian gas is included, it
is assumed that there is an unlimited supply from Russia, and the
only limiting factor is the pipeline capacity. Similarly, LNG supply is
also assumed to be inexhaustible, and is only limited by the import
capacity. The production capacity of Norway is split into the three
power price zones, where the production capacity of the price zone is
the capacity of Kårstø (Equinor, 2023) in NO2, of Nyhamna (Gassco,
2023) in NO3, and of Kollsnes (Equinor, 2023) in NO5. The natural gas
production capacity of the UK was taken from the Energy Information
Administration (2022). The natural gas coming from North Africa is
assumed to be constrained by the pipeline capacities into Spain and
Italy, and so these are the limits for this source. To represent the
flexibility in the North Sea pipeline network, the two hub platforms
Sleipner and Draupner are also represented, thereby representing the
North Sea gas pipeline network similarly to Kazda et al. (2020). These
are initially powered by on-site gas turbines, and have the option of
electrification from mainland Norway. Some countries also have long-
term natural gas storage, with the total capacity for this taken from
the European Commission (2022a).

Cost of producing natural gas is assumed to be the same in the North
Sea, Russia and North Africa, and every country is assumed to pay the
same price for LNG. These prices are uncertain, and so two cases a
constructed, where the natural gas is more costly in one case. In the af-
fordable case, natural gas production is assumed to cost 10 EUR/MWh,
and in the costly case, this cost is doubled to 20 EUR/MWh. The LNG
prices are summarized in Table 2. The cheap LNG price in 2020 is
found by taking the average of the LNG import price to the EU from
2010 to 2019 (International Energy Agency, 2020b), and the expensive
price was the average monthly LNG futures price in 2024 (C.M.E.
Group, 2023). The projection into the future was then calculated by
scaling the 2020 price with the price development of natural gas as
reported by the European Commission (2016). These changes are made
to reflect the more challenging gas market that Europe faces, following
the disconnection from Russian supplies.

The CCS chain is modelled such that CO2 can be captured from
certain power generators fuelled by coal or natural gas, from hydro-
5

gen production with natural gas reforming and from certain industry
plants, when applied in the steel and cement sectors. CO2 can be
transported internationally using pipelines, and can only be perma-
nently sequestered in the North Sea. Table 3 shows which nodes can
sequester CO2 in this work, and the corresponding maximum capacity
for sequestration.

The industry is represented by the steel, cement, ammonia and oil
refining industries. The yearly output of steel is taken from the Euro-
pean Parliamentary Research Service (2021), where the future growth
is assumed to follow the growth trajectory as reported by the Inter-
national Energy Agency (2020a). The initial capacity of each country
is taken from EUROFER (2019). It is assumed that the total scrap use
cannot exceed 45% of the total annual crude steel demand, which is
roughly the average share of electric arc furnace production in Europe
from 2012 to 2021 (EUROFER, 2022).

Ammonia demand is taken from Egenhofer et al. (2014). For the
initial capacity, it is assumed that this demand is met as if all of it
were produced by ammonia plants with local steam methane reforming
(SMR) without CCS, and that the capacities of these initial plants are as
if they meet the yearly demand by producing at maximum capacity all
year. The alternative way to produce ammonia in this model is to have
an ammonia plant that receives hydrogen from the hydrogen market
rather than producing it locally.

Cement is another sector that can potentially benefit from hydrogen
and CCS, especially the latter as the decomposition of limestone to
calcium oxide in clinker production emits roughly 0.78 tons of CO2 per
ton of clinker produced. These emissions also occur even if the fuel in
the kiln is completely emissions free. In this model, the yearly demand
for cement is taken from the U.S. Geological Survey (2021), where
the clinker to cement ratio is assumed to be improved as described
by the International Energy Agency (2018). The present capacity is
assumed to be such that the yearly demand is met by the initial capacity
is run at maximum capacity all year long.

Refineries consume significant amounts of hydrogen and are in-
cluded here as an industrial sector. McKinsey Energy Insights (2022)
gives the refinery production capacities of each European country,
which is used to meet the demand for refined oil. This demand is falling
as Europe is decarbonizing, and the yearly demand for refined oil is
decreased based on the decrease of refinery runs in as reported by
the International Energy Agency (2021).

The transport sector is modelled in a simplified way such that
the annual energy demand for each energy carrier, as reported by
the European Commission (2020), is met. The transport sector is thus
an exogenous demand, and the model makes no decisions about the
technologies that are used.

The full code and all data is available as open access on the public
project Github page (Durakovic, 2023).

4. Results and analysis

This section includes the results and analysis of these. Four cases

are considered, featuring the different permutations of affordable and
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Table 2
Price for LNG in affordable and costly case. All prices in EUR/MWh.
Year Affordable pipeline gas Costly pipeline gas Affordable LNG Costly LNG

2020 10.00 20.00 20.86 50.98
2025 10.00 20.00 22.57 55.15
2030 10.00 20.00 24.55 59.98
2035 10.00 20.00 26.22 64.06
2040 10.00 20.00 27.10 66.22
2045 10.00 20.00 27.66 67.57
2050 10.00 20.00 28.08 68.62
2055 10.00 20.00 28.08 68.62
Fig. 1. Development of European power sector.
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Table 3
Maximum capacity for offshore CO2 sequestration in the North Sea.
Node CO2 sequestration Reference

capacity [Gt]

NO2 29.5 Halland et al. (2022b)
NO3 30.7 Halland et al. (2022b)
NO5 0.2 Halland et al. (2022a)
Denmark 0.3 Turgut et al. (2021)
The Netherlands 4.0 Turgut et al. (2021)
Great Britain 78.0 Turgut et al. (2021)

costly natural gas, and with and without Russian natural gas. Sec-
tion 4.1 focuses on the temporal development of the power and domes-
tic heat sectors, Section 4.2 analyzes how the development of hydrogen
production changes between the different cases, Section 4.3 shows the
changes in industrial production for the cement and steel industries,
and finally, Section 4.4 shows the utilization of CCS.

4.1. Power & domestic heat sectors

The European power demand is predicted to increase considerably
in conjunction with tightening CO2 emission caps. Fig. 1 shows the
evelopment of the European power generation capacity, subject to
hese two developments.
6

s

The four cases shown in Fig. 1 share some similarities. The first is
hat there is a large growth in power generation capacity in Europe,
y at least 130% between 2020 and 2050. The second important
bservation is that this growth is mainly underpinned by the renewable
enerators of solar and wind. Furthermore, both onshore and offshore
ind play large roles in the power system in 2050, where grounded
ffshore wind accounts for most of the offshore wind capacity, but
loating offshore wind still has between 24.0 and 49.7 GW of capacity,
epending on the case. Renewable power generators are thus at the
ore of the European power sector, with other dispatchable generators
upplementing the renewables when there is insufficient renewable
ower generation to meet all demand. All four cases also feature
ydrogen-fuelled power generators, but these only play a minor role,
here the capacities total capacity for hydrogen-fuelled generators in
050 is between 13.0 and 22.4 GW.

There are also some important differences between the cases in
ig. 1. One trend that can be observed is how the total power genera-
ion capacity grows as access to natural gas is restricted, either through
igher natural gas costs, or by removing Russian gas. Comparing the
ost relaxed case in Fig. 1(a) with the most restrictive case in Fig. 1(d),

t can be seen that the total power generation capacity in 2050 grows
rom 2.4 TW to 2.7 TW, or by about 12.5%. It can also be observed how
he total installed generation capacities of the renewable generators
row considerably as access to natural gas is restricted, with onshore
olar and wind having the largest increase.
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Fig. 2. Development of European domestic heat sector.
Another important difference between the four cases is the role of
atural gas in the power sector. In Figs. 1(a) and 1(b) natural gas
ower generators, both with and without CCS, account for a significant
hare of the power generation capacity, whereas in Figs. 1(c) and 1(d)
hese capacities are strongly diminished. The power system requires
ispatchable power that gas-powered generators previously offered,
nd in Figs. 1(c) and 1(d), this role is filled by coal-fired power plants
ith CCS. Furthermore, as previously discussed, renewables account for
larger share of the power generation capacity.

The results for the power sector broadly reflect what is found in
xisting literature on the development of the European power sector,
here renewable power generation dominate the supply of electricity.
uch findings can be found in for example the work by Skar et al.
2016) and Backe et al. (2023). Furthermore, natural gas has been
redicted to play an important role in the European power sector,
specially in combination with CCS when available (Holz et al., 2021).
his is reaffirmed by Figs. 1(a) and 1(b), which are the cases that reflect
he natural gas assumptions in these studies, with available Russian gas.
owever, as shown in Figs. 1(c) and 1(d) and discussed earlier, this
hanges once Russian gas is unavailable. In these cases, the use of gas
n the power sector is all but removed.

Fig. 2 shows the development of the European domestic heat sector
n the four cases. Overall, the development is very similar in all cases.
t can be observed how the domestic heat sector tends towards larger
entralized combined heat and power (CHP) and district heat systems.
he decentralized gas-based systems are simultaneously phased out.
here is also a pivot towards individual air-source heat pumps, as
pposed to boilers for individual households. Note that the capacity
hown for heat pumps in Fig. 2 is the electric capacity of the heat
ump, as the coefficient of performance is stochastic, depending on the
utside temperature in each country. The coefficients of performance
re between 1.83 and 3.33. The heat output of the heat pump systems
s thus higher than suggested by Fig. 2.

Inspecting the differences between the cases, it can be seen how
hen access to Russian gas is removed, then there is a larger reliance
n bioenergy-based CHP plants, where the capacity in 2050 increases
7

y at least 18% compared to the respective case with Russian gas. The
expanded use of heat pumps is in line with the results presented by Ped-
ersen et al. (2022), but the use of hydrogen in the heat sector is not.
In their results, hydrogen is not used in the heating sector at all, while
electricity-based heat, from both heat pumps and resistive heating, is
used extensively. One reason for this difference may be that their model
is deterministic, thereby potentially overestimating the availability of
renewable electricity. Taking the uncertainty of renewable generation
into account has been shown to favour dispatchable generators (Seljom
and Tomasgard, 2015).

Comparing the findings in Fig. 2 with the study by Backe et al.
(2023), we find several similarities, including the large deployment of
heat pumps, and bioenergy-based heating. Another similarity is also
the continued use of fossil energy to produce domestic heat, but Fig. 2
shows a use of gas in the more efficient district heat network, instead of
the individual gas boilers, as is used in the study by Backe et al. (2023).
This may be because natural gas is more limited in this study, and so
must be used more efficiently in order to be economically competitive.

In short, Figs. 1 and 2 show how energy production for both power
and heat rely more on energy sources within the EU, in terms of
renewable energy generation, bioenergy, and to some extent, coal. This
comes at the expense of gas use, which was previously in large part
sourced from Russia.

4.2. Hydrogen production

Hydrogen is an important energy carrier in a decarbonized energy
system, where it can be used to decarbonize power and heat supply, as
well as energy and feedstock supply in industry. Hydrogen is also used
in the exogenous energy demand in transport, which has to be met in
this model. Fig. 3 shows the development of hydrogen production, as it
is decarbonized along with the rest of the energy system, including the
locally produced hydrogen for ammonia production, which is included
in the steam methane reforming group.

Figs. 3(a) and 3(b) show that when Russian gas is available, the
most cost-effective way to produce hydrogen is through natural gas
reforming. In the beginning, this hydrogen production is mainly based

on SMR without CCS, much like hydrogen production today, but this
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Fig. 3. Development of hydrogen production capacity in Europe.
way of producing hydrogen is substituted by autothermal reforming in
the long term, using gas heated reformers for improved efficiency and
CCS for reduced CO2 emissions.

Interestingly, there is no substantial electrolyzer capacity in either
he affordable or costly case when Russian gas is available. This is
ecause there is an abundance of affordable pipeline gas, and the
ncluded technologies are able to produce hydrogen with a very high
O2 capture rate, allowing for the production of hydrogen with very

ow greenhouse gas emissions. At the same time, it is assumed that the
elivered natural gas is not associated with any methane leak, whereas
n reality, certain countries have considerable methane emissions asso-
iated with natural gas production, including for example Russia and
lgeria (International Energy Agency, 2023). Accounting for the green-
ouse effect from these methane leaks can have a significant impact
n the climate footprint of blue hydrogen (Howarth and Jacobson,
021), which can significantly influence these results by facilitating an
ncreased production of green hydrogen. In considering the greenhouse
ffect from methane leaks, it is important to differentiate on where
he hydrogen comes from Romano et al. (2022), advantaging Norwe-
ian blue hydrogen. These results are aligned with the 2022 report
y Hydrogen4EU (2022), where upstream methane leak was considered
n the development of a hydrogen supply chain. In this report, the
istribution between blue and green in their Technology Diversification
ase was similar to what is seen in Fig. 3(d), emphasizing the potential
f blue hydrogen production. It is also possible to reduce the upstream
missions of methane for other areas as well (Shirizadeh et al., 2023),
otentially allowing for a wider sourcing of blue hydrogen.

Removing access to Russian gas, as in Figs. 3(c) and 3(d), leads
o some important differences. While the development of hydrogen
roduction capacity looks similar in the short timeframe, it can also
e observed how green hydrogen plays a much more important role in
hese cases, especially in Fig. 3(d) where natural gas is costly. In these
ases, there is substantially less pipeline gas available in the market,
nd much of the natural gas demand is met through LNG imports. In
he case shown in Fig. 3(c), the LNG is affordable enough that it is
conomical to produce blue hydrogen from LNG imports. However, in
he costly gas case, this occurs much more rarely, and pipeline gas is the
ain source of natural gas for hydrogen production. Since there is much

ess pipeline gas available in the case shown in Fig. 3(d), it becomes
8

much more attractive to produce hydrogen through electrolysis. By
2050, green hydrogen accounts for almost 60% of the total hydrogen
production capacity in Fig. 3(d), as the green hydrogen production
capacity increases in conjunction with the large increase of renewable
power capacity seen in Fig. 1(d).

In the REPowerEU plan (European Commission, 2022b), the Euro-
pean Commission set a goal of 20 Mt of annual renewable hydrogen
production, with 10 Mt being produced inside the EU, and the re-
maining 10 Mt being imported from nearby regions. None of the
results shown in Fig. 3 reach this goal. Instead, by 2030, all of the
hydrogen production capacity is in natural gas reforming, and with
the majority being SMR without CCS. Most of this capacity comes from
local hydrogen production for ammonia. Considering the development
of the power sector as shown in Fig. 1, it is evident that by 2030 there is
not enough renewable power to support 20 Mt of renewable hydrogen
production. In order to achieve these goals, it is therefore necessary
to build up a much larger capacity of renewable power generation
by 2030. At the same time, the results suggest that this may not be
necessary; it is possible to reach the carbon neutrality goals without
needing 20 Mt of renewable hydrogen in 2030, and also without relying
on Russian gas.

4.3. Industry

This work includes the steel, cement and ammonia industries in
order to cover their hydrogen demand, and see to what degree they
use CCS, when possible.

Fig. 4 shows the production of European steel, and the share of the
total production that each steel plant accounts for. Common for all four
cases is how the use of scrap is maximized, as this way of producing
steel is emissions-free. Fig. 4 also shows how eventually, regardless of
the case, all European steel is made in electric arc furnace (EAF) plants,
that either use scrap or iron reduced using hydrogen as a feedstock.
Biocarbon is also not used in any of the cases, instead favouring CCS
and hydrogen as decarbonization pathways.

The difference in the four cases mainly occurs as Russian gas is
removed in Figs. 4(c) and 4(d). While also in these cases, steel produc-
tion ultimately relies completely on hydrogen and scrap, the transition
to this final state is different than the cases seen in Figs. 4(a) and
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Fig. 4. Evolution of European steel production.
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4(b). Whereas the cases with Russian gas transition directly from the
conventional blast furnace, basic oxygen furnace (BF-BOF) technology
to hydrogen direct reduced iron with EAF, the cases without Russian
gas go through an intermediate step with steel plants using the BF-BOF
technology, but with CCS. This comes as a result of there being less
affordable hydrogen available in the energy system when the Russian
gas is removed; it becomes more effective to decarbonize through CCS
while the hydrogen market matures, even though the CO2 capture rate
in the steel sector is relatively low at 60%. In this way, the steel
industry avoids having to use relatively scarce natural gas (through
the consumption of blue hydrogen), and can instead continue using the
more abundant coal.

In this work, the cement industry can be decarbonized by building
cement plants where the clinker is produced using gas while capturing
the CO2 emissions, or partially decarbonized by switching the fuel used
in clinker production to hydrogen. Fig. 5 shows how these three options
decarbonize the cement industry.

Comparing the four cases, it can be observed how their develop-
ments in the cement sector appear almost identical. Starting from 2030,
the cement sector is gradually decarbonized by introducing CCS to
cement plants, and by 2050, all cement plants feature CCS in all four
cases. This result is in line with what is presented by the Interna-
tional Energy Agency (2018), where CCS appears as a priority for the
decarbonization of cement.

In Fig. 5(d), it can also be observed how a small share of clinker
production experiences a fuel switch from natural gas to hydrogen
before 2050. This result is counter-intuitive, as hydrogen production
is largely based on natural gas, as seen in Fig. 3(d), and the produc-
tion of this hydrogen includes an efficiency loss, thereby ostensibly
introducing inefficiencies in the energy system. The reason for this fuel
switch is a modelling anomaly. The hydrogen-based cement plants in
the results are constructed in south-eastern Europe, a region that has
previously been supplied by Russian gas. The availability of this gas
is removed in this case. Furthermore, a modelling assumption is that
the model cannot build new natural gas pipelines, whereas it can build
new hydrogen pipelines. As Russian gas is removed and LNG is (pro-
hibitively) expensive, the existing natural gas pipeline infrastructure is
not sufficient to sustain all the natural gas demand here. The model is
thus forced to build hydrogen pipelines instead in order to meet the
9

demand. This will in reality likely not develop as shown in Fig. 5(d), i
as the infrastructure may be operated in a more efficient way that is
not modelled, or if necessary, the gas infrastructure may be reinforced
to suit the needs of the energy system.

4.4. Sequestration of CO2

The results in this work use CCS on a large scale, and Fig. 6 shows
how much CO2 is sequestered in the North Sea until 2055. It is evident
that regardless of the case that has been investigated, CO2 sequestration
is an effective way to decarbonize the European energy system, and by
2050, at least 10 Gt of CO2 has been sequestered in the North Sea.

Inspecting where the CO2 is sequestered, it becomes clear that the
geographic location of the sequestering site is important. The first areas
to begin sequestering CO2 are Denmark and the Netherlands, and these
are also the only areas to fully utilize their maximum sequestration
capacity. Following these two locations, the rest of the captured CO2 is

ainly stored in South-Western Norway, NO2, and Great Britain, owing
o their proximity to continental Europe.

In the cases without Russian gas, shown in Figs. 6(c) and 6(d), CO2
equestration is used at a bigger scale than the cases with Russian gas,
nd at least 20 Gt of CO2 is sequestered in these two cases. In Fig. 1
t was shown that without Russian gas, the European energy system
ould rely more heavily on coal power plants with CCS, which capture
ore CO2 per unit of energy than their gas-based counterparts. It was

lso shown in Fig. 4 how CCS played a large role in the steel sector
nce Russian gas is unavailable, and the effect of these changes is that
ore CO2 has to be sequestered in the North Sea, as shown in Fig. 6.

Fig. 7 shows the CO2 pipeline topographies in 2030 and 2050 for
he costly natural gas cases, with and without Russian gas. Broadly
peaking, the topographies in 2050 look very similar for the cases
ith and without Russian gas, shown in Figs. 7(b) and 7(d). Here, the
uropean countries are well-connected to each other, and with end-
oints in the main sequestration nodes, showing the importance of CCS
n the future.

In 2030, some differences arise. Comparing Figs. 7(a) and 7(c), it
an be seen how both cases show the start of the CO2 pipeline networks
een in 2050, but also how the case without Russian gas, shown in
ig. 7(c), has a much more developed CO2 pipeline network than the
ase with Russian gas. In fact, the sum of CO2 pipeline capacities

n 2030 in the case without Russian gas is over 3 times as large as
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Fig. 5. Evolution of European cement clinker production.
Fig. 6. Expected cumulative amounts of CO2 sequestered in the North Sea.
the case with Russian gas. Furthermore, it is also evident how more
countries have adopted CCS by 2030 in Fig. 7(c), and the topography
is consequently more branched out.

CCS was predicted to be an important technology for the industry
and power sectors (Holz et al., 2021), and it appears that it has become
even more important following the disconnection from Russian gas.
This applies both in the short term, as seen in the 2030 maps in Fig. 7,
but also in the long term, as demonstrated in Fig. 6, where the total CO2
sequestered by 2050 when there is no Russian gas significantly exceeds
the cases when Russian gas is available.
10
5. Conclusion

This work has investigated how the European energy system can
reach the carbon neutrality targets by 2050 in the power, domestic
low temperature heat, and industry sectors, while also accounting for
the energy demand in the transport sector. The paper has analysed
energy transition pathways without using Russian pipeline gas, and the
results were compared with the case where Russian gas would again
be available. An important contribution of the work is endogenous
hydrogen demand modelling, enabling the model to optimize the de-
ployment of technologies using hydrogen in the power and industry
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Fig. 7. Development of CO2 pipeline topography. All figures in the costly natural gas case.
sectors, taking into account the scarcity of electricity and natural gas,
which are required to produce hydrogen.

As a general conclusion from the results, hydrogen is projected a
key role in the industry sectors going forward, and a minor role in
the power system. The results show that hydrogen may also play an
important role in the domestic heat sector, where it is used as a clean
fuel for district heat networks.

The results also show a tremendous value of CCS in the decar-
bonized European energy system, especially now that Russian pipeline
gas is not going to be used. With less affordable natural gas available,
the European energy system relies more heavily on coal than it other-
wise would, especially in the power and steel industries. This coal use
is combined with CCS in order to significantly lower the CO2 emissions.

Summarizing the findings in key messages, it is found that:

• The removal of Russian natural gas increases the use of coal.
It is found that in the power sector, coal power plants replace the
role that gas otherwise would have as a dispatchable generator.
In the steel sector, the use of iron reduced using hydrogen is also
significantly delayed when Russian gas is unavailable, as the vol-
ume of affordable hydrogen in the energy system is insufficient.
Consequently, BF-BOF steel plants fuelled by coal are used for
longer. In both the power and steel sectors, CCS is used in order
to decarbonize coal use.
11
• The use of gas in the power sector is partially replaced by
renewable power generators. As access to natural gas becomes
more restricted, by first removing access to Russian pipeline
gas, and later increasing the price of LNG, it is shown how the
generation capacities for the renewables grow considerably. In
2050, wind and solar account for most of the power generation
capacity in all cases, but they play a much larger role when LNG
is costly and Russian gas is unavailable.

• Blue hydrogen production is a cost-effective way of produc-
ing low-carbon and affordable hydrogen. Natural gas reform-
ing, both with and without CCS, accounts for a large share of
hydrogen production in all investigated cases, and in most cases
it is the only source of hydrogen before 2050. Only when Russian
gas is unavailable and LNG is very expensive does green hydrogen
account for over half of the production capacity in 2050.

• CCS is important for reaching European decarbonization
goals. In all the investigated cases in this work, CCS plays a
significant role in reducing European greenhouse gas emissions.
This is especially the case in the power, hydrogen, and cement
sectors. By 2050, at least 10 Gt of CO2 is sequestered in the North
Sea in all cases, with Great Britain, the Netherlands and South-
Western Norway sequestering the most, owing to their geographic
location and maximum offshore sequestration capacity.

• Phasing out Russian pipeline gas increases the importance
of CCS. In the cases where Russian gas is removed, the minimum
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amount of CO2 sequestered by 2050 increases to 15 Gt. Further-
more, it is shown that the European CO2 pipeline transport chain
develops faster when Russian gas is unavailable. This is a result of
how CCS is picked up in the steel industry, and also due to its use
with more carbon-intense coal plants in the power sector. Given
the importance of CCS highlighted in this work, policymakers
should focus their attention on addressing policy challenges in
creating CCS value chains today, thereby setting the stage for a
successful decarbonization of the European energy system.

There are several ways in which this work can be expanded and
mproved upon. These include:

• Including endogenous handling of the transport sector. This
work has an exogenous transport demand for different energy
carriers, including hydrogen, natural gas and oil. However, in
following with the goal of the work to study the optimal uptake
of different low-carbon energy carriers and fuels under different
energy market conditions, it would also be worthwhile to treat
the transport sector similarly to the other included sectors in this
work.

• Including additional industrial sectors in the model. This
work only includes four industries in the representation of the in-
dustry sector: steel, cement, ammonia and oil refining. There are
other sectors that are also energy-intensive that are also covered
by the ETS, e.g., the aluminium sector. It would be interesting to
also include these sectors in this work, to have a more complete
representation of European industry.

• Including long-term uncertainty. Studying the European en-
ergy system until 2050 includes many uncertainties, especially
long-term uncertainties when it comes to technology development
and future policy. These uncertainties are undoubtedly important
to planners today and in the future, and frameworks that include
these uncertainties in their planning will be highly valuable.
Future works should therefore look for ways in which these can be
included while retaining the computational tractability of these
problems.

• Conducting a sensitivity on CCS parameters. The results in
this paper rely heavily on CCS, in all of the sectors that include
this technology. However, CCS is not a mature technology yet. It
would therefore be valuable to inspect how resilient this pathway
is to alternative technological and economical developments in
the CCS space. Moreover, studying different policies with regards
to CCS acceptance would also be interesting.
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ppendix. Introduction to EMPIRE

This appendix gives an introduction to the structure of EMPIRE,
howing the logic of the constraints in the model. For an overview of
ymbols used in this appendix and their meaning, see Nomenclature.
q. (A.1) shows the general formulation of the flow balance for a com-
odity, 𝑐, in EMPIRE. The commodities covered by the flow balance

onstraints include the power, hydrogen, natural gas, CCS, transport,
teel, ammonia, cement, and refinery sectors.

The flow balance consists of sources of a commodity, 𝑦𝑐,𝑠𝑜𝑢𝑟𝑐𝑒𝑛,𝑝,ℎ,𝑖,𝜔, which
are the various way in which the commodity is produced. For the power
sector for example, the sources are the power generators, and for the
natural gas sector, the sources include the various ways of producing
or importing natural gas.

The sinks, 𝑦𝑐,𝑠𝑖𝑛𝑘𝑛,ℎ,𝑖,𝜔, in the flow balance, are the endogenous uses of
he commodity, and this links the different flow balances together. For
xample, to produce hydrogen with electrolyzers, which is a source in
he hydrogen flow balance, it is necessary to consume power, which is
sink in the power flow balance.

It is also possible to transport some commodities between nodes,
hich are covered by the two transport variables for import, 𝑦𝑐,𝑡𝑟𝑎𝑛𝑠𝑚,𝑛,ℎ,𝑖,𝜔,

and export, 𝑦𝑐,𝑡𝑟𝑎𝑛𝑠𝑛,𝑚,ℎ,𝑖,𝜔. Some commodities, such as power, or the cases
with inflexible industry, also have exogenous hourly commodity de-
mands that must be met, represented by 𝐷𝑐

𝑛,ℎ,𝑖,𝜔. Where there is no such
ourly demand, 𝐷𝑐

𝑛,ℎ,𝑖,𝜔 is set to 0. Finally, the power sector uniquely
lso has the option to curtail demand, which is covered by the variable
𝑙𝑙
𝑛,ℎ,𝑖,𝜔.

∑

∈𝑐
𝑦𝑐,𝑠𝑜𝑢𝑟𝑐𝑒𝑛,𝑝,ℎ,𝑖,𝜔−

∑

𝑠𝑖𝑛𝑘∈𝜎𝑐
𝑦𝑐,𝑠𝑖𝑛𝑘𝑛,ℎ,𝑖,𝜔 −

∑

𝑚∈𝑐
𝑛

(

𝑦𝑐,𝑡𝑟𝑎𝑛𝑠𝑛,𝑚,ℎ,𝑖,𝜔 − 𝑦𝑐,𝑡𝑟𝑎𝑛𝑠𝑚,𝑛,ℎ,𝑖,𝜔

)

= 𝐷𝑐
𝑛,ℎ,𝑖,𝜔 (− 𝑦𝑙𝑙𝑛,ℎ,𝑖,𝜔) ∀𝑛 ∈  , ℎ ∈ , 𝑖 ∈ , 𝑤 ∈ 𝛺 (A.1)

Eq. (A.2) describes how for an asset 𝑎, the individual investments
nto capacity for that asset, 𝑥𝑎𝑛,𝑗 and the remaining initial capacity of
hat asset, �̄�𝑎𝑛,𝑖, sum up to the total capacity of that asset, 𝑣𝑎𝑛,𝑖.

𝑖
∑

=𝑖′
𝑥𝑎𝑛,𝑗 + �̄�𝑎𝑛,𝑖 = 𝑣𝑎𝑛,𝑖 ∀𝑛 ∈  , 𝑖 ∈ , 𝑖′ = max{1, 𝑖 − 𝑖𝑙𝑖𝑓𝑒𝑎 }, 𝑎 ∈  (A.2)

An asset cannot be operated, 𝑦𝑎𝑛,𝑖,ℎ,𝜔, at a higher level than its
capacity, 𝑣𝑎𝑛,𝑖,as described in Eq. (A.3).

𝑦𝑎𝑛,𝑖,ℎ,𝜔 ≤ 𝑣𝑎𝑛,𝑖 ∀𝑎 ∈ , 𝑛 ∈  , 𝑖 ∈ , ℎ ∈ , 𝜔 ∈ 𝛺 (A.3)

Eq. (A.4) describes how storage is balanced for the commodities
that have storage. In all hours except the first hour of each season, the
storage balance simply says that the amount stored at the end of the
hour, 𝑤𝑐

𝑛,ℎ,𝑖,𝜔, is the sum of the amount stored in the previous hour,
𝑤𝑐

𝑛,ℎ−1,𝑖,𝜔, plus the amount used to charge the storage in this hour,
𝑦𝑐,𝑐ℎ𝑟𝑔𝑛,ℎ,𝑖,𝜔, minus the amount discharged from the storage in this hour,
𝑦𝑐,𝑑𝑖𝑠𝑐ℎ𝑟𝑔𝑛,ℎ,𝑖,𝜔 .

For those hours that are at the start of a season, a starting amount
stored is assumed. In this work, it is assumed that the storage starts

𝑐,𝑠𝑡𝑜𝑟
half-full, 0.5×𝑣𝑛,𝑖 . This is to allow enough flexibility for the model to
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charge and discharge the storage as it wishes, even during the start of
the season.

𝑤𝑐
𝑛,ℎ−1,𝑖,𝜔 + 𝑦𝑐,𝑐ℎ𝑟𝑔𝑛,ℎ,𝑖,𝜔 − 𝑦𝑐,𝑑𝑖𝑠𝑐ℎ𝑟𝑔𝑛,ℎ,𝑖,𝜔 = 𝑤𝑐

𝑛,ℎ,𝑖,𝜔 (A.4a)

∀𝑛 ∈  , ℎ ∈  ⧵𝐹 , 𝑖 ∈ , 𝜔 ∈ 𝛺

0.5 × 𝑣𝑐,𝑠𝑡𝑜𝑟𝑛,𝑖 + 𝑦𝑐,𝑐ℎ𝑟𝑔𝑛,ℎ,𝑖,𝜔 − 𝑦𝑐,𝑑𝑖𝑠𝑐ℎ𝑟𝑔𝑛,ℎ,𝑖,𝜔 = 𝑤𝑐
𝑛,ℎ,𝑖,𝜔 (A.4b)

∀𝑛 ∈  , ℎ ∈ 𝐹 , 𝑖 ∈ , 𝜔 ∈ 𝛺

EMPIRE also features a constraint that ensures that the storage level
at the last hour of the season is the same as in the start, to ensure that
the storage does not lead to a net gain or loss of the commodity in the
system. This is shown in Eq. (A.5).

𝑤𝑐
𝑛,ℎ,𝑖,𝜔 = 0.5 × 𝑣𝑐,𝑠𝑡𝑜𝑟𝑛,𝑖 ∀𝑛 ∈  , ℎ ∈ 𝐿, 𝑖 ∈ , 𝜔 ∈ 𝛺 (A.5)

Some commodities have constraints that apply throughout the en-
tire temporal horizon. This includes the natural gas reserves, where
the sum of all natural gas production over all periods cannot exceed
the local reserves of natural gas. Similarly, for CCS, it is not possible
to sequester more CO2 that the maximum capacity at that geographic
location, 𝐴𝑐

𝑛. This is described in Eq. (A.6), where the hourly operations
are first scaled up to yearly values through the factor 𝛼𝑠, and then to
the length of the period through the factor 𝐿𝑝𝑒𝑟𝑖𝑜𝑑 . Note that the factor
(𝑦𝑐,𝑠𝑖𝑛𝑘𝑛,ℎ,𝑖,𝜔∕𝑦

𝑐,𝑠𝑜𝑢𝑟𝑐𝑒
𝑛,𝑝,ℎ,𝑖,𝜔) signifies that either there is a source of the commodity,

as with natural gas, or there is a sink of the commodity, as with CO2
in CCS.
∑

𝑖∈

∑

𝑠∈

∑

ℎ∈𝑠
𝐿𝑝𝑒𝑟𝑖𝑜𝑑 × 𝛼𝑠 × (𝑦𝑐,𝑠𝑖𝑛𝑘𝑛,ℎ,𝑖,𝜔∕𝑦

𝑐,𝑠𝑜𝑢𝑟𝑐𝑒
𝑛,𝑝,ℎ,𝑖,𝜔) ≤ 𝐴𝑐

𝑛 ∀𝑛 ∈  , 𝜔 ∈ 𝛺 (A.6)
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