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Decarbonisation of industry and the energy system: exploring mutual impacts and investment planning
Quentin Raillard--Cazanove, Thibaut Knibiehly, Robin Girard
Scenarios

@ Electricity system
© 4
~ ) -
> Hy

l w/ or w/o fossil fuels 7 l l Carbon tax l l Techno-economic

o
Biomass
-l
- Lignite
-y
O Nuke.
New Nuke

Industry energy consumption

IND-OPT model — _— Electricity demand > POMMES
Bottom-up industry investment g = | Y Multi-energy planning and el
trajectory optimisation model “‘ operation optimisation model ,
- . ™ 0 e % Electrolysers
L I =

s -
Y ¥ —SRACCS
AR

Hydrogen demand (| ARsces
Electricity and hydrogen prices

- MENA imports

ek A

v

>

o




Highlights

Decarbonisation of industry and the energy system: exploring mutual impacts and investment planning

Quentin Raillard--Cazanove, Thibaut Knibiehly, Robin Girard

o Industry decarbonisation significantly increase electricity and hydrogen demand

o Higher electricity and hydrogen prices emerge with notable regional disparities, worsened by a phase-out of
fossil fuels

e Reducing carbon taxes lowers prices but makes fossil fuel usage more attractive, limiting decarbonisation
progress

o Synergies between electrolytic and blue hydrogen help maintain competitive hydrogen prices, supporting cost-
effective production
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Abstract

The decarbonisation of the energy system is crucial for achieving climate goals and is inherently linked to the decar-
bonisation of industry. Despite this, few studies explore the simultaneous impacts of decarbonising both sectors. This
paper aims to examine how industrial decarbonisation in Europe affects the energy system and vice versa. To address
this, an industry model incorporating key heavy industry sectors across six European countries is combined with an
energy system model for electricity and hydrogen covering fifteen European regions, refered to as the EU-15, divided
into eleven zones. The study evaluates various policy scenarios under different conditions.

The results demonstrate that industrial decarbonisation leads to a significant increase in electricity and hydrogen
demand. This additional demand for electricity is largely met through renewable energy sources, while hydrogen
supply is predominantly addressed by blue hydrogen production when fossil fuels are authorized and the system lacks
renewable energy. This increased demand results in higher prices with considerable regional disparities. Furthermore,
the findings reveal that, regardless of the scenario, the electricity mix in the EU-15 remains predominantly renewable,
exceeding 85%.

A reduction in carbon taxes lowers the prices of electricity and hydrogen, but does not increase consumption, as
the lower carbon tax makes the continued use of fossil fuels more attractive to industry. In scenarios that enforce
a phase-out of fossil fuels, electricity prices rise, leading to a greater reliance on imports of low-carbon hydrogen
and methanol. Results also suggest that domestic hydrogen production benefits from synergies between electrolytic
hydrogen and blue hydrogen, helping to maintain competitive prices.
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Nomenclature

Acronyms

ATR  Autothermal Reforming
BF Blast Furnace

BOF  Basic Oxygen Furnace
DAC  Direct Air Capture

DRI  Direct Reduced Iron
EAF  Electric Arc Furnace
GHG Greenhouse Gas

MeOH Methanol

MSR  Methanol Synthesis Reactor
MTO Methanol to Olefins
NC Naphtha Cracking
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OCM Oxidative Coupling of Methane
PHS  Pumped Hydro Storage

PtXtP Power-to-X-to-Power

RTE  Round Trip Efficiency

SMR  Steam Methane Reforming

TCR  Thermo-Chemical heat Recovery
WACC Weighted Average Cost of Capital

1. Introduction

1.1. Background

Anthropogenic greenhouse gas emissions (GHG), the primary driver of global warming, are poised to inflict severe
harm on ecosystems, compromise water availability, and jeopardise health, well-being, and economic stability [1]. It
is, therefore, imperative that we reduce our GHG emissions to mitigate these adverse effects.

In 2019, approximately 48% of greenhouse gas emissions in Europe were attributable to industry and the pro-
duction of electricity and heat [2]. It is therefore crucial to decarbonise these sectors to mitigate global warming,
particularly as decarbonised electricity production can facilitate the decarbonisation of the residential and tertiary
sectors, as well as transport (which accounted for 24% of emissions in Europe in 2019 [2]).

Indeed, the direct or indirect use of low-carbon electricity is crucial for the decarbonisation of transport [3—7] and
industry [7-9]. Similarly, the decarbonisation of buildings is largely reliant on electricity usage [7, 10, 11].

1.2. Industry decarbonisation

Industry, particularly heavy industry, exhibits a high energy demand and is characterised by significant emissions,
especially for processes heavily reliant on fossil fuels. Decarbonising industry thus necessitates substantial techno-
logical advancements leading to the adoption of low-carbon energy sources.

It should be noted that many decarbonisation options are nearing commercial maturity [12], and both direct and
indirect electrification present significant potential for reducing emissions [8, 13]. Therefore, several prospective stud-
ies on industrial decarbonisation [14—16] found a profound shift in energy consumption patterns, which is expected to
ultimately influence the dynamics of the energy system.

1.3. Energy supply decarbonisation

The decarbonisation of the electricity system, a cornerstone of the European energy transition, necessitates the
increased deployment of renewable energy sources alongside flexibility measures [17-23]. Several studies and re-
ports [17, 23, 24] explore the potential role of nuclear energy, while highlighting the significant advantages of an
interconnected system that promotes cooperation between nations [23, 25, 26].

The production of low-carbon hydrogen presents a significant challenge for decarbonising aviation, shipping, and
industry [7, 14]. In various prospective studies, hydrogen is predominantly produced via electrolysis [7, 27, 28],
indicating that the electricity system must adapt to meet the corresponding demand. However, electrolysers can offer
valuable flexibility for both hydrogen consumers [29] and the electricity system [7, 23]. Furthermore, solutions such
as Power-to-X-to-Power (PtXtP) are poised to address the seasonal intermittency of renewable energy sources in the
long term [23, 30]. Consequently, the integrated modelling of an electricity/hydrogen system highlights systemic
economical advantages [31].

1.4. Interdependent dynamics

A cross-sectoral modelling approach allows for a better consideration of synergies and minimises trade-offs be-
tween sectors [32]. The various stakeholders in the energy transition exhibit interconnected responses to climate
policies [33]. While urban and rural areas adopt a systemic approach with the automotive sector, the decarbonisation
efforts of the energy and industrial sectors remain uncoordinated and lack a dynamic systemic perspective [33].

In most prospective studies modelling the European energy system, industry is treated merely as an exogenous
demand parameter [19, 22, 23, 25, 31, 34]. Although Fleiter et al. [34] models industrial consumption within a
dedicated model, it remains an exogenous parameter to the energy system under study. Papadaskalopoulos et al.
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[35] also treats industrial consumption as an exogenous parameter but allows the energy system to make it flexible,
demonstrating the associated economic and renewable energy deployment benefits.

To the authors’ knowledge, only one study stands out, Manuel et al. [36], optimising the energy system of the
Netherlands jointly with the technological deployment in the industrial sector. It then examines the impact of four
industrial energy policies (Bio-based, CCUS-based, Electrification, Hydrogen-based) on the initial optimal system.

Nonetheless, changes in the electricity system, such as the availability of low-cost renewable energy can signifi-
cantly impact industrial strategies, influencing decisions related to energy sourcing and investment in new technolo-
gies.

1.5. Research gap and objectives

Despite the evident interdependencies between the energy system and industry, limited research considers the
bidirectional and simultaneous impact of decarbonisation in these sectors.

While Manuel et al. [36] investigates the impact of enforced technological choices in industry on the overall energy
mix, we propose an approach, detailed in Section 2, that focuses on the implications of an economically optimised
industrial decarbonisation pathway within different political and macroeconomic contexts, focusing on its effects on
the electricity system and the resulting synergies.

Thus, this paper aims to investigate how the decarbonisation of industry in Europe affects the electricity system’s
planning and operation, and vice versa. To achieve this, we have coupled an industrial model, based on previous work
[14], with an energy system model both incorporating investment planning frameworks.

By exploring the interactions between these two models, this study provides insight into the synergistic planning
required to achieve our decarbonisation goals.

2. Methodology

2.1. Industry decarbonisation modelling
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Fig. 1. IND-OPT model simplified scheme

The industry modelling builds upon prior research [14] that focuses on decarbonising the steel, chemical, cement,
and glass sectors, along with e-fuel production in six European countries'. The IND-OPT model employs a bottom-up
technological approach, taking into account numerous technologies detailed in Table 1.

IFrance, Germany, Great Britain, Italy, Spain and Belgium



Resource Hydrogen Ammonia Olefins MeOH E-Kerosene Clinker Steel Glass

SMR/eSMR®  Haber-Bosch NC/eNC* SMR-MSR Fischer-Tropsch  Reference ~BF-BOF* Regenerative SP*
ATR MTO Gasification-MSR Oxy-Ref DRI-EAF* Regenerative EP*
Gasification” OCM CO; to MeOH eC-pK“ Electrowinning ~ Recuperative®
Technologies  Electrolysis OC-HK“  EAF (recycling)  Oxyfuel”
Pyrolysis eC-OK“ TCR
eC-HK“ Hybrid”
Electric’

“Carbon capture compatible
Table 1
Production technologies considered in IND-OPT for the study based on [14]

2.2. Energy system modelling
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Fig. 2. POMMES framework scheme

POMMES (Planning and Operation Model for Multi-Energy Systems) is a framework adapted from the model
developed by Jodry et al. [29], specifically designed for multi-horizon modelling of energy systems, with the primary
objective of cost minimisation [37]. In this study, POMMES has been employed to model the electricity and hydrogen
system of 15 countries (grouped into 11 nodes) up to the year 2050. The modelling process includes the optimisation
of system operations on an hourly basis, alongside a planning horizon—also optimised—set at 10-year intervals.
Interconnections between countries are incorporated into the model, with POMMES capable of optimising these as
well. The equations underlying the model are detailed in the Supplementary Materials.



2.3. Models Coupling
2.3.1. Coupling method

Resources Seemmm-T

Industrial IND-OPT Industrial Multi-energy model
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Techno-economic
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Installed
capacity
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economic data Operation

Fig. 3. Models coupling scheme

The models were integrated as depicted in Fig. 3, based on industrial consumption data from IND-OPT and
hydrogen and electricity prices from POMMES. The iterative process involves alternating calculations between IND-
OPT and POMMES until convergence of consumption and prices is achieved over two successive iterations. The
stopping criteria are defined as follows:

—eclec,i  —elec,i-1
P - P | < 0.1€/MWh
—hyrogen,i  —hyrogen,i—1
P - P .01
Stopping criteria = {|' € € ' <A0 O1€/kg
ZyEYears C;l;’;;ly,t - C;!;;ly’l_l‘ < 1TWh % Nb ofregions
2yeYears C};y‘f,;logen’y’i - C};yvfxlogen’y’i*l‘ < 1TWh % Nb of regions

—elec,i —hydrogen,i

with, at iteration i, P¢ /Pg¢ the average price over the modelled horizons (2030, 2040 and 2050) for re-
spectively electricity/hydrogen, and C5e"/C04%8" the industrial consumption form IND-OPT at year y.
2.3.2. Considered countries and data

The regions modelled are displayed in Fig. 4. As a reminder, IND-OPT models industry based on Raillard-
Cazanove et al. [14] and therefore only includes the countries shown in yellow in Fig. 4, as well as the steel, cement,
chemicals, glass, and e-fuel production sectors for air and sea transport. The associated consumption of electricity and
hydrogen is thus used as an input parameter for POMMES. Consumption in other sectors (those not included in IND-
OPT, such as residential, transport, etc.) is an exogenous parameter largely based on the Distributed Energy scenario
in the TYNDP 2024 report [21]. Detailed consumption assumptions are provided in the Supplementary Materials.



Fig. 4. Considered area nodes — Areas in blue are only considered in POMMES while areas in yellow are included in both models

The technologies for generating and storing electricity and hydrogen are detailed in Appendix B, along with their
economic characteristics. For renewable and nuclear energy, the maximum deployment capacities are determined
based on data from TYNDP 2024[21], as well as the FES [38] and BP2050[23] reports from ESO and RTE concerning
nuclear energy in the UK and France.

The time series used for demand and availability of generation resources are based on 2018 data from the ENTSOE
Transparency Plateform? and Renewables.ninja® (for renewables in particular).

Electricity market prices are obtained from POMMES, derived from the Lagrangians of the adequacy constraint
between electricity production and consumption. Country-specific network costs are incorporated during the post-
processing stage before implementation in IND-OPT. These network costs, sourced from Eurostat  data, are detailed
in Table B.4. This electricity network tax is also applied within POMMES to hydrogen production technologies in the
form of variable costs weighted by the amount of electricity consumed.

The models can also import hydrogen and methanol (MeOH) from the MENA region, which are treated as ex-
ogenous parameters. Building on the work of Lux et al. [39], it is assumed that hydrogen imported from MENA
is produced through electrolysis powered by renewable energy. The corresponding import prices are provided in
Table 2. Methanol is assumed to be produced using DAC units, with the technical and economic data drawn from
Raillard-Cazanove et al. [14], in conjunction with electrolysers.

’https://transparency.entsoe.eu/
Shttps://www.renewables.ninja/
“https://ec.europa.eu/eurostat/databrowser/view/nrg_pc_205_c__custom_12113170/default/table?lang=en
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2030 2040 2050
Hydrogen (€/kg) 5.1 4.2 33
MeOH (€/kg) 086 0.72 059

Table 2
Hydrogen and MeOH imports from MENA cost assumptions

From the perspective of allocating limited resources, it is assumed that bioenergy is reserved for industry and
transport. Consequently, only IND-OPT can utilise it, within the limits defined in Raillard-Cazanove et al. [14], while
the SMR/ATR and CCGT/TAC in POMMES rely on natural gas.

2.4. Studied frameworks
2.4.1. Policy scenarios

Three policy scenarios were developed for this study to assess their impact on the industry and the energy system
synergies:

o Reference: This scenario is based on the Raillard-Cazanove et al. [14] reference scenario, specifically the
300€/tCO, in 2050 carbon tax case, which was established as a zero direct emission threshold for the modelled
industries.

o No Fossil 2050: A variation of the Reference scenario where the models are constrained to achieve a fossil-
free system by 2050. This scenario imposes a reduction in fossil fuel consumption starting in 2045, with the
requirement that fossil fuel use shall not exceed 10% of 2015 levels. Raillard-Cazanove et al. [14] demonstrated
that a complete fossil phase-out driven solely by economic factors is challenging for the industry without the
enforcement of additional policies.

o Low Carbon Tax: This scenario modifies the Reference scenario by applying a 150€/tCO; carbon tax, aligning
with the Raillard-Cazanove et al. [14] reference scenario.

2.4.2. Technical and economical variations

In addition to the policy scenarios, we explored techno-economic variations within the energy system. Our analysis
begins with a reference case, termed Central, which is comprehensively detailed in Section 2.3.2 and Appendix B.
A crucial assumption in the Central case is that hydrogen production is treated as a domestic activity for each country,
with no cross-border hydrogen exchange. Several other techno-economic scenarios are explored to assess different
potential futures:

e Nuke_Plus: This scenario assumes that governments increase their equity stakes in nuclear projects, resulting
in a reduction of the weighted average cost of capital (WACC) to 4%. Additionally, it considers, as installable
by POMMES, 8 GW of new nuclear capacity in Italy and 6 GW in Belgium by 2050. The United Kingdom
is allowed to maintain its current nuclear capacity until 2050. The assumptions for Italy and the UK are based
on recent political commitments, whereas the assumptions for Belgium are derived from the Electrification
scenario of the PATHS2050 project by Energy Ville.

e Exch_Plus: This scenario involves doubling the electric interconnection capacities that can be installed by
2050, enhancing cross-border electricity exchanges.

o ENR Plus: In this scenario, the renewable energy capacities that can be installed by 2050 are adjusted to reflect
the highest deployment rates observed between 2030 and 2050. This adjustment addresses the observed decline
in deployment rates in many countries between 2040 and 2050, as documented in the TYNDP 2024 dataset.

e ENR Plus_Plus: Building on the ENR_Plus scenario, this scenario assumes a WACC of 2% for renewable
energy projects, compared to the standard 4%.

o ENR_Exch Plus: This scenario combines the assumptions of ENR_Plus with the enhanced electric intercon-
nection capacities from the Exch_Plus scenario, allowing for both increased renewable energy deployment and
greater cross-border electricity exchange.



e H, Exch Plus: In this scenario, hydrogen interconnections between countries are allowed, following the
projects outlined in the TYNDP 2024 report, facilitating cross-border hydrogen trade.

3. Results

3.1. Energy System Standalone Analysis

The energy system was initially modelled without coupling, meaning industrial consumption from IND-OPT
was not considered. The results indicate substantial differences when varying policy scenarios, though less so when
considering technical and economic variations. Therefore, in this section, only the "Central” cases are considered
across various policy scenarios.

The results (Fig. 5) reveal an electricity system predominantly powered by renewable energy, accounting for
at least 85% of total production (storage not included), with a relatively stable nuclear share at 10-11%. Fossil
fuel contributions, specifically from gas-fired power plants, account for 3% and 5% of electricity generation in the
Reference and Low Carbon Tax scenarios, respectively. In contrast, fossil fuels constituted approximately 37% of
electricity production in 2015.

For hydrogen production (Fig. 5), in the Reference scenario the distribution between electrolysis and ATR+CCS
technologies is relatively balanced. A transition away from fossil fuels assigns a significant role to imports in ensuring
supply. Naturally, a fossil-free approach implies the exclusion of ATR and SMR processes in POMMES results,
which would necessitate a greater emphasis on storage capacity to manage the variable output from electrolysis.
Similarly, in a fossil-free scenario, the electricity system replaces natural gas power plants with hydrogen-powered
ones, significantly increasing the required hydrogen production to meet approximately 2% of Europe’s electricity
demand.
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Fig. 5. POMMES Standalone - Electricity and hydrogen system installed capacity (only distpatchables for electricity) and production per
technology in 2050

Concerning electricity and hydrogen prices, the results presented in Fig. 6 reveal significant territorial disparities,
with Spain and France consistently benefiting from lower prices. In contrast, Italy and Germany exhibit prices above
the EU-15 average.

However, these prices are notably affected by carbon taxes. For most countries, a reduction by 50% in the carbon
tax leads to a decrease in electricity prices of around 5-6€/MWh. It is also noteworthy that a system devoid of fossil
fuels results in higher prices—approximately 3€/MWh for electricity and 0.32€/kg for hydrogen at the EU-15 level.
This increase can be attributed to the No Fossil 2050 scenario leading to a replacement of gas-fired power plants by
hydrogen-fired power plants and an increased reliance on hydrogen imports, thereby driving up costs.
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3.2. Impact of additional industrial energy consumption

When IND-OPT is integrated with POMMES, it results in additional electricity and hydrogen consumption that
POMMES must address. As shown in Fig. 7, the increased electricity demand requires a 5-8% rise in electricity

generation, primarily met through wind, solar, and nuclear energy sources.

Regarding hydrogen production for Central scenarios, the demand driven by IND-OPT necessitates a 29-41%
increase in hydrogen generation. In scenarios excluding "No Fossil 2050”, more than 74% of this additional produc-
tion is supplied by ATR+CCS technologies. If we look at how the additional hydrogen demand is met when more
renewable energies are authorised, we can see that electrolysis plays a much greater role in meeting this additional

demand.
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Fig. 7. Impact of POMMES-IND-OPT coupling on POMMES Standalone installed capacity and production results in 2050

Regarding prices (Fig. 8), the additional demand from the countries modelled in IND-OPT leads to an increase in
both electricity and hydrogen prices in these countries, with varying impacts depending on the nation. Consequently,
the average price in the EU-15 rises by 3-5€/MWh for electricity and 0.08-0.14€/kg for hydrogen. Spain appears as
the most affected, experiencing an increase of up to 14€/MWh for electricity and 0.66€/kg for hydrogen. However,
it seems that Spain’s ability to install more low-cost renewable energy is significantly limiting the rise in prices.

This greater increase in costs observed in Spain can be explained by several factors. Firstly, the onshore wind
potential had already been fully exploited before the coupling of the models. As a result (see Fig. A.20), it is primarily
solar energy, combined with batteries and a higher reliance on imports from France, that meets the additional elec-
tricity demand. This leads to a rise in electricity prices, which causes the additional hydrogen demand to be met by
ATR+CCS, provided fossil fuels are allowed by the scenario. However, if Spain has the opportunity to install addi-
tional low-cost renewable energy (mainly solar, as the potential had not been fully reached), the increase in electricity
prices is less significant. Consequently, the share of hydrogen production from electrolysers increases, which helps
limit the rise in costs within the country.

However, these increases in prices should be viewed in context, as Spain, along with France, continues to have the
lowest prices among the countries modelled by IND-OPT, as illustrated in Fig. 14.
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3.3. Coupled Models: Integrated Results

The impact of policy scenarios on industrial consumption is more significant than that of the techno-economic
scenarios, which lead to only marginal changes. Therefore, Fig. 9 presents the heavy industry consumption modelled
by IND-OPT for the central case only across the three policy scenarios. Detailed information regarding the techno-
economic scenarios impact is provided in Fig. A.16.

A general increase in natural gas consumption is observed in scenarios permitting fossil fuel use, particularly for
the production of MeOH in the chemical sector. Naturally, a reduction in the carbon tax leads to a higher share of
fossil fuels in industrial consumption. However, it is noted that phasing out fossil fuels, as in the ”No Fossil 2050”

scenario, requires an increased reliance on methanol imports.

Energy consumption (TWh)

While Fig. 14 shows that a lower carbon tax results in electricity and hydrogen prices being reduced by 5-7
€/MWh and approximately 0.1 €/kg, respectively, these reductions are insufficient to drive an increase in electricity
and hydrogen consumption compared to the Reference scenario. Indeed, the carbon tax of 150 €/tCO2, as opposed
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Fig. 9. Heavy industry consumption in EU-5+1 from IND-OPT in 2050 — Electricity and hydrogen demands are met by POMMES
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to 300 €/tCO2 in the Reference scenario, has a more significant impact on consumption.
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Regarding the electricity system, the results reveal, as in Section 3.1, an electricity system predominantly driven
by renewable energy sources and, to a lesser extent, nuclear power. The total installed capacity of dispatchable power
and storage, shown in Fig. 10, decreases slightly compared to 2015, despite electricity production being 2 to 3 times
higher (Fig. 11). While scenarios with increased interconnections or nuclear energy show a reduction in thermal
capacities (gas or hydrogen), scenarios with higher shares of renewable energy lead to a decline in nuclear power,
with thermal plants used to compensate for intermittency. Naturally, the Nuke_Plus scenarios result in an additional
35 to 48 GW of installed nuclear capacity.
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Fig. 10. EU-15 electricity dispatchable installed capacity and variations in 2050

As depicted in Fig. 11, these outcomes also impact electricity generation, where nuclear energy substitutes renew-
able energy generation (as well as their spillage) and vice versa. In the ENR _Plus_Plus scenario (with a lower capital
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cost for renewable energy), new nuclear power becomes significantly less competitive, reducing both its installation
and production. This, however, leads to an increase in spillage, although a slight reduction in fossil fuel production
is also observed. Nonetheless, the H, _Exch_Plus scenario, which facilitate hydrogen interconnections, benefit both
nuclear and renewable energy sources.
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Fig. 11. EU-15 electricity production and variations in 2050

For hydrogen production, Fig. 12 shows that electrolyser capacities in the “Central” cases range between 35
and 128 GW. The installation of electrolysers appears to be correlated with the deployment of storage facilities.
Fig. 13 highlights a substantial reliance on hydrogen imports in the No Fossil 2050 scenarios. However, most techno-
economic scenarios help reduce both fossil-based hydrogen production and imports.
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Fig. 13. EU-15 hydrogen production and variations in 2050

Similar to Section 3.1, electricity and hydrogen prices, illustrated in Fig. 14, exhibit significant variation depending
on the country. The Nuke_Plus and ENR_Plus_Plus scenarios result in the lowest prices. The results indicate that,
with the exception of the No Fossil 2050 scenario, blue hydrogen constitutes a substantial proportion of production
(Fig. 13). Regional disparities in production (Fig. A.18) are mirrored in hydrogen prices and are a direct consequence
of differences in regional electricity prices (Fig. 14).

The addition of a hydrogen network in the H,_Exch_Plus techno-economic scenario slightly reduces hydrogen
prices but, more importantly, brings the prices across countries closer to a common value. For instance, in the Ref-
erence scenario, countries such as France and Spain, with hydrogen prices of 2.41€ and 2.66€/kg respectively, see
prices increase to 2.83€ and 2.88€/kg.

While Fig. 6 indicates that, in the Central cases, a system without fossil fuels results in an increase of approxi-
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mately 3€/MWh for electricity and 0.32€/kg for hydrogen, Fig. 14 demonstrates that these values remain unchanged
when the additional industrial consumption is accounted for.
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Fig. 15 illustrates the costs of the electricity and hydrogen system modelled by POMMES for 2050, according to
the different scenarios and their impact on demand. It is evident that demand for electricity and hydrogen from IND-
OPT varies significantly across both the policy scenarios and their respective techno-economic variation scenarios.
The techno-economic scenarios that achieve the greatest cost reductions are those that lower the weighted average cost
of capital (WACC) for nuclear energy (Nuke_Plus) and renewable energy (ENR _Plus_Plus) to 4% and 2%, respectively.
Although the No Fossil 2050 scenarios tend to be more expensive than others, the Nuke_Plus and ENR_Plus_Plus
scenarios still result in system costs that are considerably lower than in the Reference Central scenario.

It is worth noting that, although Fig. 14 demonstrates that the addition of a hydrogen network using the H, _Exch_Plus
scenario has no effect on average prices at the European level, Fig. 15 shows a reduction in the weighted system cost
of between 0.4% and 1.9% compared to the Central cases.
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Fig. 15. Electricity and hydrogen system overall cost in EU-15 in 2050 versus demand per scenario

4. Discussion

4.1. Results implication

The results of this study provide important insights into potential future compositions of the European energy and
hydrogen systems, particularly in the context of increased industrial low-carbon energy consumption. The analysis
emphasises the substantial role of renewable energy, accounting for at least 85% of electricity production in 2050, and
nuclear energy providing 10-11% of the supply. These findings reflect a significant shift from the 2015 energy mix,
where fossil fuels made up 37% of electricity generation in EU-15, highlighting the potential for a highly decarbonised
system. However, the industrial sector’s energy demands pose significant challenges to achieving this transition cost-
effectively.

The integration of additional industrial energy consumption (from the IND-OPT model) represents a critical fac-
tors affecting future energy systems. When IND-OPT is incorporated, electricity demand in EU-15 increases by 5-8%,
and hydrogen demand rises dramatically by 29-41%, depending on the scenario, although IND-OPT only considers
6 countries. This significant increase in consumption has major implications for both energy generation and infras-
tructure. To meet this growing demand, the system must rely heavily on renewable and nuclear generation, requiring
further expansion of wind and solar capacities alongside hydrogen production technologies. The costs associated with
these adjustments vary considerably across different scenarios, with some scenarios achieving notable cost reductions
by lowering the WACC for nuclear and renewable energy, while others, particularly those phasing out fossil fuels,
tend to be more expensive.

The impact of industrial consumption is not limited to energy generation but extends to energy prices, particularly
in electricity and hydrogen markets. The increased demand driven by industries leads to higher prices, with notable
variations across regions. For instance, Spain and France, while continuing to enjoy some of the lowest prices,
experience sharp increases in electricity prices. In Spain, prices rise by as much as 14€/MWh, while hydrogen prices
increase by 0.66€/kg due to the industrial sector’s growing demand. This shows that even countries traditionally
benefiting from lower prices are not insulated from the pressures of increased industrial consumption.

These results underscore the vital role of industry in shaping energy system outcomes and highlight the challenges
of balancing decarbonisation goals with the energy needs of a changing industrial sector. The findings suggest that
policymakers must address the industrial sector’s future energy needs through targeted interventions, expanding re-
newable capacities, and ensuring sufficient hydrogen infrastructure to meet demand. Without careful planning, the
energy-intensive demands of industry could threaten the cost-effectiveness of the transition and exacerbate regional
price disparities. Indeed, the results also show that the policy scenarios have a much greater impact on the industry
and the energy systems than the techno-economic scenarios.
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In scenarios such as No Fossil 2050, where fossil fuels are phased out entirely, industrial demand significantly in-
creases the reliance on electrolytic hydrogen production and imports. The transition away from fossil fuels would ne-
cessitate a shift to electrolysis-based hydrogen production, raising concerns about the availability of sufficient storage
and infrastructure to handle the variability in renewable electricity generation. Additionally, the required expansion
in hydrogen production capacity, particularly from ATR+CCS technologies, underscores the technical and economic
hurdles that must be addressed to meet industrial demand.

The analysis of hydrogen networks, such as in the H, _Exch_Plus scenario, reveals important insights into how
industrial consumption impacts regional price dynamics. While hydrogen networks can help reduce price disparities
between countries, not all nations benefit equally. The price convergence observed in the H, Exch_Plus scenario
results in rising hydrogen prices for countries like France and Spain, which in the Central techno-economic scenario
case had lower prices. This demonstrates that while hydrogen networks promote integration, they can also diminish
the competitive advantage for countries with lower energy costs, potentially leading to increased costs for industrial
consumers in these regions.

Overall, the results indicate that the industrial sector’s growing energy demands can be a crucial determinant in
the success of Europe’s energy transition. Achieving a sustainable, low-carbon energy system will require not only
an expansion of renewable and hydrogen technologies but also a clear strategy for managing the energy-intensive
demands of industries. The trade-offs between decarbonisation, affordability, and regional price disparities will need
to be carefully balanced, particularly in regions with substantial industrial activity. Policymakers must consider these
factors as they design strategies for the energy transition, ensuring that both the energy and industrial sectors can adapt
to the challenges of a decarbonised future.

4.2. Comparison with literature

While our study gives an economically driven substantial role to renewable energy, accounting for at least 85% of
electricity production in 2050, Fleiter et al. [34] finds a share of 87-88%.

Regarding hydrogen demand, our results range from 22 to 30 Mt, depending on the scenario, which aligns with
the lower end of the range reported by Tarvydas [7], varying between 19 and 60 Mt. The difference with the upper
range can be explained by the inclusion of hydrogen use in buildings in some scenarios, which we do not account for,
as well as the fact that Tarvydas [7] considers the whole of Europe, while we focus on only 15 countries.

The inclusion of a hydrogen network in our analysis results in a reduction in weighted system costs of between
0.4% and 1.9%. In comparison, Neumann et al. [31] report a decrease in total system costs ranging from 1.6%
to 3.4%. This difference could stem from several factors. Firstly, Neumann et al. [31] do not account for extra-
European imports. Secondly, their hydrogen network design differs from ours; for instance while they allow for an
interconnection between France and Italy, our model, based on TYNDP data, allows the construction of a pipeline
between Spain and Italy, which Neumann et al. [31] do not consider. Finally, they exclude nuclear energy from their
analysis, which we have seen substantially impacts electricity and hydrogen prices.

Similar to our study, Kountouris et al. [28] emphasise the synergies between SMR/ATR with carbon capture and
electrolysers. However, in their reference scenario H2E, electrolysers produce the majority of hydrogen, nearly 60%,
whereas our study finds the opposite. This discrepancy is due to different techno-economic assumptions. Specifically,
Kountouris et al. [28] use higher electrolyser efficiency assumptions (74% in 2050) compared to ours (65%). It
appears they employed higher heating value (HHV) efficiency, while we used lower heating value (LHV). Moreover,
their 2020 efficiency figure of 65.6% differs from their source’s 57.7%, suggesting they might not have included
Balance of Plant consumption.

Additionally, the efficiencies for fossil-based hydrogen in Kountouris et al. [28] are closer to our assumptions for
SMRs than for ATRs. However, ATRs with carbon capture are ultimately less costly than their SMR counterparts.
Despite these differences, both studies highlight the presence of synergies between electrolysers and SMRs/ATRs.

Another result that can be linked to existing literature is the impact of a hydrogen network on the spatial distribu-
tion of hydrogen production facilities, as illustrated in Fig. A.18. Similarly to the findings of Fleiter et al. [34], our
study shows Germany and Belgium importing all of their hydrogen, significantly affecting their neighbouring coun-
tries. The main difference between Fleiter et al. [34] and our study lies in the broader range of countries included in
their analysis, as well as their assumption that hydrogen production is entirely based on electrolysis. In contrast, we
allow for blue hydrogen production, and even grey hydrogen if economically viable.
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The case study by Fleiter et al. [34] aligns with our "No Fossil 2050” policy scenario in its H2_Exch_Plus variation.
Although Fleiter et al. [34] does not provide an economic analysis, their scenario leads, in our study, to an increase of
2.9% in weighted system costs, 3.5% in electricity prices, and 12.1% in hydrogen prices compared to the Reference
scenario, which permits the use of fossil fuels.

4.3. Limitations and perspectives

A limitation of this study pertains to the POMMES model, for which only a single weather time series (2018)
was utilised. While incorporating multiple weather time series through a stochastic approach would offer more ro-
bust estimations, it would significantly increase computational demands and time. Future work could explore such
an approach. Additionally, as a perspective, a comparison between the IND-OPT-POMMES model results, which
integrate both industrial and energy systems, and a full POMMES model could be conducted. The full POMMES
model would remove the intermediary layer that links electricity and hydrogen prices between the energy system and
industry, allowing industry to be modelled as an integrated component of the overall system. This contrasts with the
current approach, where industry is optimised for its own benefit rather than as part of a holistic energy system, and
would require further modifications to POMMES.

Regarding the hydrogen network and imports from the MENA region, the imports are treated as exogenous,
without considering ramping or capacity constraints. In this model, a country like Poland is assumed to import
hydrogen directly from MENA, while in reality, such imports would likely flow through France, Spain, and Italy via
pipelines. A more accurate representation would model MENA as a node that produces and transmits hydrogen to
Europe, respecting pipeline capacity constraints.

Another limitation of this study is that the POMMES model only allows for the consumption of natural gas in
SMR/ATR and even CCGT/TAC processes. This choice stems from the default allocation of biogas production to
the industrial sector. Consequently, the IND-OPT model allows the use of biogas in its industrial processes and
for the portion of hydrogen production that it manages internally. Future research could explore how the results
evolve, particularly in the No Fossil 2050 policy scenario, when the use of biogas is permitted within the POMMES
framework.

A potential improvement in modelling could involve modifying POMMES to allow for the flexibility of demand
from future electric vehicles. Indeed, the integration of electric vehicles into the power system appears to be a well-
researched topic [40-46], with TSO reports, such as those from RTE [22, 23], even incorporating Vehicle-to-Grid
(V2G) technology in their prospective studies.

Finally, this study does not account for the potential negative impact of decarbonising heavy industry on compet-
itiveness, particularly with regard to the associated costs. Cooper et al. [47] demonstrated that decarbonisation in the
UK could raise the prices of manufactured goods by 10-15%. In such a scenario, two outcomes are possible: either
industries relocate, leading to a reduction in domestic energy consumption, or competitiveness is maintained through
some form of external support [47]. However, this issue lies beyond the scope of the present study.

5. Conclusion

A model of key heavy industry sectors in six major European countries was coupled with a model of the European
energy system. The aim of this coupling was to assess the impact of electricity and hydrogen consumption by these
key industrial sectors on the energy system under various policy and techno-economic scenarios. The findings show
that policy scenarios lead to the greatest differences in the results. The study highlights synergies between energy
system planning and heavy industry. Specifically, the inclusion of industrial electricity and hydrogen consumption
leads to an increase in electricity and hydrogen prices, with significant disparities between countries. Additionally,
phasing out fossil fuels results in greater price increases and a higher reliance on hydrogen and methanol imports.

While scenarios with lower carbon taxes lead to lower electricity and hydrogen prices, these reductions are not
sufficient to increase industrial consumption. In fact, lower carbon taxes make continued use of fossil fuels more
attractive to industries.

The results also show that introducing a hydrogen network helps to reduce price disparities between countries but
diminishes the competitiveness of countries that would otherwise benefit from lower prices in the absence of such a
network.
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As well, the additional electricity and hydrogen consumption in the energy system is primarily met by increased
renewable energy installations in the power sector. In the hydrogen sector, except in scenarios involving the complete
phase-out of fossil fuels, most of the additional consumption is met through fossil-based hydrogen production with
carbon capture. The study thus demonstrates synergies between electrolytic hydrogen and blue hydrogen, which help
to reduce overall hydrogen prices. These synergies appear as essential for achieving competitive hydrogen production
prices.
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Appendix A. Supplementary results

Appendix A.l. Industry consumption results

Fig. A.16 shows the impact of the techno-economic scenarios on the central scenarios presented in Fig. 9. As
stated in Section 3.3, the variations due to the techno-economic scenarios on the final consumption of the sectors
modelled by IND-OPT are marginal, of the order of 3% maximum. The policy scenarios, on the other hand, have a
huge impact on technological choices and therefore on consumption.
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Fig. A.16. Heavy industry consumption and variations in EU-5+1 from IND-OPT in 2050 — Electricity and hydrogen demands are met by
POMMES

Fig. A.17 illustrates the origin of hydrogen consumed in the sectors modelled by IND-OPT. To construct this
figure, data from hydrogen production in POMMES and production managed by IND-OPT (notably for gasification
or MeOH production) are cross-referenced. Additionally, IND-OPT can operate some ATR+CCS plants, which can
also consume biogas produced from biomass gasification. In the No Fossil 2050 scenario, the ATR+CCS units operate
entirely on biogas. The figure compares results in a scenario where IND-OPT entirely manages hydrogen production,
based on electricity prices derived from the results presented in Section 3.1 (partial coupling).

Similar to Fig. 13, under coupled models, nearly all scenarios lead to a reduction in ATR+CCS production as
well as a decrease in imports. In the EU-5+1 case, hydrogen imports, which typically come from the MENA region,
can also come from neighbouring countries like Norway in the H, _Exch_Plus scenario. Likewise, except for the No
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Fossil 2050 scenario, the techno-economic variations largely replace SMRs for MeOH production with eSMRs that
consume electricity rather than gas for heat production. This is due to the significant impact on electricity prices of
the techno-economic scenarios.

The difference between partial and full coupling is explained by the fact that IND-OPT, with its annual time step,
does not manage supply-demand balance at the hourly level, a function that POMMES handles. This leads to higher
costs in POMMES due to the inclusion of storage solutions. As a result, when operated independently, IND-OPT
overestimates the competitiveness of electrolysers. This is a known limitation of IND-OPT, as identified in Raillard-
Cazanove et al. [14], further emphasising the benefits of coupling IND-OPT with POMMES, as showed in this study.
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Fig. A.17. Heavy industry hydrogen origin in EU-5+1 from IND-OPT in 2050



Appendix A.2. Hydrogen network impact
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Appendix A.3. Model coupling impact
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Appendix B. Techno-economic data for POMMES

Appendix B.1. Prices and tax

Policy scenario 2030 2040 2050
Carbon tax [€/tCO2] Reference 100 200 300
No Fossil 2050 100 200 300
Low Carbon Tax 50 100 150
Natural gas [€/MWh] 35 35 35
Hydrogen imports [€/MWh] 170 140 110
Table B.3
Carbon tax and import prices
Zone FR DE ES IT BE GB CH NL AT Nordic PL_CZ
Network tax (€/MWh) 89 153 7 75 7.8 103 112 106 16.7 9.87 15.2
Table B.4

Electricity network tax per area
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Appendix B.2. Electricity production

The characteristics of electricity generation technologies are presented in Table B.5. The data for wind and solar
are sourced from ENTSOE and ENTSOG [21], while the data for nuclear, hydro, and gas and hydrogen power plants
are drawn from RTE [23]. Information for coal, lignite, and biomass power plants is obtained from Kost et al. [48].

Based on RTE BP2050, all WACCs have been established at 4%, with the exception of new nuclear, which has
been set at 8%. These WACCs are the focus of sensitivity analyses in the study, particularly for the ENR_Plus_Plus
and Nuke_Plus scenarios.

Direct emissions Overnight Invesment Costs [€/kW]  Fixed Costs Lifetime
Technologies [tCO,/MWh] 2030 2040 2050 [€/kW/yr] [yr]
Wind Onshore 1040 990 970 1.2% CAPEX 30
Wind Offshore 1800 1650 1640 3% CAPEX 30
Solar PV 380 330 290 2.5% CAPEX 40
Biomass 0.150 3000 3000 3000 33 20
LTO Nuclear 186 10
New Nuclear 11900 5035 4505 100 60
Hydro River 121 70
Hydro Lake 121 70
Coal 0.855 1500 1500 1500 22 30
Lignite 0.933 1800 1800 1800 22 30
OCGT 0.534 600 600 600 20 30
CCGT 0.356 900 900 900 40 40
OCGT-H, 800 800 800 20 30
CCGT-H, 1100 1100 1100 40 40

Table B.5
Economic characteristics in POMMES for electricity production technologies

Appendix B.3. Hydrogen production

The modelled hydrogen production technologies characteristics are described Table B.6 and Table B.7. Steam
Methane Reforming (SMR) and Autothermal Reforming (ATR) reactors data were adapted from Oni et al. [49] and
Raillard-Cazanove et al. [14]. Electrolyser costs were taken from RTE [23] with an efficiency and lifetime adapted
from Brissaud et al. [50], assuming alkaline electrolysis. The initial electrolyser’s efficiency (including balance of
plant) is 54%[50] which we assume to increase linearly up to 65% in 2050.

Ramp-up/down characteristics are taken from Jodry et al. [29] and electrolysis minimum power rate is as reported
by Brissaud et al. [50]. Regarding SMR/ATR, minimum power rates assumptions were made following discussions
with industry stakeholders such as Air Liquide.

Direct emissions  Overnight Invesment Costs [€/kW]  Fixed Costs  Lifetime

Technologies [tCO,/MWh] 2030 2040 2050 [€/kW/yr] [yr]
Electrolysis 641 574 507 12 10
SMR 0.28 850 850 850 144 25
SMR + partial CCS  0.169 950 950 950 199 25
SMR + CCS 0.059 1150 1150 1150 302 25
ATR 0.25 1300 1300 1300 89 25
ATR + CCS 0.023 1600 1600 1600 108 25
Table B.6

Economic characteristics in POMMES for hydrogen production technologies

Although some prospective studies model the ATR technology [51], it is still often not represented [25, 29, 31, 34,
36]. Autothermal reforming of methane is a variant of SMR in which the gas is burnt directly in the reformer to provide
heat. Oxygen is injected into the reformer to partially oxidise the CHy, leading to greater reaction energy efficiency
[49]. Even though ATR is essentially more expensive than SMR (see Table B.6), thanks to the partial oxidation of
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methane, syngas and flue gases are not mixed with N,. So capturing CO, is easier (and cheaper) with ATR than
with SMR [52]. One key characteristic is the substantially lower energy consumption for ATR+CCS compared to
SMR+CCS as depicted Table B.7.

Consumption [kWh/kWhy,] Ramp up/down Minimum power rate

Technologies Year Electricity Methane [hr] [%]
Electrolysis 2030 1.73 <1 20

2040 1.63 <1 20

2050 1.53 <1 20
SMR 0.017 1.31 3.5 15
SMR + partial CCS 0.028 1.34 3.5 50
SMR + CCS 0.121 1.37 3.5 50
ATR 0.071 1.25 3.5 15
ATR + CCS 0.108 1.25 3.5 50

Table B.7

Technical characteristics in POMMES for hydrogen production technologies

Appendix B.4. Storage

The storage technologies characteristics used in POMMES are described Table B.8. Pumped Hydro Storage (PHS)
data was taken from Schmidt et al. [53] with 80% round trip efficiency (RTE). Battery costs were derived from Cole
and Karmakar [54] and RTE [23] and a 0.04%/hr self-discharge was assumed for a 85% RTE[54]. As for salt cavern
and hydrogen tanks, the data was taken from Jodry et al. [29] with a 98% RTE.

Overnight Invesment Costs Fixed Costs Lifetime

Technologies Resource  Year Power [€/kW] Volume [€/kWh] Power [€/kW/yr] [yr]
Pumped Hydro Storage electricity 1130 80 8 50
Battery electricity 2030 315 240 30 15

2040 300 200 30 15

2050 285 155 30 15
Salt Cavern hydrogen 545 0.28 2 40
Tank hydrogen 12.6 54 2 20

Table B.8
Economic characteristics in POMMES for storage technologies
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Nomenclature

Indices and index sets

a €A areas

i € Y™ investment years

y € Y°P operation years

y € Y9 decommissioning years

t € T operation snapshots

r € R resources

¢ € Ct*°h conversion technologies

s € S*eh storage technologies

w € WP transport technologies

Ra resources considered in area a

Cfl‘;h conversion technologies which can be installed in area a for investment year ¢
Sl’ffh storage technologies which can be installed in area a for investment year ¢
Wieeh - transport technologies which can be installed from area % to area a® for investment year i

°a,a’,

Wéefh transport technologies which connect area a, Wi =, 4 (W,fe;? U W};ﬁf’;)

General parameters
dyiy exogenous demand of r in y at ¢t [MWHh]
/\if”ye’i load shedding cost [€/MWHh]

/\if’;” resource spillage cost [€/MWHh]

9232 maximum total CO2 emission in y [kgCOo]

t0Q>  carbon tax value in y [€/kgCOs]

T discount rate [%)

Yo reference year for actualisation [year]

&1(7,y,y0) discount factor to bring back values from year y to actualised value in year yo [%]
¢2(a,n) capital recovery factor [%]

Ai = Aj = Ay investment/decommissioning/operation year time step [year]
(AT); snapshot length [hour]

Conversion parameters

Q. conversion technologies finance rate [%)]

Be specific overnight cost of ¢ [€/MW]

We fixed OPEX of ¢ [€/MW /yr]

Ac variable OPEX of ¢ [€/MWHh]

ayc availability of ¢ in operation year y at ¢ [€ [0, 1]]

ke,  conversion factor of ¢, k¢, < 0 (resp. > 0) for consumption (resp. emission) of r [%]
e¢92  CO, emission rate for ¢ invested for year i [kgCOo/MWHh]

le life length of ¢ invested for year i [year]

pS™" minimum capacity that must be invested in ¢ [MW]

p&™e® maximum capacity that can be invested in ¢ [MW]

Storage parameters

Qg storage technologies finance rate [%]

Bs power capacity specific overnight cost of technology s [€/MW]

o energy capacity specific overnight cost of technology s [€/MWh]



ws fixed OPEX of technology s [€/MW /yr]

Ns Dissipation losses in s over 1 hour [%)]

k" Charging factor to load 1 MWh into s, k"% < 0 (resp. > 0) for consumption (resp. emission) of r [%]

kFeer  Consumption factor to keep 1 MWh during 1 hour in s (not taking into account dissipation), kfﬁ?p <
0 (resp. > 0) for consumption (resp. collecting or emission) of 7 [h™!]

kgt Discharging factor, k2" < 0 (resp. > 0) for consumption (resp. collecting or emission) of r [%]

ress  main resource stored by s

ls life length of s [year]

minimum storage power capacity that must be invested in s [MW]

maximum storage power capacity that can be invested in s [MW]

5™ minimum storage energy capacity that must be invested in s [MWHh]

s$MAT maximum storage energy capacity that can be invested in s [MWHh]

Transport parameters

Buw specific overnight cost of w [€/MW]

Wy fixed OPEX of w [€/MW //yr]

Aw variable OPEX of w [€/MWHh]

aytw availability of w in operation year y at ¢ [€ [0, 1]]

k.,  conversion factor of w, ky,» < 0 (resp. > 0) for consumption (resp. emission) of r [%)]

€002 CO4 emission rate for w [kgCO2/MWHh]

lw life length of w [year]

wmIn minimum capacity that must be invested in w [MW]

u

wmar maximum capacity that can be invested in w [MW]

Exchange with ROW parameters
Yyt importation cost of r in y at ¢ from ROW [€/MWh]

5?;"5 importation emission rate of r in y at ¢ from ROW [kg/MWh]

mazx,imp

3

vt max importation volume of r in y at ¢ from ROW [MWHh]
vt P max exportation volume of r in y at tto ROW [MWh]
Investment variables
P_"" capacity of ¢ € CL¢" decommissioned for year d [MW]

Pz"ii"v storage power capacity of s € Séfich decommissioned for year d [MW]

tech
oa’ao s

w,inv

P,y capacity of w € W, ; decommissioned for year d [MWHh]

Sinv storage energy capacity of s € Sff’fh decommissioned for year d [MWHh]
15;7 . total capacity of ¢ in operation in year y [MW]

P;,  total storage power capacity of s in operation in year y [MW]

Sy.s  total storage energy capacity of s in operation in year y [MWh]

P},  total capacity of w invested in operation in year y [MW]

Operation Variables

Py, power of cin y at ¢t [MW]
U; ‘;tf resource r net generation from conversion technologies in y at ¢ [MWHh]
P, storage charging power of s in y at t [MW]

psout storage discharging power of s in y at ¢t [MW]

Sy.:s amount of energy in s in y at ¢ [MWHh]

U, ?tf resource r net generation from storage technologies in y at t [MWHh]
P, power of win y at t [MW]

U, if;w resource r net generation from transport technologies in y at t [MWHh]
U;hff load shedding for resource r iny at ¢ [MWHh]

USSP resource spillage for 7 in y at ¢ [MWHh]

I,:, importation of r in y at ¢ from ROW [MWh]
E,:, exportation of r in y at ¢ to ROW [MWh]

I7¢',  net imports from ROW [MWHh]

Intermediate cost variables

CAP,, annualised cost of capital of the system in y
FIX,, fixed operation costs of the system in y
VAR, variable (proportional) operation costs of the system in y
Ay adequacy (load shedding and spillage) costs in y
Cool conversion annualised capital cost in y

Cl*®  conversion fixed operation cost in y

a,y
var  conversion variable operation cost in y

a,y



8P storage annualised capital cost in y

St *¥  storage fixed operation cost in y

transport annualised capital cost in y

WI  transport fixed operation cost in y
transport variable operation cost in y

I”‘t var Net imports from ROW variable costs in y

1 POMMES equations

1.1 Objective

The objective function of the problem is given by the minimisation of the actualised costs in equations (1). All
variables are continuous and positive.

min E
Pinv 7l:). S'inv ,S’ITE7U
a,y

A
|:§Z51 (T, Yy + Ty, y0> (C.A,Pa,y + ]'—I/Ya’y =+ VARCLy) (1)
Where ¢4 (7,9, 40) is the discount factor to actualise all the costs to reference year yg (2).

9251 (Tv Y, yO) = (1 + T)_(y_yO) (2)

1.2 Costs definition

1.2.1 Annualised capital costs

Annualised capital costs are given in equation (3), and details are given in (4), (5), and (6).

C-A,Paﬁy _ Ccap 4 Scap + W;a;’ Va,y (3)

Where

Cor=>">" galacle ﬂcZP“’w Va,y (4)

i<y ceclech

SY=Y T lont) (5. SR 0. TS| vay )

i<y seStech

Wb = Z > dolaw, b mZP“””” Va,y (6)

z<y wewfwh

The coefficient ¢o(a,n) represents the capital recovery factor in annualising the costs with a finance rate of «
during n years with one term per year (equation (7)). Payments occur at the end of the year.

(%

1-(14+a)™ @

¢2(a,m) =

The annualisation of the CAPEX is done on the whole life length of the technologies, even if they can be early
decommissioned.



1.2.2 Fixed operation costs

Fixed operation costs are given in equation (8) and details are provided in (9), (10) and (11).

FIX oy =Clo + S+ WI Va,y (8)

ay

Where

cgjf;:Z Z wePy . Vayy (9)

i<y ceclech

S({ZJ:Z Z WSP;,S Ya,y (10)

i<y sesSkech

. 1 _
WIT =52 D wPi. Yay (11)
i<y wewtesh
Moreover, storage fixed costs are only proportional to installed power capacity, not energy capacity.
1.2.3 Variable operation costs

Variable operation costs are given in equation (12) and details are given in (13), (14), (15) and (16).

VARay = CLY + 050" + Woor + ALY Va,y (12)
Where

Comr = 7 30 (AT x (#9225 4+ 0) PG, Vary (13)

i<y,teeClech
Tog = 37 (19202 ) Tty Vary (14)

t,r

1

W =330 Y (AT)x (95 + A Py, Yary (15)

i<yt wewteeh
The model has no proportional power capacity or energy capacity costs for storage.

var __ shed yshed spill prspill
Aflwl/ - Z ()‘T,y Uy,tm + )‘hy Uy,t,r Va,y (16)
t,reRa

1.3 Adequacy constraint

The adequacy is met for each resource at each operation time (17). The net generation of the conversion (resp.
storage) technologies are aggregated for each time step in the U," ‘;t;c (vesp. U, ‘?f;s) variable defined in equation
(18) (resp. (19)).

drpy + U = U + UYL + URSY + 105, + USed Va,yt, VreR, (17)
Updhe=(AT)e x> > ker Pl Vauyt, VreR, (18)
i<y ceClech
Upst? = (AT) x 30 30 (K Py + KA S, 00 + R P  Vayyit, VreR, (19)
i<y seStech
U;l,;frw = (AT)¢ x Z Z Z (0oa,a = Ga,a0) X K, P;U,t_yw Va,y,t, VreR, (20)

i<y (°a,a®)€.A? weWégiﬁo

s



Remark

One could be surprised by the addition of the ng’fm P;’t"; term to the resource production as the resource r is
supposed to be consumed if loaded into storage, or at least, that the signs before the out and in are the same
in the storage part of the equation. However, this approach comes from single energy carrier modelling. The
storage does not store electricity or gas. It stores energy in MWh. Let’s consider low-temperature storage,
for example. It consumes electricity when loading (thus 1" = < 0) and consumes electricity when discharging

elec
(ot < 0 with the heat pumps consumption) and discharge low-temperature heat (n7“¢, > 0).

1.4 Capacity constraints

The instant power of the conversion technologies is lower than the available installed capacity (21).

c C
y,t,c fE; ‘ly,t,c }:?;,c

P Va,y,t, Vi<y, Vce Cfffh (21)

Considering this, the total installed capacity of ¢ for operation year y (]3576) is defined as the total installed
capacity of technology ¢ that is not yet decommissioned in y.

]5;76 = Z Pz:fi”v Va,y, Vi<y, Vecc Cffich (22)
d>y
Moreover, decommissioning must happen strictly after investment and before the end of the technology life

length (23).

a,i >

Pe =0 Vayi, VeeClkh, vde{d|d<itu{d|d>i+l} (23)

The minimum bounds are the invested capacity and the maximum allowed each year by the decision maker (24).
This constraint could be related to the deployment rate or to the limited space of the local area, for example.

p?min < Z Pz:ilnv < pg,'max Va,i, Vce C;f;h (24)
d

1.5 Storage constraints

The total storage power (resp. energy) capacity for operation year y is defined as the total power (resp. energy)
capacity of (s,4) that is not yet decommissioned in y in equation (25) (resp. (26)).

Pr =) Py Vay, Vi<y, VsedSkh (25)
d>y

Sys=> S Vay, Vi<y, VseSh (26)
d>y

Where as in (23) the decommissioning must happen strictly after investment and before end of life length (27).

PRI g 0 Vayi, WseSh vde{d|d<itu{d|d>i+1,} (27)

a,i

Any resource of the model can be stored in the right storage technology s is invested in. For all time steps t,

the input rate of storage P;ZZ/ 2% is bounded by the total invested power capacity ]5;731
Py < PP Vayy, Vi<y, VseSeh (28)

The total amount of energy in storage Sy + s should remain lower than the total invested energy capacity 5’%5:

Syts <8y Vay, Vi<y, VseSh (29)

Invested power and energy capacities are bounded by the minimum and maximum allowed values in equations
(30) and (31).



sm'm < ZPS ,inv S s,mazx Va,i Vs eSé?iCh (30)

s <N TSI < 52T Yayi Vs € SN (31)
d

The total amount of energy in the storage at each time step Sy s is defined as the total amount of energy in
the storage at the previous time step minus the dissipation plus the loaded energy minus the discharged energy
(32). The constraint is cyclic to avoid side effects.

Note that P,’ t"; is the power to load 1 MWh into the storage and P, “! is discharge power to lower the storage

level of 1 MWh.

(AT)¢

Syrs=(1=n) T Sy, 1+ (AT), x (P —PyeY) Vay,t, Vi<y VseSS"  (32)

1.6 Transport constraints

The instant power of the transport technologies is lower than the available installed capacity (33).

P’(U

it < Gyt PY. Y,a®yt, Yi<y, YweWwih ¥ (33)

Y, w °a,a®
The total installed capacity of w for operation year y (P;yw) is defined as the total installed capacity of technology
w that is not yet decommissioned in y (34).

Py, = ZPZ’):ZM Va,a®y, Vi<y, YweWLr, (34)

°a,a®

d>y
Moreover, decommissioning must happen strictly after investment and before the end of the technology life

length (35).

P;:,‘émzo Y, a®, i, YV € Wheeh Vde{d\dgi}u{d|d>i+lw} (35)

°a,a®,i?

The minimum bounds are the invested capacity and the maximum allowed each year by the decision maker
(36).

Py <Y P <pumet Vea,aty, Vi<y, Ywe W, (36)
d
1.7 Carbon related constraints
Equation (37) defines the operation emission variable.
Eovi = (AT)ox 30 >0 elOPipet Do 5L Yaut (37)
i<y CECZsfh TER,
The total emission constraint is in equation (38).
co co
ZE ytfgayz vavy (38)

t



1.8 Imports constraints

Imports bound are defined in equation (40). Variables are in energy units (MWh).

I;L’ift = I?/JVt - Eyﬂ“i Vyv r,t (39)
Lya STyt (o)
Ey,'r,t S ﬂ.;',lg;,ezp Vya T, t (41)

2 Supplementary results
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Fig. 1. No Fossil 2050 Central scenario electricity and hydrogen system in 2050 — from POMMES
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Fig. 2. No Fossil 2050 Nuke_Plus scenario electricity and hydrogen system in 2050 — from POMMES
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Fig. 3. No Fossil 2050 Hy_Exch_Plus scenario electricity and hydrogen system in 2050 — from POMMES
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Fig. 4. Low Carbon Tax Central scenario electricity and hydrogen system in 2050 — from POMMES
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Fig. 5. Low Carbon Tax Hy_Exch_Plus scenario electricity and hydrogen system in 2050 — from POMMES



