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Summary

In this study, we bring together both the availability and sectoral demand data of CO,-free’
energy sources for the EU27+32 in the year 2040. This will provide a high-level overview of
whether or not it is possible to fulfil the sectors’ demand for CO,-free energy and
competing feedstocks, taking into account the local technical potential of these resources.
This study would ideally form the basis for discussions on how to develop, allocate and use
the potential resources available.

Results of the local technical potential of the supply of CO2-free energy
sources and competing feedstocks

In Figure 1, the results of the 2040, EU27+3 technical potential of the supply of CO,-free
energy sources included in this study are provided and compared to the currently installed
capacity and the supply ambitions of EU27+3 governments of these energy sources for 2040.
These different supply values are compared to the demand for CO,-free resources of the
sectors in the EU27+3 in 2040, as found in this study.

Figure 1 - Current availability of CO2-free energy sources and feedstocks, ambitions for 2040 and technical
potential supply 2040. Demand side represents demand for CO:-free energy incl. transport losses in different
sectors (i.e. not total energy demand, fossil share is left out of figure)
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In this study, we use the term ‘CO2-free energy sources’ for energy sources and competing feedstocks that do
not emit fossil greenhouse gases upon use or end-of-life (in case of feedstocks for products). We do however
recognise that the term is not a perfect fit for all the energy sources included in this study, such as biomass.
2 n this study, EU27+3 is defined as EU27 and United Kingdom, Norway and Switzerland.
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The figure shows that between now and 2040, supply needs to increase by about six times
to reach the technical potential estimated in this study. In addition, the current EU27+3
governments’ ambitions for the capacity of the considered CO,-free energy sources in 2040
is about two thirds of the technical supply potential estimated in this study.

These government ambitions alone do not meet the demand for CO,-free energy sources
and feedstocks in 2040. Note that the CO,-free demand in 2040 presented in the figure is
not the total energy/feedstock demand of the different sectors: they will also still have a
fossil demand (about 30% of the total energy/feedstock demand). Note that the supply
figures do not include import.

Results of balancing the technical supply potential of and demand for

CO;-free energy sources in 2040

Figure 2 shows different combinations of supply and demand of CO,-free energy sources and

competing feedstocks in the EU27+3. Note that the demand side only represents demand for

CO,-free energy sources/competing feedstocks, fossil demand is excluded. The top part

shows the same information as Figure 1, combining the technical potential of all energy

sources/feedstocks assessed in this study. Below that, different combinations of these

energy? sources/feedstocks are made. We distinguish between the following:

— renewable supply options versus demand, which includes EU27+3 generated/sourced
hydropower, solar energy, wind energy and residual biomass;

— renewable supply options plus nuclear energy supply versus demand;

— renewable supply options plus fossil + CCS* versus demand;

— renewable supply options plus non-food crops® versus demand;

— renewable supply options plus import of residual biomass, non-food crops and green
hydrogen from outside the EU27+3 versus demand;

— renewable supply options versus demand with additional demand reduction.

The scales show whether supply and demand are in balance for the different combinations.
In addition, below the value providing the surplus or shortage of total energy sources/
feedstocks, the balance of electricity and biomass supply and demand is shown in red or
green.

The different scales show that based on the analysis in this study, the total local CO,-free
energy/feedstock supply and demand of the EU27+3 can be in balance in 2040. However,
the demand for biomass can only be met when the technical potential of sustainable non-
food crops is fully realised and/or by taking additional demand reduction measures and/or
with more efficient use of energy/feedstocks (i.e. avoiding as much as possible the use of
biomass in sectors which have alternatives). Import of biomass will not close the supply gap
when taking into account a GDP-based distribution share. The CO,-free electricity supply
can - based on its technical potential - meet the demand and even have a surplus.

Local heat demand and supply is left out of scope.

Fossil + CCS includes the production of blue hydrogen and the generation of electricity with CCS.

Biomass sourced from non-food crops is in principle renewable, however it is shown separately as its supply
potential is much more uncertain than that of residual biomass. In EU27+3, almost no marginal land has been
used yet for the cultivation of non-food crops and it could well be utilised for other purposes.
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Figure 2 - Balance of several supply options of and demand for CO:-free energy sources in EU27+3 in 2040.
Demand side represents demand for CO:-free energy incl. transport losses in different sectors (i.e. not total
energy demand, fossil share is left out of figure)
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Some important remarks about these results

In this study, we have made a number of scoping choices that are unlikely to reflect reality
in 2040. The supply of CO,-free energy sources was based on (sustainable) technical
potential only. Economical, societal and ecological constraints were mostly left out of
scope. In reality, these constraints will also play a role in the further realisation of CO,-free
energy sources/feedstocks, as well as in the transition in the demand sectors. Moreover,
global availability of crucial supply chain technologies and materials for the transitions at
hand are not only required in the EU27+3, potentially increasing the barriers to their
realisation. Figure 1 shows the difference between supply ambitions for 2040 and the
technical supply potential. This difference could be the result of governments taking more
barriers into account when determining their ambitions.

On the other hand, the analysis shows that the EU27+3 governments’ supply ambitions will
not meet the demand for CO,-free energy sources and feedstocks in 2040 if no additional
demand reduction measures are taken. This is only the case when the sustainable technical
potential of cultivation of non-food crops is fully realised (or if a significant demand
reduction in biomass demanding sectors is achieved). However, the cultivation of non-food
crops on marginal land is not yet common practice in the EU27+3, which means this will
require considerable effort. In addition, the sustainable technical potential of non-food
crops is one of the most uncertain estimations in our analysis for a variety of reasons:
sustainability of both residual biomass and non-food crops is defined differently by different
data sources leading to different potentials, the marginal land needed for the cultivation of
non-food crops may be used for other purposes and there is still little policy in place to
steer this towards the cultivation of crops for energy or material purposes.

Moreover, the potential 90% CO, reduction that has been recommended by the European
Commission for 2040, is most probably not yet achieved by the demand data in this study.
To achieve 90% CO, reduction the CO,-free energy source/competing feedstock demand
should increase compared to the demand in this study.

All in all, considerable extra effort is needed to meet the climate neutrality goals. This can
be done by lowering barriers to the further realisation of CO,-free energy/feedstock supply
and sector transitions as much as possible. Examples of these barriers on the supply side are
the availability of climate-neutral CO, as a feedstock for industry and the production of
e-fuels, electrolyser capacity, grid capacity, sufficient labour and permit timelines.

Other possible efforts are on the demand side: further (technical and behavioural)
reduction measures, such as increasing feedstock and energy efficiency, further isolation
and lower room temperatures, modal shift and reducing transport kilometres and
implanting circularity principles, can help meet the climate neutrality goals.

Scope and important assumptions

The analysis in this study is carried out using three key scoping assumptions:

— In this study, we assess the technical availability of energy resources and competing
feedstock. We take into consideration that there are only fifteen years to go between
now and 2040 and have therefore adjusted a limitless technical potential to a potential
that can be realised within that timeframe. The focus on technical potential means that
economic, social and ecologic considerations are excluded from the study as much as
possible. Where the technical sustainable availability of energy resources is well
defined (e.g. for biomass), we take this into account.

7
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— Geographically, we investigate the possibility of self-sufficiency of the EU27+3 in
providing its own energy/feedstock needs.® This means we only consider the availability
of energy/feedstock generated within the territory of EU27+3. For the generation/
production of energy that relies on continuous input of energy resources (e.g. biomass,
radioactive ores), we only consider the supply of these energy sources which are
sourced within EU27+3 (imports are not considered). Imports of biomass and hydrogen
are initially left out of scope, however based on the initial analysis, they are considered
as an option to bridge the gap between supply and demand if necessary.

— In terms of time, the year 2040 has been chosen because we should be well on our way
to a climate-neutral society by then. Therefore, if it seems unlikely that current goals
will be achieved by 2040, action can be taken in time to increase the speed and course
of the energy and feedstock transition.

6 This is not a specific EU policy goal. However, the benefits of self-sufficiency have received more attention in
recent years.

8
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1

1.1

1.2

Introduction

Background of the study

Various sectors of the economy are currently focused on how they can reach the climate
neutrality goals of 2050 as stated in the Paris Agreement. To reach these goals, many of
these sectors have their eyes on CO,-free energy sources and competing feedstocks,
assuming these will be available when needed. In sectoral studies, comparisons with other
sectors are often - if at all - performed as a small part of the analysis and policy decisions
are repeatedly based on insights on subparts of the systems. This can result in inefficiencies
in the use of resources, as potential scarcity of these resources is not identified.

In this study, we bring together both the availability and sectoral demand data of CO,-free’
energy sources for the EU27+3% in the year 2040. This will give us a high-level overview of
whether or not it is possible to fulfil the sectors’ demand for CO,-free energy and
competing feedstocks, taking into account the local technical potential of these resources.
This study would ideally form the basis for discussions on how to develop, allocate and use
the potential resources available. The analysis is carried out using three key scoping
assumptions:

1. In this study, we assess the technical availability of energy resources and competing
feedstock. We take into consideration that there are only 15 years to go between now
and 2040 and have therefore adjusted a limitless technical potential to a potential that
can be realised within that timeframe. The focus on technical potential means that
economic, social and ecologic considerations are excluded from the study as much as
possible. Where the technical sustainable availability of energy resources is well
defined (e.g. for biomass), we take this into account.

2. Geographically, we investigate the possibility of self-sufficiency of the EU27+3 in
providing its own energy/feedstock needs. This means we only consider the availability
of energy/feedstock generated within the territory of EU27+3. For the generation/
production of energy that relies on continuous input of energy resources (e.g. biomass,
radioactive ores), we only consider the supply of these energy sources which are
sourced within EU27+3 (imports are not considered). Imports of biomass and hydrogen
are initially left out of scope, however based on the initial analysis, they are considered
as an option to bridge the gap between supply and demand if necessary.

3. Interms of time, the year 2040 has been chosen because we should be well on our way
to a climate-neutral society by then. Therefore, if it seems unlikely that current goals
will be achieved by 2040, action can be taken in time to increase the speed and course
of the energy and feedstock transition.

Outline of the report

In the main body of the report, we briefly describe how we have investigated the local CO,-
free supply and demand for energy/raw materials for EU27+3 in the year 2040. The annexes
describe in detail which sources we have used and how we arrive at a technical potential of
the sources and a demand for energy in all sectors.

7 In this study, we use the term ‘CO:-free energy sources’ for energy sources and competing feedstocks that do

not emit fossil greenhouse gases upon use or end-of-life (in case of feedstocks for products). We do however
recognise that the term is not a perfect fit for all the energy sources included in this study, such as biomass.
8 In this study, EU27+3 is defined as EU27 and United Kingdom, Norway and Switzerland.
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We start in Chapter 2 with a description of the methodology of the research. Chapter 3
provides the results for supply and demand, after which we examine the CO,-free energy/
raw materials supply and demand balance in Chapter 4, taking efficiencies and transport
losses into account. Here we also provide a number of options to bring supply and demand
into balance. In Chapter 5 we discuss some necessary conditions and uncertainties. We close
with conclusions in Chapter 6. Results specifically for the Netherlands are given in Annex C.
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2 Methodology and data

Many studies have already been published on supply and demand of energy sources.
However, it is not always evident which assumptions have been made and which scope has
been applied, which forms a barrier for interpretation of the conclusions. We aim to be as
transparent as possible on the applied methodology and data sources used.

Therefore, this section describes the main objectives of the study in Section 2.1, the scope
in Section 2.2 and the data sources used in Section 2.3. A more detailed description of the
data collection can be found in Annex A.

2.1 Objectives

The objectives of the study are:

— to gain a better overview of the total supply and demand at EU27+3-level (based on
member state-level) of all potential local CO,-free sources of energy and competing
feedstocks;

— based on this overview, to identify the main gaps between supply and demand and
whether EU27+3 can be self-sufficient in supplying the demand for CO,-free energy
sources and competing feedstocks;

— first identification of additional options to deal with limited availability on
EU27+3-level, including more demand reduction and import from outside the EU.

2.2 Scope

Figure 3 provides an overview of the scope of the study. All scoping choices are further
explained in the subsections after the figure.

Figure 3 - Overview of scope study

Supply 2040 Demand 2040

Hydropower (EU27+) Built environment (EU27+)
Solar energy (EU27+) Transport (aviation, maritime, other) (EU27+)
Wind energy (EU27+) Industry - energy (EU27+)
Residual biomass (EU27+) Industry - competing feedstocks (EU27+)
Nuclear energy (EU27+) Adjustable power (EU27+)
Fossil energy + CCS (EU27+) Demand reduction (all sectors, EU27+)

Non-food crops (EU27+)

Import of biomass and green hydrogen
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2.2.1

Supply

Type of availability

In this study, we assess the technical availability of the energy resources and feedstocks.
This means economic, social and ecologic considerations are left out of scope as much as
possible. We take into consideration that there are only fifteen years to go between now
and 2040 and have therefore adjusted a limitless technical potential to a potential that can
be realised within that timeframe. Where the technical sustainable availability of energy
resources is well defined (e.g. for biomass), we take this into account.

Energy sources and competing feedstocks included in study

The study looks at the supply of energy sources, but also takes into account that many
products are manufactured from the same feedstocks as these energy sources, which is why
we are using the term ‘competing feedstocks’. This includes for instance chemicals
produced using biomass and hydrocarbon e-chemicals based on green hydrogen and CO,.
Raw materials needed to build CO,-free energy production technologies and other products,
such as metals and minerals, which are not used as energy source, are excluded from the
study.

In this study, we use the term ‘CO,-free energy sources’ for energy sources and competing
feedstocks that do not emit fossil greenhouse gases upon use or end-of-life (in case of
feedstocks for products). We do however recognise that the term is not a perfect fit for all
the energy sources included in this study. This is for instance the case for biomass, which of
course contains carbon and therefore upon use as an energy source or use in a product will
emit CO, - albeit biogenic CO,.

For the supply side, we look at the following CO,-free energy sources’:

— hydropower;

— solar energy;

— wind energy;

— residual biomass;

— non-food crops: lignocellulosic biomass that is cultivated on marginal land, i.e., unused
land that has low agricultural value;

— nuclear energy;

— fossil energy + CCS; electricity and hydrogen production from fossil energy sources,
where CCS is taking place.®

All general energy carriers based on these sources are taken into account (electricity,
hydrogen, biofuel, hydrocarbon e-fuels, etc.). For energy carriers for which different
options exist, the most likely one for a specific demand sector is chosen (e.g. for aviation,
e-kerosene is chosen as RFNBO), including the specific conversion factors.

Figure 4 gives an overview of the energy sources and carriers taken into account in this
study.

9 Local heat demand and supply is left out of scope.
10 Fossil + CCS does not include industry using fossil energy and CCS.
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2.2.2

Figure 4 - Overview of energy sources, carriers and demand sectors taken into account

Energy source Energy carrier Use

Wind
> Energy carrier built
environment
CO; free electricity
Solar
Energy carrier transport &
) mobility
T Renewable hydrogen -
—— — ‘ .
Residual and waste biomass =~ —— = = e e Energy carrier industry
o Renewable fuels of non W A
biological origin
Radioactive ores (e.g. uranium) NN
Ty a— Feedstock industry
Fossil resources (e.g. natural
gas, crude oil) = Renewable biobased fuels
Non-food crops ——— = ' T Adjustable power

As one of the objectives of this study is to investigate whether EU27+3 can be
self-sufficient in its CO,-free energy demand, only local energy generation and energy
source/feedstock production are considered. Import from outside the EU27+3 is presented
as an additional supply option. For more background on this, see Section 2.2.3.

Demand

The demand of energy and feedstock is based on different data sources, providing insight in
how different demand sectors are expected/planning to reach the climate goals.

Figure 4 presents not only the energy sources and carriers, but also the demand sectors

included in this study, which are:

— built environment (including residential, tertiary and agricultural sector);

— transport;

— aviation;

— maritime;

— rest (bus, passenger car, domestic aviation, domestic shipping, light duty vehicles,
rail and trucks);

— industry;

— energy demand;

— raw materials demand (competing feedstock demand);

— flexible power.

Flexible power refers to the energy resource demand from flexible power plants that are
needed during periods with insufficient renewable electricity production.

In an additional analysis, we look at what (additional) demand reduction can be reached in
each of the demand sectors by 2040. This can play a key role in bridging the potential

gap between demand and supply of CO,-free energy sources and feedstocks and the
energy/feedstock independence of EU27+3.
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2.2.3

2.2.4

2.3

Geographical scope and import

The geographical scope of the study is EU27+3, which is defined as all current EU member
states, plus the UK, Norway and Switzerland. The reason to include the latter three is that
the energy supply and demand sectors of these countries these countries are highly
connected with the energy supply and demand in EU member states.

Import of energy sources and competing feedstocks from outside EU27+3 is initially left out
of scope for all energy sources and feedstocks. This choice is made to be able to investigate
the self-sufficiency and energy independence of the EU27+3, even though it can be
expected that import (and export) of energy sources and feedstocks does take place in 2040
as self-sufficiency is not a goal of the EU. For supply of energy sources, this geographical
scope means that we only look at energy which is generated on the territory of EU27+3.

For energy generation/production that relies on continuous input on energy sources

(e.g. biomass, radioactive ores), we only include the supply of these energy sources which
are sourced within EU27+3. In addition, we only take into account green hydrogen produced
from electricity that is generated within the EU27+3 and hydrogen-based fuels and products
produced from this electricity. Import from outside EU27+3 will be included as an option for
additional supply to close the (potential) gap between supply and demand.

Raw materials needed to build energy production technologies, such as metals, have been
placed out of scope.

Temporal scope

We will balance the supply and demand of CO,-free energy carriers in 2040. We have chosen
this year as 2040 is an important milestone towards 2050, which is the year by which all
countries that endorsed the Paris Agreement have agreed to be climate neutral. In the past
months, it has become more and more clear that in order to reach this goal, many sectors
should be well on their way to becoming climate neutral in 2040 already. In February 2024,
the European Commission published a statement recommending a 90% greenhouse gas
emission reduction target for 2040."" This recommendation of the European Commission
shows the importance of the year 2040.

Data collection

In this section we provide an overview of how we have selected and collected data to
determine the supply of CO,-free energy sources and the demand for those in the different
demand sectors in 2040.

The main principles and scope of this study served as a base to find suitable data sources
for each category. The main principles are that the data sources should preferably:
— provide data for 2040;
— provide data per individual EU27+3 member state;
for supply of CO,-free energy sources, provide:
« data of availability of energy sources in member states;
« technical potential (i.e. not economic potential);
« for demand for CO,-free energy carriers per sector, provide:
o the share of demand that different energy carriers meet.

Recommendation for 2040 emissions reduction target (europa.eu)
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https://ec.europa.eu/commission/presscorner/detail/en/ip_24_588

Given the fact that this study is focused on presenting a high-level overview of the balance
between supply and demand, data have been extracted from existing data sources that
provide data for all EU27+3 countries per demand sector or type of energy source. In case
no data sources for certain energy sources/demand sectors were available that meet all of
the main principles, different data sources were combined. The used data sources,
assumptions and calculations per energy source and demand sector are described in

Annex A.

15

220479 - Energy sources and demand - June 2024 A



3

Estimates for supply and demand

This section presents the estimates for the different supply and demand categories. These
estimates are necessary to compare CO,-free energy and competing feedstock supply and
demand for the EU27+3 in 2040 in Chapter 4.

In Section 3.1 the supply of CO,-free energy sources is provided, followed by the demand
categories in Section 3.2.

3.1 Supply of CO2-free energy sources
The technical potential for the supply of CO,-free energy sources in 2040 within EU27+3 is
determined by combining different data sources (see Annex A for more background
information per supply category). We have done this by investigating the most technically
constraining bottlenecks for expanding the availability of these energy sources between
now and 2040 and taking those as a restriction. In order to account for the high level of
uncertainty, a range of the supply volume in 2040 has been determined for most energy
sources. In some cases, the technical potential in 2040 is quite certain, and no range is
given.
Table 1 provides the ranges of supply and the most important technical bottlenecks the
CO,-free energy sources considered in this study, together with a link to the annex in
which more information on data collection can be found.
Table 1 - Overview of supply data for CO.-free energy sources in EU27+3 in 2040
CO:-free Supply in Technical bottleneck Relevant Main sources used
energy source EU27+3 annex for
(excl. import) in more details
2040
Hydropower 3.6 EJ Spatial constraints A1 Study Eurelectric (Eurelectric,
2018)
Solar energy 7.7EJ12.0EJ Spatial constraints, A.2 Target EU & study JRC (EC,
(average 9.9 EJ) | implementation constraints 2022) (JRC, 2021b)
Wind energy Onshore: 6.5 EJ- | Onshore: spatial constraints, A3 Onshore: targets countries,
18.7 EJ (average | implementation constraints study JRC
12.6 EJ) Offshore: equipment Offshore: targets countries,
Offshore: 5.1 EJ- | (e.g. ships) to build turbines, availability vessels (Rystad
14.8 EJ (average | implementation constraints Energy, 2023) (H-BLIX, 2022;
10 BJ) JRC, 2021b)
Residual biomass 12 EJ-14 EJ The amount of residual biomass | A.4 Biomass supply study from
(average 13 EJ) that is available within EU27+3 Imperial College London (ICL,
is limited by the levels of 2021)
production and consumption in
the EU economies and by the
share that can be mobilised
Nuclear energy 3.3EJ-4.5EJ Realisation time of new power | 0 Countries’ plans (World Nuclear
(average 3.9 EJ) | plants Association, 2024b)
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CO-free
energy source EU27+3 annex for

Supply in Technical bottleneck Relevant Main sources used

(excl. import) in more details
2040

Non-food crops 3.9EJ-10EJ This potential is constrained by | A.4 Marginal land availability: (JRC,

(average 7.1 EJ) | the amount of marginal land 2023; MAGIC project, 2021)
that is available for non-food Miscanthus yield: based on
crop production (i.e., which (MAGIC project, 2021) and
does not have a high nature (Morozova et al., 2020).
value) and has a sufficient
cultivation suitability and crop
yield

Fossil energy + 0.5EJ Incentive to invest in CCS A7 Impact Assessment 2040 target
CCs

technology EU (EC, 2024b)

For wind energy and solar energy, a correction factor'? is applied to the potential energy
generation. As these technologies rely on the weather, the energy produced cannot always
be used, either directly as electricity or indirectly by storing it in an energy carrier or
battery. Some of the generated electricity will always be lost. The correction factor
therefore reduces the technical potential of these CO,-free energy sources. The values in
Table 1 represent these corrected values, they are -5%, -10% and -25% respectively for wind
offshore, wind onshore and solar PV. More information on this can be found in Annex A.2
and A.3.

Some of the CO,-free energy sources do not continuously generate energy as these depend
on external factors we cannot control; most notably the weather for wind and solar energy.
Therefore, flexible power capacity has to be installed. This ensures a continuous supply of
electricity, which meets temporal demand. We assume the flexible power capacity requires
CO,-free energy sources to run. Therefore, ‘flexible power’ is included as a demand sector
in the analysis. We have assumed 15% of the electricity demand needs to be met using
flexible power generation, which uses green hydrogen as a fuel.

Comparison of technical potential of CO2-free energy source supply
(this study) to currently available supply and current 2040 ambitions

The premise of this study was to present the demand of different sectors with a ‘technical
potential’ of the supply of CO,-free energy sources and competing feedstocks. However,
technical restrictions are not the only barriers to realising a certain supply of these sources
in 2040: the realisation can also face economic, social and ecological restrictions.
Therefore, in this section we compare our technical potential supply data with the current
availability and ambitions for 2040 for these CO,-free energy sources. With ‘ambitions for
2040’ we mean the plans/ambitions set by EU27+3 countries for the realisation of different
CO,-free energy sources.

The source of the data used in this analysis and its results are presented in Table 2 and
Figure 5. The current availability of the different CO,-free energy supply options shows it
will take work realise the ambition values of 2040 and even more to realise the technical
potential supply values. In fact for some CO,-free energy sources, current availability is
nearly zero.

12 Based on: curtailment, but also installed capacity limitations caused by the mismatch of supply and demand.
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To summarise the results: the ambition values for 2040 do not meet the demand estimated
for 2040. However, the technical supply potential can meet the demand, if the total
potential is realised. Yet, as the technical supply potential can only be reached when many
currently existing (economic, social, ecological) barriers are overcome, this realisation
requires extra effort (see Chapter 5). Demand reduction can play a role in bridging the gap
between supply and demand (see the last subsection of Section 3.2). Of course, we have
only focused on local EU27+3 supply and some import of CO,-free energy sources/
feedstocks can always take place, however our import values also show not to expect too
much of this (see next subsection).

Figure 5 - Current availability of CO2-free energy sources, 2040 ambitions and technical potential supply 2040

Technical potential €O, free demand
S supply 2040 (this study) 2040 (this study) (]
=l Supply =
o ambitions T T T T i po T T T T <
o 2040 : i i s
oD Current 1 % 2 1 1 w
7] supply % 0 | 1 - 1 =)
: - ﬁ : 5 :
L J 4 ) 6 .
10EJ 42E) 60 EJ 48EJ
Biomass (residual) E Nuclear n Built environment ﬂ Transport - maritime
Wind offshore Fossil+CCS Industry - energy Flexible power
Wind onshore Non-food crops Bl Industry - raw materials Conversion + transport losses
Hydro B Transport - rest
Solar Transport - aviation 4

Table 2 - Current availability of CO:-free energy sources, 2040 ambitions and technical potential supply 2040

Sector Current Current 2040 Technical | Current supply based 2040 Ambition based
supply (EJ) ambitions (EJ) | supply potential | on on
(EJ)
Wind onshore 1.3 6.5 12.6 | (WindEurope, 2023) RePowerEU target
(Rystad Energy, 2023)
Wind offshore 0.2 5.5 10 | (WindEurope, 2023) Individual countries’
targets
Solar PV 0.7 7.5 9.9 | (Eurostat, 2024b) Individual countries’

targets (SolarPower
Europe, 2023)

Hydropower 1.0 2.4 3.6 | (Eurostat, 2024b) Impact Assessment 2040
target EU (EC, 2024b)

Nuclear 2.2 3.7 3.9 | (Eurostat, 2024a) Currently operable

energy mines within EU27+3 +

unconventional sources
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Sector

Current Current 2040 Technical | Current supply based 2040 Ambition based
supply (EJ) ambitions (EJ) | supply potential | on on
(EJ)

Fossil energy 0.0 0.2 (Electricity 0.2 (Electricity | (IOGP, 2023) Impact Assessment 2040
+CCS

Maps) & 0.3 Maps) & 0.3 target EU (EC, 2024b)
(blue hydrogen) | (blue hydrogen)

Biomass
(residues) HaskoningDHV, 2020) potential range (ICL,

4.8 12 13 | (CE Delft & Royal Lower value of technical

2021) (see Annex A.4).

crops

Non-food

0.0 3.9 7.1 | Calculation, assuming Lower value of technical
60,000 hectares potential range (JRC,
(Ramirez-Almeyda et 2023) (see Annex A.4).
al., 2017) and yields as
used in the estimation of
technical potential (see
Annex A.4)

Total

10 42 60

Import of green hydrogen and biomass

As stated in Section 2.2.3, import of green hydrogen and biomass is only included as an
additional supply option to close the gap between supply and demand.

To estimate the potential import of biomass from outside the EU27+3 to the EU27+3 in
2040, we first determined a share of the global biomass supply that the EU27+3 could claim.
After all, sustainable biomass is a scarce resource, and other continents will have an
increasing demand for renewable energy and feedstocks as well. An often-used distribution
principle to determine the share of scarce resources that a nation could claim is its gross
domestic production (GDP) relative to world GDP. The application of this distribution
principle to the EU27+3 accounts for the fact that some of the goods produced in the EU are
exported to the rest of the world." The EU27+3 share of global GDP in 2022 was about
16.6% (IMF, 2022). Based on long-term projections from the OECD (OECD, 2023),

we estimate that EU’s GDP share will decline towards 2040 to 13%, as other economies will
develop more rapidly than the EU’s. Therefore, we assume that the EU27+3 can use 13% of
global resources in 2040, which we call the ‘GDP-based share’.

The global potential of biomass in 2040 has been estimated using figures from the Bio-Scope
report (CE Delft & Royal HaskoningDHV, 2020).' From this report we took the estimations
of the sustainable potential of residue streams from agriculture and forestry for 2030 and
2050. The values of woody and non-woody residues for 2040 were calculated by taking the
average of both years for forestry residues and agricultural residues, respectively.

The global potential of used cooking oil is based on literature values gathered in CE Delft
(2020). The global non-food crops potential was estimated by extrapolating the EU27+3
potential assessed in this study using the EU share of global agricultural land area, which is
about 8% (FAO, 2020). This is a rough estimation, as climate and land suitability differ

13 We assume that the EU share of global production vs. global consumption does not change towards 2040.
Another widely used distribution principle is based on population size. However, this principle does not take into
account the fact that the EU produces more than its share of global consumption.

4 The used values from literatures are values for the EU. We assume that these are representative of the values
for EU27+3.
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between world regions."® The global potential of biomass in 2040 is estimated at 110 to
204 EJ (with an average of 157 EJ), as shown in Table 3.

Table 3 - Estimated potential import to the EU27+ of biomass and green hydrogen in 2040 (PJ primary energy)

Global potential (PJ/year) Import potential Remarks
(PJ/year)(Oosterveer & Mol)
Min. | Max. ‘ Average Min. ‘ Max. ‘ Average
Biomass

Woody residues 17,200 21,900 19,550 -2,768 -3,078 -2,923 | Based on estimations
Non-woody 47,000 63,000 55,000 -300 253 -23 | from (CE Delft & Royal
residues HaskoningDHV, 2020).
Used cooking 900 1,300 1,100 -81 -29 -55 | Based on estimations in
oil CE Delft (2020).

Non-food crops 44,991 117,521 81,256 1,937 5,059 3,498 | Estimated by
extrapolating the EU
potential determined in

this study.
Total biomass 157 EJ 0.5 EJ
Green hydrogen
Green 12,600 21,000 16,800 1,575 2,625 2,100 | Estimated using Gulli et
hydrogen al. (2024), an export
potential of 50% and a EU
import share of 25%.
Total 17 EJ 2.1EJ

Note: For biomass a GDP-based share is applied. A minus sign indicates a net export.

The application of the GDP-based share of sustainable biomass (residues and non-food
crops) for the EU in 2040 to the global biomass potential results in a limited biomass import
potential. The estimated average EU supply of biomass residues (see Section A.4) is higher
than its GDP-based share, which means that the EU should actually export part of its
domestic supply when following up this distribution principle. For non-food crops the
application of the GDP-based share results in a net import. Because the net export volumes
for residual biomass and the net import volume for non-food crops largely even out, the
overall EU import potential of sustainable biomass is roughly 0.5 EJ/year, which is small
compared to the average global biomass potential of 157 EJ/year.

The global potential of green hydrogen was estimated using recent McKinsey scenario
projections of global green hydrogen production in 2050, which vary from 90 to 290 Mtonne
(Gulli et al., 2024). Considering that global low-emission hydrogen projects currently in
development add up to a global potential of 38 Mtonne in 2030 (IEA, 2024), we estimate the
global green hydrogen potential in 2040 at 90 to 150 Mtonne (or 12,600 to 21,000 PJ based

15 A second estimation based on the indicated worldwide availability of marginal land from FAO (2022) resulted in
a non-food crops potential in the rest of the world that is four times higher than in the first estimation based
on the EU share of global agricultural land area. In view of the large uncertainties on marginal land availability
and crop yields, we have chosen to adopt the first estimation.
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3.2

on HHV)."® To determine an EU share, we have not applied the GDP-based share as was
done for biomass, because resource scarcity plays a smaller role here. Instead, the local use
of hydrogen and the development of hydrogen demand in different world regions are more
important considerations. We take into account that a large share of the planned green
hydrogen production will be for the local market. Assuming an export potential of 50% and
an EU import share of 25%'7, we estimate the potential import of green hydrogen in 2040 at
1,575 to 2,625 PJ (see Table 3).Thus, the average EU import potential of green hydrogen is
roughly 2.1 EJ/year (not considering losses of conversion to a hydrogen carrier and
reconversion to hydrogen). It must be noted that the calculation of global hydrogen
potential is based on the expected development of green hydrogen production capacity.

An estimation based on the global technical potential of green hydrogen production would
be much higher, and the inclusion of blue hydrogen would yet further increase the hydrogen
import potential.

Demand for CO;-free energy sources

To establish the 2040 energy and competing feedstock demand of the EU27+3 sectors
included in this study, the following information is required:

— total final energy demand in 2040 per sector;

— the share of different energy carriers in this final energy demand (fossil and CO,-free).
This provides the demand data with which the supply of CO,-free energy sources/feedstocks
is compared. Furthermore, a second demand analysis in which additional demand reduction
is investigated for each sector will be presented as an additional result (see the last
subsection of this section).

The demand analysis starts with how the different sectors - according to data sources - are
expected to look in terms of energy (/competing feedstock) demand in 2040, i.e. how they
are using energy and competing feedstocks in 2040 following the efforts to reach the
greenhouse gas emission goals towards 2050.

Using this main information, the primary energy demand in each sector can be determined
using (average) conversion factors (see Annex B). A shift in the demand for energy carriers
from an energy carrier with high conversion losses to more efficient conversion options can
help to make more efficient use of primary energy available and is one of the options for
balancing supply and demand for CO,-free energy carriers in case a gap would occur.

Table 4 - Overview of demand data for different sectors in EU27+3 in 2040

Demand sector

Final energy
demand'

Fossil share of final
energy demand

CO:-free final
energy demand’

Relevant annex for
more details

Residential, tertiary
and agricultural
sector

16 EJ

27%

11EJ

A.8

Transport sector

Aviation: 2.6 EJ

Aviation: 66%

Aviation: 0.9 EJ

A9

16 Another potential data source for this potential is WTO and IRENA (2023), which estimate a global green

hydrogen supply in 2050 of about 59,000 PJ. However, this is the result of a calculation of how much hydrogen

production capacity should grow to fulfil demand in its 1.5 degrees scenario. In contrast, the McKinsey

projections are based on scenarios of the expansion of green hydrogen production capacity in different parts of

the world, which matches the approach in our study of estimating a realistic technical supply potential of

energy resources.

7 We assume that the EU will be a front runner in green hydrogen consumption.
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Demand sector

Final energy

Fossil share of final

COz-free final

Relevant annex for

demand’ energy demand energy demand' more details
Maritime: 1.3 EJ Maritime: 62% Maritime: 0.5 EJ
Other: 9.1 EJ Other: 18% Other: 7.4 EJ

Industry - energy 11 EJ 28% 8.0EJ 0.1

Industry - N/A (COz-free 35% of production18 49EJ 0.2

feedstocks demand is 4.9 EJ)

Total 45 EJ 29% 33EJ

Flexible power 4.7EJ 0% 4.7 EJ N/A. Assumed that

the flexible power
demand equals 15%
of electricity
demand, and that
hydrogen plants are
used to produce it.

' Excluding transport losses.

New 90% CO; reduction recommendation of the European Commission

As mentioned in Section 2.2.4 the EC recently recommended to opt for a 90% CO, reduction
target in 2040, which is more ambitious than before. It could be that the demand for CO,-
free energy sources/feedstocks will increase further than the values provided in this study,
if this 90% reduction recommendation is followed.

Comparison of demand data to widely used dataset in EU

In the EU, an often-used model which contains data on energy demand in different sectors
is PRIMES. However, the PRIMES model only contains data at the level of detail required for
this study for the year 2030. For 2040 it has no data and for 2050, it only contains high-level
data. Therefore, it is not suitable for this study.

The project NAVIGATE, of which first data were published at the end of 2023, does include
data for the year 2040. The project aims to combine existing tools, models and datasets to
improve advanced integrated assessment modelling to support climate change policy
making. Several scenarios with data for 2040 are available within this project, some of
which are publicly available in detail. For some demand sectors, we have used the E3 1.5C
scenario from the NAVIGATE project to determine the final energy demand of the sector
and/or the distribution among different energy carriers. This scenario is based on the
PRIMES model. For some other demand sectors, this scenario was less suitable. In Table 5,
we compare the demand data used in this study compared to the data from the E3 1.5C
scenario.

18 This is a value based on data sources using industry expectations (see Annex 0). However, as little policy is in
place yet for the feedstock transition (as opposed to the energy transition), the fossil share of industrial
feedstock demand used in this study could be an underestimation (and the CO;-free feedstock demand
estimated in this study an overestimation).
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Table 5 - Comparison to E3 1.5C scenario from the NAVIGATE project, based on PRIMES model

4.9 EJ) (35% of production
is still based on fossil
feedstocks)

Demand Final energy demand - E3 1.5C Final energy Reason for difference (if significant)
sector this study (fossil share) scenario from | demand E3 1.5C
NAVIGATE scenario from
used for NAVIGATE (fossil
analysis? share)
Residential, 16 EJ (27%) No 16 EJ (32%) Not applicable, similar.
tertiary and (combination of
agricultural commercial,
sector residential and
agriculture
sector)
Transport Aviation: 2.6 EJ (66%) Aviation: Bunkers Aviation + maritime: Different scope international
sector No (only for (aviation + transport explains the diverging energy demand
comparison) maritime): (part of demand in Navigate falls in ‘other
2.3 EJ (63%) transport’. Fossil share is similar.
Maritime: 1.3 EJ (62%) Maritime:
No (only for
comparison)
Other: primary energy demand in this study is
Other: 9.1 EJ (18%) Other: Partly | Other: 15,1 EJ based on E3 1.5C scenario, however energy
(60%) carriers adjusted with more CO:-free energy
carriers as the fossil share is still very high in E3
1.5C scenario - too high to reach climate
neutrality goals in 2050. CO; energy carriers are
often more efficient, so lower final energy
demand and lower fossil share.
Industry - 11 EJ (25%) Yes 11 EJ (25%) Not applicable.
energy
Industry - N/A (CO2-free final No 2.2 EJ (99%) Navigate assumes non-energy use in industry
feedstocks feedstock demand is between 2020 and 2040 will reduce 50%, whereas

we assume a continuous production level with
slight increases across the industry. The basis for
Navigate’s assumption is unclear, making it
challenging to compare assumptions.

Navigate assumes that by 2040, feedstock use in
industry is still 99% fossil-based, except for the
paper industry. This contrasts sharply with our
assumptions, where we predict a transition to
hydrogen/e-feedstocks and biomass, with only
35% of industrial production relying on fossil
feedstocks. For example, in the steel industry, we
assume that only 20% of production will rely on
fossil fuels, whereas Navigate assumes that the
entire production will depend on fossil fuels.
These differing allocations between fossil fuels
and sustainable sources and thereby different
energy density also lead to different outcomes in
final energy demand measured in EJ.
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Additional demand reduction

The demand data as provided in Table 4 is the result of a projection of demand for energy
and competing feedstocks based on national and European policies, as researched in data
sources used for the different sectors included. The demand is determined by a variety of
policies, like subsidies, norms and taxes. Current policies often already result in a reduction
of demand in all sectors, mainly induced by electrification, isolation, recycling and
improved efficiencies of technological appliances.

However, there is more potential for demand reduction as shown by (Barrett et al., 2022)
and (Fraunhofer, 2021). For determining the (additional) energy demand reduction
potential, we made use of the latter data source. Fraunhofer identified the following
societal trends:
— Digitalisation of Life:

« human-Machine/Shift towards smart products and services.
— New Social and Economic Models:

« sharing economy;

e prosumer;

e awareness (of personal carbon budget);

« social disparities/energy poverty;

« new forms of funding - Public spending towards greener and more efficient options.
— Industrial Transformation:

» reindustrialisation;

e circular economy - new requirements for material flows for consumer goods;

e decarbonisation of the industry.
— Quality of Life:

e increasing importance of health (e.g. air quality, noise, heat);

e regionalisation - Urban governance solving global challenges locally in cities;

« urbanisation - Global trend towards larger shares of the population living in cities.

Fraunhofer comes up with four different scenarios, varying in the extent to which energy
efficiency is achieved and in the extent to which the mentioned societal trends are
continued. We made use of the scenario ‘Removing Market Barriers’. In this scenario,
market barriers for (further) improving energy efficiency are removed and, in addition,
the new societal trends are continued in a smooth way (while in other scenarios, they are
continued in a more extreme way). Fraunhofer does not include the maritime sector in its
study. For this sector, we assumed the reduction to be proportional to the industry sector.

For the demand of feedstocks in industry, we determined the demand reduction potential
using (Material Economics, 2018). According to this study, both in the plastic and steel
sector'® there is potential for demand reduction by making more efficient use of materials
through circularity principles. The study shows the potential CO, reduction that can be
achieved through three factors: materials recirculation, product materials efficiency and
circular business models. As materials recirculation is already included in our industry
feedstock demand analysis (see Annex 0), for the demand reduction potential we focused
on the latter two factors. To determine the feedstock reduction potential in these sectors,
we used the estimated CO, reduction percentage of the mentioned study and compared it
to their ‘2050 Baseline’ analysis, assuming this reduction percentage to be in line with

19 Other sectors are included in the study as well, but these are not relevant for the feedstocks included in our
study. For the steel sector, we only looked at hydrogen demand and not at metal demand, as this is not
included in our study.
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feedstock reduction.?® For the plastics sector - which we have estimated to be 18% of the
chemical industry (CE Delft, 2022c) (Commission, 2022) analysed in Annex 0 - the demand
reduction results in a reduction of methanol use in our study, as we have assumed methanol
to be the main feedstock for the chemical industry (see Annex 0). We have assumed the use
of methanol for plastics compared to its use in other uses in the chemical industry to be
equal to the share of the plastics sector in the chemical industry. We did not consider the
rest of the chemical industry for demand reduction. As we have not considered demand
reduction measures for all sectors included in the analysis in Annex 0, the resulting 5%
reduction might be an underestimation of the feedstock reduction potential of the industry.

Based on the demand reduction reported by Fraunhofer (2021) and Material Economics
(2018), we see that in each sector additional demand reductions are possible compared to
our initial demand data (see Table 6). The highest additional reduction potential can be
achieved in the residential sector.

Table 6 - Effect of demand reduction on demand data in different sectors for EU27+3 in 2040

(feedstock)

Demand sector? Final energy Final energy Percentage | Relevant end uses for
demand - demand - | demand reduction | reduction
initial demand | including demand
analysis reduction

Residential sector 10 EJ 5.0EJ 50% | Building envelop
Heating and cooling
Lighting
Green ICT
Household appliances

Tertiary and 6.1EJ 49EJ 20% | Building envelop

Agricultural sector Heating and cooling
Lighting
Green ICT

Transport sector 12 EJ 9.7EJ 17% | Technical

(other) + Transport improvements in

sector (aircraft) transport
e-mobility

Transport sector 1.3EJ 1,0EJ 19% | N/A (scaled with

(maritime) Industry sector
(energy))

Industry sector 11 EJ 9.1EJ 19% | Steam and hot water

(energy) Electric drives
System optimisation

Industry sector 49EJ 4.7EJ) 5% | Steel &

Plastics manufacturing
(material use
efficiency)

Excluding transport losses.

20 Thisis a simplification, in reality part of the CO; reduction is due to reduction of fossil energy use.
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Values for the Residential sector, Tertiary and Agricultural sector, Transport sector (other) and Industry sector

(energy) are based on the Removing Market Barriers scenario as reported by (Fraunhofer, 2021)
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4

4.1

Results: potential balances
between supply and demand

In order to answer the question of whether there can be sufficient (local) CO,-free energy
supply in 2040 to meet the demand of different sectors, we have explored different options
to balance expected supply and demand.

In Section 4.1, the results of the analyses are presented in scales, clearly showing the
balance or imbalance of each analysis. For supply data, we have chosen to show the
average side of the sources for which a range in data was determined.

Primary energy supply and final energy demand cannot be correctly compared without
taking into account conversion losses. For the scale figures, as the supply data represents
primary energy, we have transformed the demand data into primary energy demand as
well. This is done in two steps:

1. The final energy demand per energy carrier per sector is recalculated to include
transport losses (for conversion factors, see Annex B).

2. The conversion losses for each energy carrier in each sector are determined to
recalculate from final energy demand including transport losses to primary energy
demand (for conversion factors, see Annex B).

The conversion losses of different sectors are added up and presented separately in the

results.

In addition to the scale, tables are presented to show how the supply of and demand for
electricity and biomass balance out, as these are the two main primary energy sources on
which all energy carriers and feedstocks are based.

Section 4.2 shows more detailed results for the renewable supply options versus demand,
in the form of a Sankey diagram. This diagram more clearly shows the demand for different
energy carriers and feedstocks from the different demand sectors, how these carriers and
feedstocks are produced from the renewable supply options and how much energy/
feedstock is lost upon conversion. This result will provide insight into if and how the
renewable supply options could be used in a more efficient way, reducing the need for
import, additional supply options and/or demand reduction and increasing self-sufficiency.

In Section 4.3, additional and sensitivity analyses are provided, adding more insights to the
results of this study.

Results of balancing supply and demand data

This section presents balances for the average CO,-free energy supply and demand

presented on a scale for:

— renewable supply options versus demand, which includes EU27+3 generated/sourced
hydropower, solar energy, wind energy and residual biomass (Section 4.1.1);

— renewable supply options plus nuclear energy supply versus demand (Section 4.1.2);

— renewable supply options plus fossil + CCS versus demand?? (Section 4.1.3);

22 Fossil + CCS includes the production of blue hydrogen and the generation of electricity with CCS.
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4.1.1

— renewable supply options plus non-food crops?® versus demand (Section 4.1.4);

— renewable supply options plus import of residual biomass, non-food crops and green
hydrogen from outside the EU27+3 versus demand (Section 4.1.5);

— renewable supply options versus demand with additional demand reduction (Section
4.1.6).

Note that the CO,-free demand in 2040 presented in all subsections hereafter is not the
total energy/feedstock demand of the different sectors: they will also still have a fossil
demand (about 30% of the total energy/feedstock demand).

Renewable supply versus demand

Figure 6 shows the balance which includes the renewable energy sources hydropower,
solar energy, wind energy and residual biomass versus demand from different sectors.

As becomes clear from Figure 6, demand for CO,-free energy sources are (almost) in
balance with supply of these renewable energy sources. In order to provide more insight
in these results, Table 7 and Table 8 provide the balance of respectively the supply and
demand of biomass and electricity for this situation. This shows in fact there is an
imbalance in supply and demand: while there is a surplus of CO,-free electricity, biomass
demand is higher compared to the expected supply of residual biomass. In other words,
the sectoral demand for biomass cannot be met with EU27+3 sourced residual biomass.

Figure 6 - High-level results of renewable supply options (supply of hydropower, solar energy, wind energy
and residual biomass) - average of ranges supply data used. Demand side represents demand for CO:-free
energy incl. transport losses in different sectors (i.e. not total energy demand, fossil share is left out of the
figure).

Renewable

49 EJ +0.4 EJ 48 EJ

+6.8 EJ
-6.4EJ 4

23 Bjomass sourced from non-food crops are in principle renewable, however they are shown separately as its
supply potential is much more uncertain than residual biomass. In EU27+3, almost no marginal land has been
used yet for the cultivation of non-food crops and it could well be exploited for other purposes.
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Table 7 - High-level biomass results of analysis with renewable supply options (residual biomass) - average of
supply range. Demand side represents demand for biomass incl. conversion and transport losses in different
sectors.

Supply of biomass (residual) Primary demand for biomass

13 EJ 19 EJ

Table 8 - High-level electricity results of analysis with renewable supply options - average of supply range.
Demand side represents demand for electricity incl. conversion and transport losses in different sectors.

Supply of electricity Primary demand for electricity

36 EJ 29EJ

4.1.2 Renewable supply plus nuclear energy versus demand
Figure 7 presents the results of the analysis when nuclear energy is added as an addition
supply option to the renewable supply options. The minor gap that was present between
supply and demand when only taking into account renewable supply options is closed,
because the addition of nuclear energy increases supply. However, since nuclear energy
results in additional electricity it increases the surplus of electricity (as can be seen in
Table 9), while the biomass deficit remains (see Table 7).
Figure 7 - High-level results of renewable supply options incl. nuclear energy (supply of hydropower, solar
energy, wind energy, residual biomass and nuclear energy) - average of supply ranges. Demand side
represents demand for COz-free energy incl. transport losses in different sectors (i.e. not total energy
demand, fossil share is left out of figure).
Renewable + Nuclear
+3.8EJ
53EJ +4.4EJ 48 EJ
+10.7EJ
-6.4 EJ 4
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4.1.3

Table 9 - High-level electricity results of analysis with renewable supply options plus nuclear energy - average
of supply range. Demand side represents demand for electricity incl. conversion and transport losses in
different sectors.

Supply of electricity (incl. nuclear energy) Primary demand for electricity

40 EJ 29 EJ

Renewable supply plus fossil energy + CCS versus demand

Figure 8 shows the scale which represents the results of the analysis when fossil energy +
CCS is added to the renewable supply options. Like with the addition of nuclear energy the
gap between supply and demand is closed, albeit the surplus is less big than with nuclear
energy.

With the addition of fossil energy + CCS, electricity and blue hydrogen are added to the
supply. Table 10 shows that with the addition of fossil energy + CCS, the CO,-free
electricity surplus slightly increases compared to only the renewable supply options,

also due to the supply of 305 PJ of blue hydrogen, which offsets the need for renewable
electricity for the same amount of green hydrogen production. Fossil energy + CCS does not
affect the balance for biomass, which therefore remains the same (see Table 7) and still
causes an imbalance between supply and demand.

Figure 8 - High-level results of renewable supply options incl. fossil energy + CCS (supply of hydropower, solar
energy, wind energy, residual biomass, and fossil energy + CCS) - average of supply ranges. Demand side
represents demand for COz-free energy incl. transport losses in different sectors (i.e. not total energy
demand, fossil share is left out of figure).

Renewable + Fossil + CCS

+0.5EJ

K

49 EJ +0.9 EJ 48 EJ

+7.0 EJ
-6.4 EJ 4
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4.1.4

Table 10 - High-level electricity results of analysis with renewable supply options incl. fossil energy + CCS -
average of supply range. Demand side represents demand for electricity incl. conversion and transport losses
in different sectors.

Supply of electricity (incl. fossil energy + CCS) Primary demand for electricity
36 EJ 29 EJ

Renewable supply plus non-food crops versus demand

Figure 9 shows the results of the analysis when EU27+3-grown non-food crops are added to
the renewable supply options. By adding non-food crops as supply option, demand and
supply are in balance, both when looking at the total and when zooming in on electricity
and biomass supply and demand. This is also shown in Table 11. Since non-food crops are
not taken into account to produce electricity, the surplus of electricity remains the same as
presented in Table 8.

Figure 9 - High-level results of renewable supply options plus non-food crops (supply of hydropower, solar
energy, wind energy, residual biomass, and non-food crops (biomass)) - average of supply ranges. Demand side
represents demand for COz-free energy incl. transport losses in different sectors (i.e. not total energy
demand, fossil share is left out of figure).

Renewable + Non-food crops

+7.1EJ

56 EJ +7.5EJ 48 EJ

+6.8 EJ
+0.7 EJ s

Table 11 - High-level biomass results of analysis with renewable supply options plus non-food crops - average
of supply range. Demand side represents demand for biomass incl. conversion and transport losses in different
sectors.

Supply of biomass (residual, non-food crops) Primary demand for biomass
20 EJ 19EJ
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4.1.5 Renewable supply plus import of green hydrogen and biomass

Figure 10 shows the scale which represents the results of the renewable supply options with
the addition of the import of biomass (residues and non-food crops) and green hydrogen.
Table 12 provides the balance of the supply and demand of biomass for this situation.

The value presented for supply of biomass seems the same as in Table 7, which is caused

by rounding of the numbers. For electricity, the results are the same as presented in

Table 8. There is also an import of green hydrogen of on average 2,100 PJ in 2040.

The results show that with the addition of import of biomass and green hydrogen the total
CO,-free energy supply meets the total CO,-free demand. However, with the addition of
import of biomass, the demand for biomass is not met.

Figure 10 - High-level results of renewable supply options plus import (supply of hydropower, solar energy,
wind energy, residual biomass and import (biomass and green hydrogen)) - average of supply ranges. Demand
side represents demand for CO:-free energy incl. transport losses in different sectors (i.e. not total energy
demand, fossil share is left out of figure).

Renewable + Import of biomass and
green hydrogen

+2.7TEJ

s

51EJ +3.0 EJ 48 EJ

+6.8 EJ
'5.9 EJ A

Table 12 - High-level biomass results of renewable supply options plus import (EU supply of residual biomass,
import of residual biomass, import of non-food crops) - average of supply range. Demand side represents
demand for biomass incl. conversion and transport losses in different sectors.

Supply of biomass (residual + import of residual and Primary demand for biomass
non-food crops)
13 EJ 19EJ
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4.1.6 Renewable supply plus additional demand reduction

On the demand side, additional demand reduction measures can be taken (on top of
demand reduction which is already included in the demand estimates of the initial demand
results presented in the previous sections). Figure 11 shows the scale which represents the
results of the renewable supply options plus demand reduction. The demand reduction
potential used in this study is based on Fraunhofer (2021) and Material Economics (2018).
As can be seen from the figure, the demand reduction potential is significant.

Even though we did not perform a quantitative analysis on the effect off the demand
reduction potential on biomass and electricity use, we expect that in this scenario both
the demand for biomass as well as the demand for electricity are lower than the supply.
For the electricity demand, this was already the case without demand reduction, but when
balancing biomass demand and the biomass supply from the renewable supply options this
was about 6 EJ lower than the demand for it (see Section 4.1.1). We expect that in all
energy demand sectors, the applied reduction measures could result in a lower biomass
demand. Assuming this reduction is proportional to the overall reduction potential, this
results in a total demand for biomass of just over 9 EJ. A main contributor to this is the
build environment: the sector with the highest demand for biomass and also the sector
with the highest reduction potential.

Figure 11 - High-level results of renewable supply options plus demand reduction (supply of hydropower,
solar energy, wind energy, residual biomass and demand reduction) - average of supply ranges. Demand side
represents demand for COz-free energy incl. transport losses in different sectors (i.e. not total energy
demand, fossil share is left out of figure).

Renewable + Reduction of demand

-13.2EJ
2777z

49 EJ +13.6 EJ 35EJ
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4.2

Sankey diagram: more detailed analysis for renewable supply options

The scales presented in the previous sections do not provide insight in the conversion steps
and the distribution among sectors. Therefore, it does not become clear to what extent
there is potential for optimisation within the renewable supply options (which includes
supply of hydropower, solar energy, wind energy and residual biomass, high-level results
presented in Section 4.1). Further optimisation of supply sources will imply more demand
can be met with the same supply by the reduction of conversion losses. The Sankey diagram
(Figure 12) shows how the primary energy supply of the different CO,-free energy sources is
transformed into energy carriers in order to match the demand for energy carriers and
feedstocks in the different demand sectors. In addition, it shows what energy carriers cause
the biggest conversion losses and therefore what sectors have a less efficient energy
demand.

For biomass - the main bottleneck in balance between supply and demand in this study -
the Sankey diagram shows this is mainly used in the built environment and industry sector
(both as feedstock and as energy source). We further explore how use of other energy
carriers based on electricity can close the biomass demand gap in Section 4.3.1.
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Figure 12 - Sankey diagram of renewable supply case results
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4.3

4.3.1

Sensitivity analysis

Can the biomass balance be closed with more electrification?

In the results shown in Section 4.1.1 and Section 4.2 (renewable supply options), there is

a surplus of CO,-free electricity in the EU in 2040 but a shortage of sustainable biomass of
equal size (6.4 EJ). This raises the question if a higher electrification share could prevent a
biomass shortage through utilisation of the electricity surplus. To investigate this, we have
performed a sensitivity analysis with a higher share of electrification. In this analysis, which
is presented in Table 13, the share (compared to total functional demand related to CO,-
free energy carrier demand)?* of electricity in the built environment and for energy demand
in industry have been increased compared to the ‘reference mix’, i.e. the energy mix in the
analysis presented in Section 4.1.1. Conversely, the share of solid biomass has been reduced
in these two demand sectors. The energy mix in other demand sectors has not been altered
in this analysis.

The results of the sensitivity analysis are shown in Table 14. Whereas in the main renewable
supply analysis both the electricity surplus and the biomass shortage are 6.4 EJ in size,

in the analysis with a higher electrification share a biomass surplus of 0.7 EJ emerges.

In the sensitivity analysis the electricity surplus is maintained, even though this surplus is
reduced to 2.0 EJ. Thus, the EU27+3 sustainable biomass shortage can be solved by a higher
use of CO,-free electricity in the built environment and for energy demand in industry,
enabled by the potential technical availability of renewable electricity in the EU in 2040.
This shows that the biomass gap could be closed without using non-food crops or biomass
import, and without creating a shortage of domestic CO,-free electricity.

Table 13 - Energy carrier mix of scenario with higher share of electrification, for the EU27+3 in 2040

Demand sector Energy carrier Energy carrier mix

Reference Sensitivity analysis

Built environment Electricity 89.1% 95.7%

Biomethane 2.0% 2.0%

District heating 3.3% 1.0%

Solid biomass 5.3% 1.0%

Hydrogen 0.3% 0.3%

Total 100% 100%

Industry - energy Electricity 63.4% 73.0%

Hydrogen 3.0% 25.0%

Solid biomass 33.6% 2.0%

Total 100% 100%

Note: The assumed CO;-free energy resource used in the case of district heating is solid biomass.

24 Functional demand in both the residential, tertiary and agricultural sector and energy demand in industry is
expressed in PJ thermal energy (heat).

35

220479 - Energy sources and demand - June 2024 A



4.3.2

Table 14 - High-level results of sensitivity analysis with higher share of electrification compared to main
renewable supply options analysis, for the EU27+3 in 2040

Energy resource Supply Demand Balance
Main renewable Electricity 36 29 6.4
supply analysis Biomass (residues) 13 19 -6.4
Sensitivity analysis Electricity 36 34 2.0
Biomass (residues) 13 12 0.7

Note: A positive balance is a surplus; a negative balance is a shortage.

What if upper side of range of renewable supply data is used?

As explained in Section 3.1, for some categories of energy supply we have estimated a
range for 2040. Of these categories, we have used the average value for the results in
Sections 4.1. In this section, we provide inside in the difference in results when using the
upper value of the renewable supply range, i.e. in case higher CO,-free energy supply
volumes are available in 2040.

The main results are provided in Table 15 and Table 16. Using the upper value of the supply
range, the CO,-free energy supply is about 30% higher than demand, whereas in Section
4.1.1, where the average of the supply range is used, there is a shortage of supply. This is
mostly due to a 37% higher supply of CO,-free electricity. The supply of residual biomass
goes up by 10%, but the shortage of residual biomass still remains when the upper value of
the supply range is used.

Table 15 - High-level biomass results of renewable supply options (residual biomass) - upper value of supply
range used. Demand side represents demand for biomass incl. conversion and transport losses in different
sectors.

Supply of biomass (residual) Primary demand for biomass

14 EJ 19 EJ

Table 16 - High-level electricity results of renewable supply options - upper value of supply range used.
Demand side represents demand for electricity incl. conversion and transport losses in different sectors.

Supply of electricity Primary demand for electricity

49 EJ 29 EJ
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5.1

Discussion: exploration of
necessary conditions and
uncertainties

The results in Chapter 4 show that EU27+3 can - when all investigated resources are
(almost) fully realised - supply its own demand for CO,-free energy sources and competing
feedstocks in 2040. However, we have investigated a (sustainable) technical supply
potential, which implies important necessary conditions need to be met. Even more so,

we showed in Section 3.1 that this technical potential is higher than the EU27+3 ambitions
for supply in 2040. In addition, there are some technical, but also social, economic and
ecological barriers which introduce uncertainties regarding the ability to realise this supply
potential. Many of these conditions have been described in the literature sources behind
the numbers used in this study. In the next sections those necessary conditions and
uncertainties are discussed.

Availability of biomass

The estimation of the technical potential of biomass supply is subject to various
assumptions and uncertainties, which is why different data sources arrive at different
estimations. This is mainly due to the fact that the considered types of biomass differ,
and because definitions of sustainability criteria that are applied to estimate the
sustainable supply of biomass vary between studies. An example of such a criterium is the
share of primary residues from agriculture and forestry that should remain on the land to
preserve soil quality and biodiversity. In addition, the geographical and temporal scope of
different studies do not always match, complicating comparisons.

To illustrate these uncertainties, we have compared our estimation of the supply potential
of biomass residues in the EU in 2040 with a recent estimation from PBL (2024).

Our estimation is based on data from ICL (2021), which was found to be most suitable for
our needs (see Annex A.4). In our study, a residual sustainable biomass potential of 11.6 to
14.1 EJ/year was found for the EU27+3 in 2040 based on ICL (2021).2% In PBL (2024) we find
a potential of 5.4 to 8.3 EJ/year, when taking the average over 2030 and 2050 and
excluding the biomass production streams? (i.e., crops and roundwood). This estimation -
based on a variety of data sources - is about 50% lower. For a small part this difference can
be explained by the fact that we have estimated the potential of the EU27+3, i.e., including
Switzerland, Norway and the United Kingdom. However, the majority of the difference is
caused by the use of different assumptions on sustainability criteria and expectations about
the possible degree of mobilisation of residual biomass streams. Due to PBL’s use of various
data sources, these differences are hard to pinpoint. Moreover, there are different opinions
on which assumptions should be made to estimate the supply potential of sustainable
biomass.

25 The estimated EU biomass residues potential of ICL (2021) is comparable to the one by JRC (2021a): 10 to 12
EJ/year, compared to 11 EJ/year(JRC, 2021a).
26 These were also excluded in our study.
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5.2.1

Furthermore, concerning non-food crops, PBL (2024) estimates a supply potential based on
cultivation on abandoned agricultural land assuming an available land value of 20 million
hectares in the EU in 2050. We have used a more recent and detailed data source, which is
the MAGIC project, which is described in (JRC, 2023). In this project the potential
availability of marginal land for non-food crops production was estimated, which includes
more types of land than abandoned agricultural land alone. Using data from this project,

we have found and used a figure of available land for non-food crops of 60 million hectare.
Land with a high-nature value was not included and lower crop yields in case of less suitable
land were taken into account (see Annex A.4). Whereas PBL finds a non-food crops potential
of less than 5 EJ/year in the EU in 2040, we calculated a EU27+ potential of 4 to

10 EJ/year. This again shows how different analysis assumptions and uncertainties lead to
different outcomes.

Availability of other feedstocks

From a technological perspective some other feedstocks, like CO, and critical raw materials
have been left out of the scope of this study, although the availability is crucial for the
production of energy sources. This is also valid for the developments in for example
electrolyser capacity.

Availability of climate neutral CO;

Next to biofuels and biochemicals, e-fuels and e-chemicals can play a role in a climate
neutral society. For simplification reasons, in this study we assume that for both
hydrocarbon e-fuels and e-chemicals the carbon source is CO,, even though other
production routes and sources are possible. This CO, should be climate-neutral in order
to produce CO,-free energy carriers and products. Climate neutral CO, can be obtained in
two ways: via BECCU (bioenergy/biobased economy with carbon capture and utilisation?’)
and via DACCU (direct air carbon capture and utilisation).

As this CO; is needed to be able to fulfil the demand of some sectors in this study,

we analysed what the technical supply potential of CO, from these two sources is in

2040 for EU27+3. According to the European Commission, as the Impact Assessment on the
proposed target of 90% emission reduction in 2040 shows, the amount of CO, to be captured
in 2040 is equal to 280 Mton per year (EC, 2024b) (EC, 2024a). This is a considerable
increase from the operational injection capacity target for 2030 which is equal to 50 Mton
per year and an important reason to release an industrial carbon management strategy (EC,
2024a). Considering on the one hand the scale of this endeavour, but on the other hand the
availability of facilitating policies we find the technical potential to be in line with the
outcome of the Impact Assessment.

The outcome of the Impact Assessment shows the share of carbon utilisation and carbon
storage within the 280 Mton captured CO,/year, as well as the share of the origin of the
captured CO, (process emissions, biogenic emissions, fossil fuel emissions and DAC

(Direct Air Capture)). From this we deduced a minimum and maximum technical potential
for capturing climate neutral CO, of 43 to 104 Mton a year respectively for the EU27+3

(see Annex 0 for more information). We found the demand for climate neutral CO, in 2040
to be equal to 108 Mton (46 Mton for the chemical industry for the production of methanol,
35 Mton for horticulture, 23 Mton for aircraft, 2.4 Mton for RFNBOs to be used by other
transport modes and 2 Mton for the production of urea), details can be found in the

27 Biobased economy is used here for e.g. biorefinery or biochemical plant, which can have biogenic CO;-process
emissions, which can also be captured and utilised.
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5.2.3

Annex A. It can be concluded that the higher bound of the technical supply potential of
climate neutral CO; is slightly lower than the demand in 2040 in EU27+3 and therefore this
is a potential bottleneck in the transition of some sectors.

Table 17 - High-level climate-neutral CO: results of renewable supply case - average of range supply data
used. Demand side represents demand for climate neutral CO: incl. conversion and transport losses in
different sectors.

Supply of CO2 Primary demand CO;
43-104 Mton 108 Mton

Electrolyser capacity needed for hydrogen demand

The electrolyser capacity needed is directly related to the demand for hydrogen in the
analysis. This demand is equal to 11.2 EJ and concerns the demand for direct use of green
hydrogen as energy source, the demand for the hydrogen for the production of e-fuels and
chemicals and the demand for hydrogen as a means for flexible power. The electrolyser
capacity necessary is mainly dependent on their average amount of operational hours,
which is highly uncertain. When connected to a wind park with a capacity equal to the wind
park capacity, the capacity factor of an electrolyser will be in the order of 30 to 40%
(depending on the load hours of the wind turbines). However, when connected to the main
grid the capacity factor can reach 100%.

We assume an average capacity factor of 45% as a direct connection to a wind park is most
probable but will certainly not always be the case. This means that in 2040 almost 800 GW
of installed electrolyser capacity will be needed within the EU27+3. Currently the installed
amount of electrolyser capacity is less than 1 GW. While the industrial objective of 17.5 GW
of installed capacity within the EU in 2025 (European Clean Hydrogen Alliance, 2022)
requires an increase of the yearly installed with a factor of 5, in order to reach an installed
capacity of close to 800 GW requires an increase of the yearly installed capacity of about
12% from 2025 on. 800 GW requires a substantial effort but seems technically feasible.
Even if the average capacity factor will turn out to be lower than 45%, the required
capacity seems technically feasible (a capacity factor of 30% is in line with almost

1,200 GW or an average increase in yearly installed capacity of 17% from 2025 on).

Critical raw materials

Critical raw materials are needed to build most of the CO,-free energy source technologies,
such as solar PV panels and wind turbines. This is left out of this study. However, it is an
important topic to be aware of because the availability of critical raw materials could stand
in the way of being able to realise the technical supply potential for 2040 found in this
study, and further to 2050. Some of the critical raw materials crucial for the CO,-free
energy technologies are physically scarce, others are found in reserves located in only one
or a few countries (or both). Many large reserves of critical raw materials are located
outside of the EU27+3. Therefore, EU27+3 relies on import when it comes to these materials
- sometimes from only one country -, which can introduce problems in the (speed of the)
realisation of CO,-free energy technologies. The availability in these countries is also
strongly influenced by strategic investments in the past years by other larger countries.

The EU Critical Raw Materials Act presented by the European Commission in 2023
introduced some measures aiming to reduce the EU’s reliability on third party countries
and other risks involving these materials.
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It could be interesting to investigate the demand for critical raw materials introduced by
the 2040 CO,-free energy supplies estimated in this study and comparing it to the potential
global availability of these materials in 2040 - while keeping in mind the principle of
distribution in line with biomass and green hydrogen (see Section 3.1). This would provide
extra insight in whether the technical potential of supply as estimated in this study is
realistic from a technical and social point of view and might increase (further) the
importance for demand reduction. After all, the lower the demand for energy sources and
competing feedstocks, the lower the supply needs to be. For the Netherlands, a study on
this topic has been carried out in 2021 (Quintel, 2021). Finally, when conducting such a
study it is good to keep in mind that other parts of the transition toward a climate
neutrality could also cause an increased demand for critical raw materials. An example is
electric vehicles. Therefore, it is important to consider different transitions side-by-side.

Transport and distributions

Geographical distribution of supply and demand

Some energy carriers are easily distributed among the different countries within EU27+3.
However, especially for electricity this is not the case. For instance, wind energy generated
in the Netherlands cannot be used to meet an electricity demand in Greece, unless very
extensive electricity infrastructure networks are constructed throughout EU27+3. We made
a simple analysis on the supply and demand of electricity in individual countries in order to
get an overview of the geographical distribution of supply and demand.

For the analysis, we used the electricity supply and the demand for CO,-free electricity in
all countries within the EU27+3, in 2040. When subtracting demand from supply one can
easily see whether a country can provide its own electricity. It appears that even when
leaving out demand reduction potential, only few countries are not able to provide their
own electricity: Belgium, Luxembourg and Malta. There are also a few countries which
could produce significantly more electricity than needed directly: for France and Spain

the difference is more than 2 EJ. Note that in this simple analysis only the direct electricity
demand is taken into account (i.e. electricity used to produce other energy carriers and
materials such as e-fuels are not analysed, as these energy carriers can be transported
more easily).

Electricity grid adjustments

The energy infrastructure and especially the electricity grid is one of the critical conditions
for the realisation of climate objectives, including the space requirements for this
infrastructure. In the future energy system, the significant role for electrification will
require major adjustments given the new components which will become part of the
system, such as electrolysers, batteries, but also geothermal energy and more CO,-free flex
options. In regions where large wind projects will or have been realised the landing of the
generated energy at sea should be facilitated. Overall, electricity supply becomes more
volatile. As a result of these changes the overall energy infrastructure needs to be extended
as much as possible.

Currently, the supply and/or demand for electricity is increasing at a faster pace compared
to the rate at which grid expansion takes place, resulting in challenges, like network
congestion. Grid operators are investing massively in the realisation and integration of new
capacity on the grid, both on the transmission and the distribution level. Public-owned grid
operators will require additional investments from stakeholders as well, but therefore
obstacles to investments should be removed at first.
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The size of the challenges also asks for societal prioritisation over the commonly applied
approach of ‘first come first serve’ in order to find a balance between the interest of
different stakeholders, timing, affordable network tariffs and not to forget: system
stability.

Cooperation between different stakeholders including member states, TSOs, DSOs and
National Regulatory Authorities on different governance levels should result in a more
coordinated approach. This approach implies that in some cases the concept of ‘first come
first serve’ needs to be relinquished in favour of societal prioritisation (Netbeheer
Nederland et al., 2024). In case the different actions focused on the realisation of grid
adjustments do not work out sufficiently, the potential electrification and the energy
sources depending on electricity might not be realised requiring more energy sources like
biomass, while the previous section has shown that availability might be a problem there.

Market developments

The balances presented in this study are based on the technical potential of different
technologies and not on the economic potential. In other words: the technical potential
will be realised at all cost, while in reality cost developments play a role and a part of the
potential will not be realised due to disproportional cost and lack of solid business cases.
The economic potential will therefore be lower and will strongly depend on cost
developments on both supply and demand side. Other factors like competition between
technologies, interactions and interdependencies between sectors and investment security
all affect the economic potential. Many policy instruments, both at the national as well as
the EU-level, include pricing mechanisms, economic incentives or market regulations, will
strongly affect the economic potential. An example is the EU ETS price for CO,, which will
increase in the coming years - however not always quick enough to generate a positive
business case. Note that it is not solely a matter of competition: synergies between sectors,
such as between the chemical sector and renewable fuel production, could play a crucial
role in reaching a larger share of the potential in an effective and efficient manner.

Political developments and human factor

Besides technical and economic circumstances, administrative processes such as permitting
and other procedures could hinder the realisation of production capacity for various energy
carriers. Because of the level of complexity and level of integration, different authorities at
different levels can be involved with individual timelines. Many procedures also include the
option for citizen participation or to file an objection with the court. These and other forms
of protests could all delay the realisation of projects.

Timelines of projects and timing of investments are also strongly affected by shifting
political priorities during election times and the term of office of different governmental
bodies at all levels.

A factor which should be mentioned here as well is the impact of disruptive events, which
we have all experienced in the last years, such as the COVID-19 pandemic, war in Ukraine
and Gaza conflict. Those disruptive events result in a shift of priorities. On the one hand it
emphasises the risks associated with depending on large-scale import of energy sources
from outside the EU27+3 and the potential need to become more self-dependent. On the
other hand, those crises have also shown diminishing attention for decarbonisation targets.
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The realisation of the technical potential also depends on the extent to which the
adjustments within the demand sector will be realised on time, such as the electrification
of the vehicle fleet in the transport sector and heat pumps in the built environment.

For various reasons these transitions can be delayed, such as willingness of consumers to
buy electric vehicles. Individual consumer preferences and behavioural aspects to shift to
more sustainable and energy-efficient consumer behaviour might result in less optimal
demand.

The human factor is also relevant when it comes to the availability of labour. Already now,
many sectors face a shortage of sufficiently skilled and trained people, owing partly to an
aging population in the EU+3.

Transition of food system and the availability of biomass

Currently, 77% of the global farming land is used for livestock (through grazing and the
growth of crops for animal feed) (World Economic Forum, 2019). The results of this study
show that biomass supply and demand are most uncertain to be in balance in 2040.
Currently, if biomass is grown for purposes other than feed or food, additional land needs to
be used. This often leads to unwanted side-effects such as the reduction of nature, leading
to a decrease of biodiversity and an increase of greenhouse gas emissions. However, if the
food system would also undergo a transition, for instance with a protein transition towards
a more plant-based diet, land that was previously used for livestock can be transformed.
Part of this land could become available for the production of biomass for use in e.g.
chemicals, other materials and fuels.?® Therefore, if different transitions are considered
side-by-side, they could strengthen each other.

28 This has not been included in this study.
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Conclusions and follow-up
questions

Main conclusion

This study reveals that the total local CO,-free energy/feedstock supply and demand of the
EU27+3 can be in balance in 2040. However, the demand for biomass can only be met when
the technical potential of sustainable non-food crops is fully realised and/or by taking
additional demand reduction measures or making more efficient use of energy/feedstocks
(i.e. avoiding as much as possible the use of biomass in sectors which have alternatives).
Import of biomass will not close the supply gap when taking into account a GDP-based
distribution share. The CO,-free electricity supply can - based on its technical potential -
meet the demand and even have a surplus.

It should be noted that in this study the supply of CO,-free energy sources was based on
(sustainable) technical potential only. Economical, societal and ecological constraints were
mostly left out of scope. Therefore, the quantity of CO,-free energy sources in 2040
estimated in this study is quite optimistic. A quick analysis of currently installed CO,-free
energy sources shows that between now and 2040, supply must increase about six times to
reach the technical potential estimated in this study. In addition, the current ambitions of
the EU27+3 governments for the capacity of the considered CO,-free energy sources and
feedstocks in 2040 are only about two thirds of the technical supply potential estimated in
this study. These government ambitions alone do not meet the demand for CO,-free energy
sources and feedstocks in 2040. Moreover, the potential 90% CO, reduction that is
recommended by the European Commission for 2040, is most probably unachievable based
on the energy demand data used in this study. To achieve 90% CO, reductions, the share of
CO,-free energy source/competing feedstock demand would have to increase compared to
share in the demand estimated in this study. These two aspects would lead to a larger
disbalance between supply and demand, compared to the demand in this study. These two
aspects would lead to a larger disbalance between supply and demand.

Supply

For the supply side, the following conclusions, focus areas and follow-up questions

are relevant:

— Biomass supply is unlikely to meet demand in 2040. This is corroborated by a study from
Material Economics, which argues that the demand for biomass in the EU will far exceed
supply in the EU in 2050. We make the following observations:

« Biomass demand can only be met if the technical potential of non-food crops
cultivation on marginal lands within the EU27+3 is (almost) fully utilised and/or by
taking additional demand reduction measures or making more efficient use of
energy/feedstocks. It should be noted that the available estimates of this technical
potential diverge significantly and are thus uncertain. This is because different data
sources use different assumptions on the types of marginal land that are suitable for
cultivation of non-food crops, sustainability constraints and on the degree and pace
of mobilisation of this biomass. In addition, the definition of sustainable residual
biomass varies between data sources as well, which results in different supply
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estimations of residual biomass. This uncertainty is smaller than estimations for non-
food crop potential.

e The study assumes that the EU27+3 can only access a share of worldwide biomass
supply equal to its share of world GDP. The potential contribution of biomass
imports from outside the EU27+3 is therefore small. If the EU27+3 imports more
biomass than its GDP-based share, it would diminish biomass availability for other
world regions. Moreover, imports would decline the EU’s self-sufficiency of an
important raw material.

« An alternative to non-food crop use or imports for closing the biomass gap is
increasing the share of electrification in sectors which do not need to rely on
biomass. A sensitivity analysis of our data showed that the overall biomass demand
can be met when decreasing the demand for biomass in the residential, tertiary and
agriculture sectors and for energy demand in industry.

« Since the study identified a potential scarcity of sustainable biomass, its utilisation
should be considered carefully. Where possible, its use should be prioritised in
sectors where there are (yet) less alternatives: as a raw material for industry
(recycling alone will not suffice), for the production of aviation fuels, and possibly
for the production of maritime fuels. Currently, policies mostly stimulate use of
biomass in fuels through norms. This could be extended to chemicals/products.

In addition, the EU has promoted the cascading use principle for forestry biomass,
but this could be extended to all types of biomass. Multi-valorisation of biomass
could potentially increase its availability without increasing the need for extra land-
use. Moreover, demand reduction measures (not specifically focused on biomass
demand), can play a role in this issue.

o There are important links with other (policy) areas that influence the biomass
balance: globally, a large share of land is now used for the production of animal
feed, so the protein transition can also ensure that more sustainable biomass
becomes available. In other words: we have to look across sectors.

While we can technically harness a significant amount of wind, solar, and other CO,

energy sources, actually doing so is a substantial undertaking. In our assessment to

estimate technical potential of wind energy supply, we allocate a significant portion of
the globally available offshore wind energy supply chain (such as specialised ships) to
the EU27+3, which might not be realistic. These are critical policy considerations.

Addressing challenges at a European level is advantageous; ultimately, it's more

beneficial than one country achieving its objectives while others lag behind.

The higher bound of the technical supply potential of climate neutral CO; is slightly

lower than the demand in 2040 in EU27+3 and therefore this is a potential bottleneck in

the transition of some sectors (most notably in some transport sectors and for feedstock
demand in industry). A significant effort is required to deploy the required technologies

(BECCU and DAC).

Demand

For the demand side, the following conclusions, focus areas and follow-up questions are
relevant:

It is important to think across sectors: where is each energy source/resource truly
needed, and how can the highest overall CO, reduction be achieved?

The further development and implementation of measures that reduce demand more
extensively and rapidly can play a significant role in helping achieve CO, reduction goals
and increase self-sufficiency of the EU27+3 when it comes to energy sources and
competing feedstocks. To take an example: measures taken within the built
environment, such as additional insulation of buildings, can help reduce energy
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consumption. Additional reduction can be achieved by more efficient use of energy in
the industry sector, by more efficient use of materials (sharing, extending lifetimes of
product, design for repair, reducing waste) and applying modal shift in transport more
extensively (Fraunhofer, 2021).

Other constraints and uncertainties

Finally, there are some relevant additional constraints and uncertainties important for
reaching the goals that were left out of the scope of this study or touched on only briefly:

Critical raw materials: how much critical raw materials do we need in the EU27+3 to
deploy these quantities of wind, solar, and similar technologies? Is the amount of
(critical raw) materials in line with often-used distribution principles?

Other constraints for the realisation of CO,-free energy sources need that need to be
addressed are electrolyser capacity, grid capacity, sufficient labour and permit
timelines.

Economically, the business case for developing technologies needed in the transition(s)
towards climate neutrality can be a barrier. Even though some price mechanisms are
already in place to stimulate these business cases, it is not certain whether they are
sufficient to achieve climate neutrality at the pace that is needed (EXERGIA S.A. et al.).
This is for instance the case with the EU ETS price. Although it is very likely to increase
over the next couple of years, this might not go quick enough.
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A

A.A1

Details of data collection

Supply: Hydropower

In this section, we explain how we developed the technical potential for hydropower in
2040 in the EU27+3 and which assumptions were made.

We used the following starting points of the study as a base to find suitable data sources:
— data per EU member state (incl. NO, CH, UK);
— year we are looking at: 2040;
— for supply/availability of CO,-free sources:
« production of energy carrier in member states;
e production of energy sources/continuous raw materials in member states;
« technical potential in 2040 (i.e. not economic potential).

Within the definition of technical potential, we consider spatial constraints as well as
practical limitations for the exploration of the technology. However, the availability of
materials is a topic which is not limited to an individual technique. It is considered to be
out of the scope of this study.

The technical potential of hydropower is limited by the availability of suitable waters for
installing hydropower turbines. Currently, around 50% of the technical available capacity
for hydropower in EU member states + NO, CH and UK is being used already. This adds up to
about 500 TWh of hydropower availability per year, the exact amount depending on
weather circumstances. The locations suitable for hydropower exploitation are well known,
which is why we choose not to present a range for this energy source but a single value.

We rate the technical potential of hydropower at ~1,000 TWh (or 3,600 PJ), based on
(Eurelectric, 2018).

Background technical potential

Potential sources for hydropower are on the one hand river where use is made of the
run-off and on the other hand suitable reservoirs where use is made of the potential energy
created by height difference. Currently, within the EU (including NO, CH, UK) roughly 75%
of the installed capacity concerns pumped hydropower (reservoirs) and about 25% of the
installed capacity concerns turbines that make use of run-off water. According to
Eurelectric (2018) most of the remaining potential is present in France, Romania, Spain,
Sweden and Norway. The remaining potential in all countries considered adds up to almost
500 TWh of energy per year (Eurelectric, 2018).

Other aspects/data sources considered

When studying the technical potential of hydropower, we also considered the study of Zhou
(2015). In this study, the global potential of hydropower is estimated using runoff and
stream flow information from a global hydrological model. The technical potential as given
by Zhou et al. is based on physical limitations combined with practical design considerations
and adds up to 1,368 TWh for Europe. While this study seems a reliable source, data is given
only for all of Europe and for countries with the highest potential. Therefore, given the
scope of our study, the source is not usable.
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A.2

We performed a sensitivity analysis for the effect of climate change on the technical
potential of hydropower. Climate change results in changes in precipitation patterns, which
can result in an increase or decrease of the potential of hydropower, depending on the
region considered. According to IPCC (2011) in 2070 climate change can result in a
reduction of the hydropower potential of 6%. There is a significant difference between
regions in Europe: in the Mediterranean area the potential is estimated to decrease by 20
to 50%, while in Northern and Eastern Europe it is estimated to increase by 15 to 30%.
Western and Central Europe are expected to have a stable hydropower potential. When
applying these percentages on the potential, this results in an overall average increase of
hydropower potential of 4 to 7%. The increase can be explained by the relative high
hydropower potential in Northern Europe combined with an increase in precipitation.

While the above numbers give an idea about the effect of climate change on hydropower,
it should be mentioned that they might be outdated since the source used is relatively old
and insights into climate change have changed since then.

Supply: Solar energy

In this section, we give the technical potential of solar PV within the EU27 (+ NO, CH, UK).
We explain how we developed this range and which assumptions were made.

We used the following starting points of the study as a base to find suitable data sources:
— data per EU member state (incl. NO, CH, UK);
— year we are looking at: 2040:

« for supply/availability of CO,-free sources;

e production of energy sources in member states;

« technical potential (i.e. not economic potential).

Within the definition of technical potential, we consider spatial constraints as well as
practical limitations for the exploration of the technology. However, the availability of
materials is a topic which is not limited to an individual technique. It is considered to be
out of the scope of this study.

Range for study

The first data source considered to determine the technical potential of solar PV energy
was JRC (JRC, 2021b). This study shows that, when considering only spatial constraints
(and no time constraints), in theory the potential for exploration of solar PV within the EU
is enormous and counts up to almost 5 TW in the Low Scenario almost 17 TW in the High
Scenario. The difference in these values is caused by the assumed efficiency of the panels.
As we are looking at a specific time (2040) in our study, this data source takes a definition
of ‘technical potential’ that is too narrow. To place the JRC potentials in perspective,

we compared them to country and EU-wide targets for solar PV in 2040 (when available).
This comparison showed that the targets are much lower than the technical potential given
by JRC (SolarPower Europe, 2023). However, as targets can also contain economic or other
non-technical considerations, these might on the other hand represent a lower potential
than is technically possible to achieve.

We found that there are few technical aspects limiting the expansion of solar PV within the
EU. The supply chain of solar PV is quite developed, numerous parties are active in the field
and there seem to be no significant bottlenecks in the different parts of the manufacturing
process.
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We furthermore considered targets as set by the different member states and by the EU.

A factor which is present implicitly in some countries’ targets is resistance of the population
(mostly because of the NIMBY argument). On the other hand, we found that there are
countries with high ambitions: these countries might cope with less public resistance.
However, they will still need a strong policy framework in order to achieve the targets as
set. We decided to deduce the high side of the range from targets reflecting high ambitions
while for the low side we extrapolated the most recent EU-wide target towards 2040

(750 GW in 2030). This leads to a solar PV capacity of 2,550-3,500 GW in EU27 (+UK,

NO & CH) in 2040. Assuming a capacity factor of 12% and a correction factor of -25%

(to account for the fact that some of the solar energy production cannot be utilised),

this results in a supply range of 2,150 - 3,350 TWh or 7,700 - 12,000 PJ per year.

In the following sections, we explain in more depth how we came to this range.

Table 18 - Overview of technical potential solar PV in EU27 (+ NO, CH, UK) in 2040

Capacity (GW)
Realised (2022) (different sources) 226
SolarPower Europe Medium Scenario (2030) 902
(SolarPower Europe, 2023)
Technical potential (Low) 2,550
Technical potential (High) 3,500

Background lower side of range

The most recent EU target is stated within the RePowerEU package and equal to 750 GW in
2030, which is an ambitious target considering the fact that the targets of individual
countries add up to 591 GW (SolarPower Europe, 2023). On the one hand market conditions
are favourable and can result in member states reaching their target well before 2030,

as stated by (SolarPower Europe, 2023). However, on the other hand extra policies will be
needed to surpass the EU-target for 2030, since time is only limited and not only market
conditions play a role in the potential scale up but also regulatory obstacles and other
boundary conditions (Klimaschutz, 2023). We decided to align with the EU target for 2030
for the lower side of the range and extrapolate this towards 2040. For individual member
states, we scaled the national target so that they sum up to these EU-wide numbers.

In order to find the lower side of the technical potential for 2040, we assumed a constant
growth rate. This results in 2,550 GW of installed capacity in 2040.

Background high side of range

When considering the technical potential of solar PV, the resistance of the population
should be disregarded as much as possible. Even though all countries experience some sort
of resistance, in some countries this resistance is higher than in others. Germany is an
example of a country with a relatively high target, namely 215 GW of installed capacity in
2030 and 400 GW of installed capacity in 2040. This target is supported by several policy
modifications focused on reducing regulatory obstacles, expanding PV production and
workforce, adjusting rates of return and facilitating grid availability (Klimaschutz, 2023).
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A.3

A.3.1

When comparing the target of Germany with the country specific value from the JRC High
scenario, the latter one is about a factor 4 higher. This indicates that the JRC High scenario
might not be feasible when considering practical constraints in the expansion of capacity.
For the high side of the range therefore we combined the feasibility of the expansion of
capacity as reflected by the German targets with the spatial constraints as reflected by the
numbers of the JRC High scenario. We took the JRC High numbers for all member states and
applied the factor 4 based on Germany to reach the capacities of the high side of range.
This results in 3,500 GW of installed capacity in 2040.

Other aspects/data sources considered

We considered the Market Outlook of SolarPower Europe, as Solar Power Europe gives
scenarios for the development of solar PV within the EU based on market conditions.
SolarPower Europe proposes three scenarios for the installed capacity in 2030, their
Medium Scenario predicting 902 GW of installed capacity in 2030. However, the report
does not consider potential regulatory obstacles and other boundary conditions. Therefore,
we did not use this source the high and low range.

Supply: Wind energy

Wind offshore

In this section, we give the technical potential of wind offshore energy within the EU
(+ NO, CH, UK). We explain how we developed this range and which assumptions were
made.

We used the following starting points of the study as a base to find suitable data sources:
— data per EU member state (incl. NO, CH, UK);
— year we are looking at: 2040;
— for supply/availability of CO,-free sources:
« production of energy carrier in member states;
o production of energy sources/continuous raw materials in member states;
« technical potential in 2040 (i.e. not economic potential).

Within the definition of technical potential, we consider spatial constraints as well as
practical limitations for the exploration of the technology. However, the availability of
materials is a topic which is not limited to an individual technique. It is considered to be
out of the scope of this study.

Range for study

The first data source considered to determine the technical potential of offshore wind
energy was JRC (JRC, 2021b). This study shows that, when considering only spatial
constraints (and no time constraints), in theory the potential for exploration of wind
offshore within the waters surrounding the EU is enormous and counts up to 7,072 GW in
the High Scenario. As we are looking at a specific time (2040) in our study, this data source
takes a definition of ‘technical potential’ that is too narrow. To place the JRC potentials in
perspective, we compared them to country and EU-wide targets for offshore wind in 2040
(when available). This showed that these are much lower than the technical potential
given by JRC. However, as targets can also contain economic or other non-technical
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considerations, these might on the other hand represent a lower potential than is
technically possible to achieve.

We therefore looked into the supply chain of the development of offshore wind turbines.
The underlaying question was: how much offshore wind energy capacity can be technically
realised between now and 2040. Our research based on this question shows that, when
taking into account the supply chain of the development of offshore wind parks the
technical potential of this energy source appears to be more restricted. According to Rystad
Energy (2023) expanding the production capacity of blades, towers and foundation in order
to realise the 2030 goals for offshore wind energy in Europe all require additional policies.
The main bottleneck however seems to be the availability of vessels needed for transporting
the turbines, being a niche market with a global (excluding China) availability of 13 WTIVs
(Wind Turbine Installation Vessels) (H-BLIX, 2022). Therefore, we looked further into these
vessels and translated the potential based on this technical bottleneck to 2040.

Our research leads to an offshore wind capacity of 400-1,150 GW or in EU27 (+ UK, NO &
CH) in 2040. Assuming an average capacity factor of 42% for wind offshore and furthermore
we applied a correction factor of -5% to account for the fact that some of the wind energy
production cannot be utilised. This results in a supply range of 1,450-4,100 TWh, or 5,150-
14,850 PJ per year. In the sections below, we explain in more depth how we came to this
range. An overview of the range can be found in Table 19.

Table 19 - Overview of technical potential wind offshore in EU27 (+ NO, CH, UK) in 2040

Capacity (GW)
Realised (2022) 31
Technical potential (Low) 400
Technical potential (High) 1,150

Background lower side of range

The lower side of range is mainly based on an exploration of on the one side targets of
member states and on the other side targets of the EU (the latter based on (EC, 2020b)).

In Table 20 , an overview of targets is shown. From the table it can be seen that the sum of
member states’ targets are significantly higher than the targets on EU-level. A probable
reason for this is that the EU-level target we used is quite outdated and new EU-targets for
total wind capacity have been set since then. In the EU-wide context, RePowerEU shows
more recent policies (EC, 2022). However, the RePowerEU currently has no specific offshore
wind energy target (only a combined target of 510 GW for both wind offshore and wind
onshore). Currently, the capacity of wind onshore is more than 200 GW and still increasing
steadily. When deducing an offshore wind energy target from the RePowerEU package,

this will be in the same order of magnituse as the sum of member states’ targets (just over
200 GW) for 2030. This indicates that member states have offshore wind ambitions that are
roughly in line with RePowerEU.

While the ambitions of member states for 2030 are quite high, the sum of member states’
targets for 2040 are achievable compared to the 2030 targets. There are several reasons to
back this up. First of all, the average expansion rate between 2030-2040 is lower than that
before 2030 (20 GW/year versus 25 GW/year respectively). Secondly, more time is available
to expand supply chain development capacity. Nevertheless, since the sum of member
states’ targets for 2040 is still higher than current EU-targets for wind offshore in 2050,

it can still be seen as an ambitious number. Therefore, we choose to take the member
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states’ targets for 2040 as the lower side of the range. This results in 400 GW of installed
capacity or 1,450 TWh of production.

Table 20 - Overview of targets for wind offshore

Source 2030 2040 2050
Sum of MS’ targets 225 GW 400 GW -
(different sources)

EU-wide targets 60 GW - 300 GW
(EC, 2020b)

RePowerEU ambitions 510 GW (onshore + offshore) - -

Background high side of range

The high side of range is deduced from an exploration of the factors limiting the expansion
of offshore wind parks. Besides spatial constraints (as described by JRC), different elements
in the supply chain of the development of offshore wind parks can be potential bottlenecks
in the expansion. According to (Rystad Energy, 2023), the main bottlenecks in the supply
chain are: the manufacturing of blades and nacelles, towers and foundations and the
availability of vessels needed to transport the wind turbines.

The manufacturing of all the elements of the wind turbine (turbine, tower and foundation)
should be scaled up significantly to achieve the 2030 targets of all the member states.
According to Rystad Energy (2023), extra policies are needed for this. However, since
several market parties are active in the field and the required extra knowledgeable and
skilled people can be educated within the time frame considered, the manufacturing
challenges don’t seem to be the limiting factor in the scale-up.

In contrast to this, vessels suitable for transporting and installing offshore wind turbines

are a niche market. In 2022 there were reported to be only 13 WTIVs available world-wide
(excluding China) to ship turbines to their destination. The installed capacity of a single
offshore wind turbine increases gradually and there are only few ships available to carry the
biggest wind turbines. Towards the future, this turbine capacity will only increase more and
currently available vessels will become less suitable for carrying them. A significant amount
of extra vessels is needed to achieve member states’ 2030 targets, and extra policies are
needed to achieve the accelerated manufacturing of these. Only when assuming that almost
all vessels will be available for the European market??, member states’ 2030 targets are
achieved. Therefore, we consider this factor as the main limitation in the expansion of
offshore wind parks in Europe (H-BLIX, 2022).

For 2040, we extrapolate the vessel quantity expansion trend that is stated to be achievable
with extra policies by (H-BLIX, 2022). In this trend, an significant efficiency increase in
vessel productivity (~10% in 10 years) and a significant increase in available vessels

(10 extra in 4 years) is assumed (H-BLIX, 2022). This results in an installed capacity of 1,150
GW or a production of 4,100 TWh in 2040.

29 China is not taken into account here as their vessels are generally considered not available to the rest of the
world; the US and Japan are also not taken into account, since they have limited amount of vessels in their
possession and therefore are not likely to rent out their vessels.
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A.3.2 Onshore wind

In this section, we give the technical potential of wind onshore energy within the EU
(+ NO, CH, VK). We explain how we developed this range and which assumptions were
made.

We used the following starting points of the study as a base to find suitable data sources:
— data per EU member state (incl. NO, CH, VK);
— year we are looking at: 2040;
— for supply/availability of CO,-free sources:
« production of energy carrier in member states;
« production of energy sources/continuous raw materials in member states;
« technical potential in 2040 (i.e. not economic potential).

Within the definition of technical potential, we consider spatial constraints as well as
practical limitations for the exploration of the technology. However, the availability of
materials is a topic which is not limited to an individual technique. It is considered to be
out of the scope of this study.

Range for study

The first data source considered to determine the technical potential of onshore wind
energy was JRC (JRC, 2021b). This study shows that, when considering only spatial
constraints (and no time constraints), in theory the potential for exploration of wind
onshore within the EU is enormous and counts up to 10,808 GW in the high scenario.

As we are looking at a specific time (2040) in our study, this data source takes a definition
of ‘technical potential’ that is too narrow. To place the JRC potentials in perspective, we
compared them to country and EU-wide targets for onshore wind in 2040 (when available).
This showed that these are much lower than the technical potential given by JRC. However,
as targets can also contain economic or other non-technical considerations, these might on
the other hand represent a lower potential than is technically possible to achieve.

We therefore looked into the supply chain of the development of onshore wind turbines.
The underlaying question was: how much onshore wind energy capacity can be technically
realised between now and 2040. Our research based on this question shows that,

when taking into account the supply chain of the development of onshore wind parks

the technical potential of this energy source appears to be more restricted. According to
Rystad Energy (2023) expanding the production capacity of blades and towers both require
additional policies in order to realise the 2030 goals for onshore wind energy in Europe.

When considering individual countries’ targets, some are more ambitious than others.

A factor which is present implicitly in some countries’ targets is resistance of the population
(mostly because of the NIMBY argument). Since a technical potential should reflect the
resistance of the population only minimally, countries with low resistance are interesting to
consider.

When on the one hand considering the effect of extra policies on expansion capacity of
onshore wind in the EU as a whole, and on the other hand deducing technical potential from
countries’ targets one gets to different numbers. Our research leads to an onshore wind
capacity 800-2,350 GW in EU27 (+UK, NO & CH) in 2040. We assume an average capacity
factor of 28% for wind onshore (JRC, 2021b) and we applied a correction factor of

-10% to account for the fact that some of the wind energy production cannot be utilised.
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This results in a supply range of 1,800-5,200 TWh or 6,500-18,750 PJ per year. In the
following sections, we explain in more depth how we came to this range.

Table 21 - Overview of technical potential wind onshore in EU27 (+ NO, CH, UK) in 2040

Capacity (GW)
Realised (2022) (WindEurope, 2023) 209
Technical potential (Low) 800
Technical potential (High) 2,350

Background lower side of range

Based on the targets as set by countries, both the foreseen supply capacity of blades and
nacelles as the foreseen supply capacity of towers falls short. For both blades and nacelles,
in 2026 the demand for onshore and offshore wind turbines surpasses the supply capacity.
For towers, significant amounts of steel are needed in the manufacturing process.

The supply of steel is expected to be exceeded by the demand for onshore and offshore
wind turbines in 2026 (Rystad Energy, 2023).

The lower side of the range is therefore mainly based on an extrapolation of the effect of
extra policies on the potential expansion of wind capacity. According to Rystad Energy
(2023), with extra policies an additional 175 GW of wind onshore capacity can be realised
between now and 2030. When taking the installed capacity of 2022, a constant growth rate
of 1.07 is necessary to reach the mentioned increase in 2030. Extrapolating this trend
results in an installed capacity of 800 GW or a production of 1,800 TWh in 2040.

Background high side of range

When considering the technical potential of onshore wind turbines, the resistance of the
population should be disregarded as much as possible. Even though all countries experience
some sort of resistance, in some countries this resistance is higher than in others.

Germany is an example of a country with a relatively high target and low public resistance.
Germany recently released a strategy to reach 160 GW of installed onshore capacity in
2035, while currently just under 60 GW is installed (Bundesministerium fir Wirtschaft und
Klimaschutz, 2023). The target of Germany requires a substantial expansion substantiated
by policies. When comparing the target of Germany with the JRC High scenario, there is
about a factor of 4.5 difference. This indicates that the JRC High scenario might not be
feasible when considering practical constraints in the expansion of capacity.

For the high side of the range therefore, we combined the feasibility of the expansion of
capacity as reflected by the German targets with the spatial constraints as reflected by the
numbers of the JRC High Scenario. We took the JRC High numbers for all member states and
applied the factor mentioned to reach the capacities of the high side of range. This results
in an installed capacity of 2,350 GW or a production of 5,200 TWh in 2040.
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Supply: Biomass

In this section we present the range of the potential supply of biomass in EU27+3 in 2040.

We explain how we developed this range and which assumptions were made.

We used the following starting points of the study as a base to find suitable data sources:

— biomass supply data per EU member state and for Norway, Switzerland and the UK in
2040;

— estimation of the biomass potential, taking into account sustainability criteria;

— application of high-level biomass categories.

Geographical scope of data sources

The used data sources, ICL (2021) and data from the MAGIC project® presented in JRC
(2023), include data per EU member state. Norway, Switzerland and the United Kingdom
are missing. We have estimated the biomass potential for these three countries by applying
country-to-EU scaling factors per biomass category derived from JRC (2021a).

Estimation of biomass potential

For biomass, it is common practice to calculate a sustainable potential, i.e., the potential
amount of biomass that can be obtained without damaging the environment. However, data
sources vary in the definition of sustainability criteria (strictness) they apply to estimate
this potential, such as on the share of primary agricultural residues and forestry residues
that should be left on the land to preserve soil quality and biodiversity. This makes it
difficult to compare data sources. Also, this strictness can vary between scenarios within
the same data source. We have applied a single data source to avoid inconsistent ranges.
The choice of applied data source is explained below.

Application of biomass categories

We distinguish between three high-level biomass categories for the purpose of this study:
— woody residues;

— non-woody residues;

— non-food crops.

Of these three categories, woody and non-woody residues are considered in the main
comparison of supply and demand in this study, whereas non-food crops are treated as

a possible ‘solution’ to fill a possible gap between supply and demand. Stemwood is not
included in the study, because its use as a feedstock (e.g., for building materials and
furniture) has higher economic, sustainable and societal value than its use as an energy
source.

With this categorisation we strike a balance between simplification on the one hand and
transparency and useful level of detail on the other hand. The distinction between woody
and non-woody biomass is relevant when considering production routes and conversion
factors for, for instance, chemicals and energy carriers. Furthermore, the potential from
non-food crops depends on available land and land use and is highly uncertain as it still
needs to be mobilised and because the land could also be used for other purposes. For this
reason we treat it as a possible solution to fill a gap between supply and demand.

30 Home-MAGIC (magic-h2020.eu)
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A.4.1 Range for the study

Biomass residues

We make use of a potential biomass supply range for the EU27+3 as a whole in 2040 of
11,612 to 14,060 PJ/year in 2040, as shown in Figure 13 and Table 22. A breakdown per
country is available as well, but this is not shown here. We elaborate below on how this
range was established.

Figure 13 - Potential biomass supply in EU27+3 in 2040 determined in this study (PJ/year)
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Table 22 - Potential biomass supply in EU27+33 in 2040 determined in this study (PJ/year)

Biomass category Min. Max.
Woody residues 5,004 5,925
Non-woody residues 6,410 7,937
Used cooking oil 198 198
Total 11,612 14,060

The above potential biomass supply range is composed using data from ICL (2021).
To estimate values for the year 2040 for woody residues, non-woody residues and used
cooking oil, we took the average of the source data for 2030 and 2050.
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Non-food crops

We have determined a non-food crops supply range for the EU27+33 as a whole in 2040 of
3,912 to 10,219 PJ in 2040, as shown in Figure 14. A breakdown per country is available as
well and will be used in the analysis, but this is not shown here. We elaborate on how this
range was established further below.

Figure 14 - Supply of non-food crops in EU27+33 in 2040 determined in this study (PJ/year)
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The supply range of non-food crops is composed using data from the MAGIC project.
Available marginal land area from MAGIC was used in combination with assumptions on crop
yield, energy content of the crop and the share of marginal land that is utilised (originating
from MAGIC and other literature) to estimate the potential supply in 2040.

Background of range

Biomass residues

The biomass volumes per feedstock type in the biomass supply data of ICL (2021) cover the
years 2030 and 2050. We have estimated values for the year 2040 by taking the average of
those two years, which means we assume a linear growth between 2030 and 2050. Next,

to obtain volumes for woody residues and non-woody residues, the volumes of feedstock
types in ICL (2021) have been combined. This is shown in Table 23.
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Table 23 - Composition of biomass categories from feedstock types included in ICL (2021)

Biomass category Included feedstock types
Woody residues Agricultural prunings, primary fores residues, secondary forest residues & post-consumer
wood

Non-woody residues | Cereal straw, maize stover, oil crop residues, manure, secondary agricultural residues,
biowastes

Used cooking oil Used cooking oil

ICL (2021) contains three scenarios for woody and non-woody residues, which vary in
assumptions on sustainability requirements. An important one is that in the ‘low
mobilisation (Low)’ scenario, 40% of agricultural field residues are collected. In the
‘enhanced availability through research & innovation (High)’ scenario, 50% of the ‘field
residues’ are collected. As these outer scenarios are not that far apart in terms of
mobilisation/sustainability assumption, we adopt the Low and High Scenarios for our range.
The potential availability of used cooking oil (UCO) in the EU has been estimated separately
by ICL (2021). For the year 2030, the authors assumed a household collection rate of UCO of
15% and a collection rate from the professional sector (hotels, restaurants and catering) of
90%. For 2050, the assumed collection rates were 45% for households and 90% for the
professional sector. To estimate the potential in 2040, we took the average of the values
for 2030 and 2050. Because no distinction between scenarios was made here, the minimum
and maximum values of the UCO potential adopted in this study based on ICL (2021) are
identical. As a final note, animal fats were included in the ICL analysis under the feedstock
type of biowaste, so this feedstock is part of our estimation of the potential of non-woody
residues.

Non-food crops

For the biomass category of non-food crops we have made use of data from the MAGIC
project, which focuses on the cultivation of ‘industrial crops’ on marginal land, and
contains an elaborate analysis of available marginal land in EU member states.

Marginal land availability from MAGIC is shown in JRC (2023). This includes separate land
values for marginal lands with high plantation suitability, marginal lands with low plantation
suitability and potentially unsuitable lands. Because a calculation of the non-food crop
potential was not found in the deliverables of the MAGIC project, we have estimated this
using assumptions on crop type, crop yield, energy content and utilisation rate of available
marginal land. The used assumptions are presented in Table 24.

The EC’s Nature Restoration Law, which has been approved by the European Parliament in
February 2024, requires that nature restoration measures are applied to 20% of the EU’s
land and sea areas by 2030, and ultimately all ecosystems in need of restoration by 2050.

It is difficult to estimate what the Nature Restoration Law means for the availability of
marginal lands for other purposes than nature restoration. However, JRC (2023) indicates
that on average 72% of marginal land can be labelled as farmland with no high nature value.
Because we adopt the shares of marginal land without a high nature value as the maximum
utilisation rate of marginal land for non-food crop cultivation, the estimation of non-food
crops potential can be considered to be coherent with the Nature Restoration Law.
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Table 24 - Assumptions used to estimate supply of non-food crops in the EU in 2040

(MJ/kg DM)

Variable Marginal lands | Marginal lands | Potentially | Remarks
with high with low unsuitable
plantation plantation marginal
suitability suitability lands
Crop type Miscanthus Miscanthus is one of the most promising
lignocellulosic crop types, because of its
high-yield factor and suitability for marginal
land areas in Europe (MAGIC project, 2018).
Yield 25 12.5 6.25 Based on MAGIC project (2021) and Morozova
(tDM/ha/year) et al. (2020).
Low utilisation 25% The value 25% has been taken from the Low
rate scenario of ICL (2021). We note that this
value is well below the marginal land shares
without high nature value or forest coverage,
and also below the share without a flood
control function, which is 31% (JRC, 2023).
High utilisation 59% 74% 67% Based on JRC (2023). Per land category,
rate the share of marginal land area that does not
have a high nature value and the share that
is no forest land were determined and the
lowest of the two shares was adopted.
Energy content 17.5 (Voca et al., 2021). Average of range taken

(miscanthus of genotype giganteus).

Note: DM = dry matter; ha = hectare; tDM = tonne of dry matter.

Other aspects/data sources considered

Biomass residues

We have compared three large data sources that include biomass supply data per EU
member state: JRC (2021a), ICL (2021) and the S2Biom project.3' S2Biom contains a lot of
detailed biomass supply data, but the data is from 2016 and therefore relatively old.

In addition, the data is delivered in a separate file for each country, which requires a lot of
data aggregation. Also, the estimations do not go further than the year 2030, which makes
it difficult to use this source to estimate biomass supply volumes for 2040. JRC (2021a) does
include data for the year 2040 for different sustainability scenarios, but unfortunately the
use of biomass as a feedstock has been subtracted from the potential supply volumes,
without providing those supply volumes (it is essentially an available supply for bio-energy
that is estimated). Thus, the data from JRC underestimate the available supply volumes.
The data from ICL (2021) has been found to be most suitable for our needs. It contains
three scenarios that differ in the strictness of sustainability criteria and biomass
mobilisation rate, while the inclusion of the years 2030 and 2050 allow for a simple
estimation of supply volumes for 2040.
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A.5

Non-food crops

A volume of non-food crops has been estimated based on three different literature sources,
as shown in Table 25. We have adopted the estimations based on the MAGIC project,
because these make use of the most recent and detailed data on available marginal land
area in the EU (the project focused on the use of marginal land for the cultivation of non-
food crops). We can observe that the estimated supply range based on the MAGIC project is
higher and also wider (i.e., the potential is more uncertain) than the one from ICL (2021),
and lies above the estimation from JRC (2021a) (which was from the High Scenario in that
study, as the other two scenarios subtracted non-energy use from supply figures without
providing the original biomass volumes). It suggests that the estimation of the supply of
non-food crops in the EU was highly underestimated in JRC (2021a) and ICL (2021), probably
because of a lack of accurate data on marginal land availability and conservative estimates
of this availability and a low assumed crop yield. (The only information found for these
aspects in these two data sources is a lignocellulosic crop yield of roughly 7 to

10 tonne/hectare in ICL (2021), which is much lower than yields given in literature.)

Table 25 - Comparison of non-food crop supply estimations from different literature sources (PJ/year)

JRC (2021a) ICL (2021) MAGIC project

Min. Max. Min. Max.

EU27 3,049 631 1,893 3,912 10,219

Supply: Climate neutral CO:

In this section, we give a proposal for the technical potential of the supply of climate
neutral CO, within the EU (+ NO, CH, UK). We explain how we developed this range and
which assumptions were made.

Within the definition of technical potential, we consider spatial constraints as well as
practical limitations for the exploration of the technology. However, the availability of
materials is a topic which is not limited to an individual technique. It is considered to be
out of the scope of this study.

Range for study

Climate neutral CO,; is needed for the production of some CO,-free (hydrocarbon) energy
carriers and products. Examples include some RFNBOs (renewable fuels of non-biological
origin) used in different transport modalities and e-chemicals based on (green) hydrogen
and CO, instead of fossil feedstocks. Climate neutral CO, can be obtained in two ways: via
BECCU (bio-energy/biobased economy with carbon capture and utilisation) and via DACCU
(direct air carbon capture and utilisation). The CO, captured using these technologies is
carbon neutral and can therefore be used in CO,-free energy carriers and products.

In the beginning of 2024, the European Commission released an Impact Assessment
accompanying the proposed emission reduction target of 90% in 2040 compared to 1990 (EC,
2024b). The European Commission foresees the amount of CO, to be captured in 2040 to be
280 Mton a year. This is a considerable increase from the operational injection capacity
target for 2030 which is equal to 50 Mton a year and an important reason to release an
industrial carbon management strategy (EC, 2024a). Considering on the one hand the scale
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of this endeavour, but on the other hand the availability of facilitating policies we assume
the technical potential to be in line with the outcome of the Impact Assessment.

The outcome of the Impact Assessment shows the share of CCU and CCS within the 280 Mton
CO,/year as well as the share of process emissions, biogenic emissions, fossil fuel emissions
and DAC (Direct Air Capture) as is shown in Figure 15. From this we can deduce a minimum
and a maximum for the technical potential. For the minimum potential we assume that the
share of CCU within biogenic emissions and DAC is equal to the share of CCU in the total
potential of 280 Mton CO,/year. For the maximum potential we assume that all the CCU
capacity is dedicated to be used for biogenic emissions and DAC. When extrapolation to the
EU27+3 based on historic total energy use, this results in a technical potential of 43-104
Mton.

Figure 15 - Volume of CO: captured for storage and utilisation in the EU (above chart) and share of the CO:
captured by origin (below chart)
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A.6

Supply: Nuclear energy

In this section, we give the technical potential of nuclear energy within the EU
(+ NO, CH, UK) for 2040. We explain how we developed this range and which assumptions
were made.

We used the following starting points of the study as a base to find suitable data sources:
— data per EU member state (incl. NO, CH, UK);
— year we are looking at: 2040;
— for supply/availability of CO,-free sources:

« production of energy carrier in member states;

« production of energy sources/continuous raw materials in member states;

« technical potential in 2040 (i.e. not economic potential).
Within the definition of technical potential, we consider spatial constraints as well as
practical limitations for the exploration of the technology. However, the availability of
materials is a topic which is not limited to an individual technique. It is considered to be
out of the scope of this study.

Range for study

Currently there are twelve member states of the EU who use nuclear energy as part of their
electricity mix. The total operational capacity within the geographical scope of this study is
105 GW. In terms of technical potential, the increase in nuclear capacity is mainly limited
by the amount of time it takes for permitting and building the reactors. The average
construction time of a nuclear unit is about 7 years, with additional time required for
designing and commissioning, often exceeding a decade in total (Shykinov et al., 2016).

To estimate the technical potential of nuclear energy for 2040 within the specified
geographical area, our estimation methodology involved several assumptions. Firstly,

we anticipated that the currently operational capacity would persist until 2040, with the
exception of the United Kingdom, where most existing capacity is expected to be retired
before 2030 (World Nuclear Association, 2024a). Germany recently closed all nuclear units,
which is why for this country we count no existing capacity. Secondly, we projected that
the capacity currently under construction in France, Slovakia, and the UK would be
operational by 2040. Additionally, we included the planned3? construction of nuclear
capacity in Bulgaria, the Czech Republic, Finland, Hungary, Romania, and the UK, assuming
that these projects would also be operational by 2040 (World Nuclear Association, 2024b).

Furthermore, some countries have proposed capacity which is not yet planned.3?

This applies to Bulgaria, the Czech Republic, France, Lithuania, the Netherlands, Poland,
Romania, Slovakia, Slovenia and the UK. Since there is no concrete planning of this capacity
yet and furthermore it is a very high amount (47 GW), in the lower bound of the technical
potential we assume only half of this amount is operational while in the higher bound of the
technical potential the full proposed capacity is operational in 2040 (World Nuclear
Association, 2024b). The same holds for Small Modular Reactors (SMRs) which is a relatively
new technique (World Nuclear Association, 2023).

32 Being planned in this case means that there is an approval, funding or commitment in place. According to the

source these capacities are mostly expected to be in operation within the next fifteen years.
Being proposed in this case means the aim is mentioned in specific programmes or proposals, but there is no
concrete plan yet and the timing is very uncertain.
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The proposed range for nuclear capacity in 2040 equals 145-170 GW, or (with an average
capacity of 75%) about 950 to 1,100 TWh. In Table 26 the technical potential for each
country is shown. Countries with a technical potential of 0 (because there are no plans),
are not included in Table 26.

Table 26 - Technical potential of nuclear energy in 2040, per country (low and high) in GW

Country Potential low (GW) Potential high (GW)
Belgium 4 4
Bulgaria 5 6
Czech Republic 7 9
Finland 6 6
France 68 73
Hungary 4 4
Lithuania 1 3
The Netherlands 1 3
Poland 3 6
Romania 3 3
Slovakia 3 4
Slovenia 1 2
Spain 7 7
Sweden 7 7
United Kingdom 21 29
Switzerland 3 3
Total 145 169

Background lower side of range

We differentiate between three types of categories for new to be build nuclear reactors:

— reactors under construction;

— planned reactors, where an approval, funding or commitment is in place;

— proposed reactors, who are mentioned in specific programmes or proposals but there is
no concrete plan yet.

To establish the lower side of the range, we assumed that the current operating capacity
(except for the UK), is still operating in 2040 and the capacity that is under construction
and the capacity that is planned will also be operating in 2040. For the proposed capacity,
half will be operating in 2040. Finally we assumed for the lower range that there is no SMR
capacity operational in 2040.

For the lower side of the range, we foresee a capacity of 145 GW and a production of
950 TWh.

Background high side of range

For the higher side of the range, just as for the lower side we assumed that the current
operating capacity (except for the UK), is still operating in 2040 and the capacity that is
under construction and the capacity that is planned will also be operating in 2040.

But besides this, also the proposed capacity will be operational in 2040. Considering SMRs
we made use of the Upper Scenario of the World Nuclear Association, which reflects
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favourable conditions. Based on this, we assumed 9% of the total installed capacity is SMRs
(World Nuclear Association, 2023).

For the higher side of the range, we found a capacity of 169 GW and a production of
1,100 TWh.

Assumptions

Currently almost all feedstock used in nuclear reactors (being mostly Uranium) is imported
from outside Europe. While the soil in Europe contains significant amounts of Uranium, it is
cheaper to import. Also enriching depleted Uranium is an option, but this also being more
expensive than importing Uranium makes it improbable that nuclear reactors will change to
domestically harvested feedstock. However, technically it is possible and the extraction
itself is not a complicated process. Therefore, we included the proposed technical potential
in the study.

Supply: Fossil energy + CCS

In this section, we give the technical potential of fossil energy production including
CCS within the EU (+ NO, CH, UK). We explain how we developed this range and which
assumptions were made.

We used the following starting points of the study as a base to find suitable data sources:
— data per EU member state (incl. NO, CH, UK);
— year we are looking at: 2040.

Within the definition of technical potential, we consider spatial constraints as well as
practical limitations for the exploration of the technology. However, the availability of
materials is a topic which is not limited to an individual technique. It is considered to be
out of the scope of this study.

As long as there is fossil energy production, energy production is associated with
greenhouse gas emissions, CO, being the main one. Carbon Capture and Storage (CCS) is a
technology that can be used to capture the emitted CO, and store it. This way the emissions
associated with fossil energy production can be significantly reduced.

Currently the business case of CCS is strongly dependent on regulations. Mainly the price of
carbon credits of the EU ETS (Emission Trading Systems) is a driver for investing in CCS:
when applying CCS companies do not have to buy credits for the amount of CO, stored.
Other factors contributing to the business-case are subsidies both at the EU (Horizon
Europe, the Innovation Fund and Connecting Europe Facility - CEF) and national level
(Global CCS Institute, 2023).

As the price of ETS credits is uncertain and regulations are viable for political circumstances
the business case of CCS will stay uncertain. This is part of the reason why the European
Commission has proposed a target for injecting CO,: by 2030 50 Mton of operational CO,
injection capacity within the Union (EC, 2023b). Considering the currently planned to be
installed CCS capacity in the EU (36 Mton in 2030), this target seems ambitious but
technically possible because of different supportive (facilitating) policies.
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Furthermore the European Commission released a Communication saying that in 2040
approximately 280 Mton would need to be captured and in 2050 450 Mton, in order to be in
line with the proposed climate target for 2040 of 90% emission reduction compared to 1990
(EC, 2024a). The foreseen amount entails both CCS and CCU and can be obtained by
capturing (fossil) process emissions, fossil fuel production emissions, biogenic emissions and
finally by Direct Air Capture. The vision of the Clean Air Task Force (a non-profit think tank)
is that the storage capacity within the EU should reach 300 Mton in 2040 (Clean Air Task
Force, 2023).

The European Commission has not mentioned a target specifically for fossil energy
producing facilities and the share of them in reaching the 280 Mton of captured CO, is
uncertain. Current plans for CCS are mainly within hard-to-abate industries (like steel and
cement production) and this sector is also on the long term the one most likely to keep
making use of CCS. According to the Impact Assessment of the 2040 climate target proposed
by the European Commission, in 2040 about 12% of the captured CO, originates from fossil
energy production. This is about 34 Mton, of which we assume half comes from (blue)
hydrogen production and half comes from electricity production.34 For Norway and the UK,
we assume an equivalent percentage of the current plans will be realised by 2040 and will
be dedicated for blue hydrogen and electricity production. In Table 27 an overview can be
found of the allocation of the CCS potential to sectors within the EU27 (EC, 2024a).

Table 27 - Share of sectors in CO2 capture potential within the EU27

Sectors Share in Mton-potential Potential (Ausubel &

Cramton)
Fossil energy production (Electricity Maps) 6% 17
Fossil energy production (blue hydrogen) 6% 17
Rest (process emissions, DAC and biogenic emissions) 88% 254

Source: (EC, 2024a).

Assuming blue hydrogen production by SMR (Steam Methane Reforming), the amount of blue
hydrogen production equivalent to the storage of 17 Mton of CO, is equal to 305 PJ

(CE Delft, 2021). The amount of produced electricity associated with 17 Mton of CO, is
dependent on the efficiency of CCS as well as on the source of electricity production.

We assume that in 2040, 35% of the fossil electricity production is coal-based and 65% is
coming from natural gas (ENTSO-E, 2018). This leads to a coal-based electricity production
with CCS of 17 TWh (65 PJ) and a natural gas based electricity production with CCS of

32 TWh (120 PJ) in the year 2040.

Assumptions

In assigning the technical potential to individual countries, a few assumptions where made:

— Countries where CCS is currently prohibited have a technical potential of 0 Mton. This is
applicable to: Austria, Cyprus, Estonia, Finland, Germany, Ireland, Latvia, Lithuania and
Slovenia (EC, 2023c).

— The availability of geological storage space (both saline caverns and oil/gas field) in
countries where CCS is allowed does not seem to be a limiting factor to reach 280 Mton

34 Produced by energy production facilities. In reality, part of the capacity might also be used within industries,
where it is connected to their on-site fossil energy use (which would lower their demand for electrification,
which in turn lowers their demand for CO;-free electricity).
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of storage per year in 2040. However, some individual countries have limited suitable
storage space. For these countries, the available space is fully used (Anthonsen &
Cristensen, 2021).

— The share of coal-based CCS and natural gas-based CCS is based on the projected
electricity mix as foreseen by the ENTSO-e for Europe (ENTSO-E, 2018).

Demand: Residential, tertiary and agricultural sector

This section describes the projected renewable energy demand of the Residential as well as
the Tertiary Sector in 2040 for all member states of the EU27, complemented with the UK,
CH and NO. The Residential Sector includes the buildings used for living by residents of the
scope mentioned. The Tertiary Sector is the sector of the economy that includes services
(as opposed to the primary and secondary sectors). Within the Tertiary Sector, also
Agriculture is included as defined so within the EU Mix Scenario (DG Energy, 2021).

Methodology

To estimate the energy demand within the Residential sector, we made use of the National
Energy and Climate Plans (NECPs) of member states combined with historical data as given
by (Eurostat, ongoing). The projections are based on member states’ policies and foreseen
development of the energy demand for different energy carriers as well as the total energy
demand for the Residential Sector. For time purposes, we only made use of the NECPs of
countries that currently have a relatively high demand for energy (also within the
Residential Sector), so that they together cover about 70% of the energy demand within the
geographical scope concerned. For the other countries, we extrapolated the findings of the
NECPs considered and scaled them according to the expected total energy demand in these
countries (DG Energy, 2021).

Considering the Tertiary Sector, we made the assumption that the trend of the use of the
different energy carriers is equal to the trend of the use of different energy carriers in
Residential Sector. This assumption is based on the finding that the energy demand of the
Tertiary Sector mainly comes from buildings. The current use of energy carriers within the
Tertiary Sector is used as a starting point (Tsemekidi Tzeiranaki et al., 2023) (DG Energy,
2021). The numbers for 2040 are based on the projected trend of the total energy demand
in this sector and the trend of the use of different carriers as mentioned (DG Energy, 2021).
Indeed, agriculture is also part of the Tertiary Sector. However, this sector is relatively
small in terms of energy consumption. In 2021, the agriculture and forestry sector
accounted for 3% of the total energy consumed in the EU in 2021 (EC, 2023a).

Data

In Table 28 the 2040 energy demand for the Residential and Tertiary Sector is given per
energy carrier, for the geographical scope considered. The increase of electricity use
between 2020 and 2030 is mainly due to the increase of the use of heat pumps in most
countries; the decrease of electricity use between 2030 and 2040 on the other hand is
mainly due to efficiency increases. The use of natural gas and other fossil fuels will
significantly decrease towards 2040. District heating will increase slightly and the use of
solid biomass will stay more or less stable. Finally, the use of biomethane, solar thermal
heating and hydrogen will increase towards 2040 but they will all stay relatively small.
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A.9.1

Table 28 - Energy demand per energy carrier in the Residential and Tertiary Sector within the EU27 + UK, NO

and CH
Energy carrier 2020 (PJ/year) 2030 (PJ/year) 2040 (PJ/year)
Electricity 6,534 7,340 7,429
Methane (fossil) 6,438 5,408 2,591
Methane (bio) 97 491 742
District heating 3° 1,187 1,519 1,762
Solid biomass 2,383 2,150 2,142
Other fossil (coal, oil) 2,275 1,418 1,097
Solar thermal 141 231 331
Hydrogen 0 0 100
Total 19,054 18,556 16,193

Assumptions

The information available within National Energy and Climate Plans is limited. Information
gaps are filled according to our own expertise. This entails for example the development of
the energy demand after 2030, in case member states have not provided information on
that.

Another important assumption is made for the efficiencies of different heating sources:

we used an average efficiency for each relevant energy carrier. In reality efficiencies are
dependent on different factors. The efficiency of a heat pump for example depends on the
type of heat pump used, characteristics of the building considered and on the local climate.

Table 29 - Efficiencies of heat sources

Heat source Efficiency
Natural gas (central heating) 87%
Pellet stove 79%
Heat pump 3.8 (COP)
District heating 100%
Coal stove 50%
Solar thermal heating 100%
Qil heating 80%

Demand: Transport

Transport - aviation

In this section, we present and explain the data used for energy demand in the aviation
sector in 2040. We explain how we came to this demand and which assumptions were made.

We used the following starting points of the study as a base to find suitable data sources:
— data per EU27+3 member state;
— year: 2040.

B of this, 60% is biomass and the rest waste heat (which is out of scope).
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Background information

Energy demand data from the EU Mix scenario (made in the framework of Fit for 55) is

used to calculate the total energy demand of the aviation sector in 2040. This model and
scenario are used because it provides full information per member state and for every
modality within transport. By using it in all modalities, coherence for the transport sector is
assured. As this scenario only contains data up to 2030, the trend between 2025 and 2030 is
extrapolated to 2040. This trend is made up of different factors (energy efficiency, growing
demand, policy objectives, etc.). Demand for aviation continues to grow (Eurocontrol,
2022), but a sharp rise in energy demand can be partly compensated with for example gains
in energy efficiency (IEA, 2020; NLR & SEO, 2021). Therefore, it is assumed that energy
demand for aviation grows moderately. The total EU27+3 result (almost 2,000 PJ) for 2040
was subsequently compared and matched to the interpolated result for 2040 on the linear
line between 2015 and 2050 in the impact assessment for ReFuel aviation (in which is stated
that energy demand is expected to grow from 40 Mtoe in 2015 to 50 Mtoe in 2050).

Next, the energy demand scenario that was extrapolated was used to establish the demand
for different energy carriers. The main piece of legislation relevant for energy use in
aviation in the EU in 2040 is ReFuel aviation. The scope of ReFuel aviation is the total
energy demand in the international aviation sector in the EU (i.e. fuels bunkered in the EU).
In 2040 the share of sustainable aviation fuels in total fuels should be 34%, of which 10%
e-fuels. The remainder is composed of a mix of biofuels. This is similar to the base scenario
for 2040 of Eurocontrol (32% SAF, 68% jet). (Eurocontrol, 2022). ReFuel aviation does not
prescribe a emission intensity reduction, but a certain share of sustainable fuels.

The influence of ETS (on intra-EEA flights) might be significant, however it is not quantified
for 2040, since it is unlikely that the current ETS structure will remain unaltered for
aviation in 2040.

Summary of assumptions

We used the following assumptions/starting points:

— 100% of international aviation fuels bunkered in the EU fall under ReFuel aviation;

— 10% synthetic SAF in 2040, 24% biofuel;

— equal share per country, not taking into account bank & trade possibilities;

— feedstocks needed to produce fuels as stated in this annex are included as feedstock
consumption in the transport sector (its demand is excluded from the sector Industry).

Data
Energy demand by fuel in 2040 is presented in Table 30.

Table 30 - Energy demand per fuel in 2040

EU27+3 PJ/year in 2040
RFNBO (e-kerosene) 263
Biokerosene 632

Fossil kerosene 1,738
Total 2,633

72 220479 - Energy sources and demand - June 2024 A



Figure 16 - Energy demand per country in aviation in 2040
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Feedstock demand aviation fuels

In Table 31 the feedstock demand is given for the energy demand described in the previous

section.

Table 31 - Energy demand and feedstock demand for aviation fuels in 2040 in the EU

EU27+3 PJ/year in 2040 Hydrogen demand CO2 demand Biomass demand

(PJ/year) (PJ/year)
RFNBO 263 551 (FT) 23 -
Biokerosene 474 6,540
Fossil kerosine 1,738 -

Source: (Atsonios et al., 2023; dena, 2022); (Ausubel & Cramton).

In Table 32 the conversion factors used are presented. In the description of the energy mix
no differentiation between biofuels is made.

Table 32 - Conversion factors used

Modality Fuel Conversion factor Efficiency

Aviation RFNBO H2/RFNBO (FT) 0.48 (Atsonios et al., 2023)
RFNBO Kg CO2/kg e-kerosene 3.853 (dena, 2022)
HEFA Kg HEFA/kg biomass 0.193 97.7% | (dena, 2022)
ATJ Kg ATJ/kg biomass 0.0685 94.8% | (dena, 2022)

73

220479 - Energy sources and demand - June 2024




A.9.2 Transport - maritime

In this section, we present and explain the data used for energy demand in the maritime
sector in 2040. We explain how we developed this and which assumptions were made.

We used the following starting points of the study as a base to find suitable data sources:
— data per EU27+3 member state (only countries with maritime ports);
— year: 2040.

Background information

Energy demand data from the EU Mix scenario (made in the framework of Fit for 55) is used
to calculate the total energy demand of the maritime sector in 2040. This model and
scenario are used because it provides full information per member state and for every
modality within transport. By using it in all modalities, coherence for the transport sector is
assured. As this scenario only contains data up to 2030, the trend between 2025 and 2030 is
extrapolated to 2040. This trend is made up of different factors (energy efficiency,

growing demand, policy objectives, etc.). The total EU27 result for 2040 (1,800 PJ) was
subsequently compared to the interpolated result for 2040 on the linear line between 2030
and 2050 in the EU long-term strategy for 2050 (2,300 PJ) (EC, 2020a). The reason for the
deviation might be that the long-term strategy had been devised before Fit for 55 came into
existence and the trend of energy demand reduction is delayed in that scenario.

Next, the energy demand scenario that was extrapolated was used to establish the demand
for different energy carriers. The main piece of legislation with a high degree of certainty
in 2040 for the maritime sector is FuelEU maritime. The scope of FuelEU maritime is
currently only limited to vessels of more than 5,000 DWT and to intra-EU voyages and 50%
of voyages departing or arriving in an EU port. Furthermore, several vessel categories are
excluded (warships, naval auxiliaries, fish-catching or fish-processing ships, etc.).

The energy demand as projected by the EU Mix Scenario does not overlap with the energy
demand within the scope of FuelEU maritime. We assume based on emission data that two
third of bunkered fuels in the EU is used in ships that fall under the Regulation (calculation
based on Transport & Environment (2019).

The Regulation prescribes a carbon intensity reduction target of 31% in 2040 for the vessels
that fall in the scope of FuelEU maritime. The percentage relates to the reference value
of 91,16 g CO,-eq./MJ. Next to the emission intensity reduction target, FuelEU maritime
contains a provision for the introduction of RFNBO. This target is set a 2% in 2034.

We assume a RFNBO target of 5% in 2040 (without multipliers). For RFNBO’s we assume

at least 70% emission savings compared to the fossil fuel comparator (as stipulated by

the REDII). Furthermore, it is assumed that RFNBO consist of ammonia, which in several
scenarios is presented as the long-term option for decarbonising shipping (CE Delft, 2022b;
Hendriksen et al., 2021; IRENA, 2021).

For the remaining reduction in carbon intensity, we assume a share of 20% bioLNG and 80%
liquid biofuels. Liquid biofuels represent a relatively cost-effective alternative fuel and is
easy to accommodate in the bunkering and shipping infrastructure. Therefore, a larger
share of liquid biofuels is chosen.

The shares of different fuels are equally assumed for all member states. The maritime
bunker sector is an internationally oriented market and the pieces of legislation in the EU
apply equally to all bunker ports.
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Summary of assumptions

— 5% RFNBO target in 2040 (without multiplier) for the FuelEU maritime scope.

— Two third of international maritime bunkers fall into FuelEU scope.

— Impact of EU ETS has not been taken into account. The additional influence on fuel mix
might be limited and the influence is probably subservient to that of FuelEU maritime
(at least until 2030). The effect of ETS may be more on transport costs of maritime
shipping (CE Delft, 2022b).

— CO0,-eq. intensity reduction of RFNBO 70% related to fossil fuel comparator of
94 CO,;-eq./MJ as specified in the REDII).

— CO0,-eq. intensity of BioLNG: 15.7 g CO,-eq./MJ (20% of remaining obligation).
CO,-eq. intensity of liquid biofuel: 16.2 g CO,-eq./MJ (80% of remaining obligation).

— Feedstock needed to produce fuels as stated in this factsheet are counted during
consumption in the transport sector (its demand is excluded from the sector industry).

Data

In Table 33 energy demand in 2040 for international maritime is presented.

Table 33 - Energy demand in international maritime

PJ/year in 2040 Feedstock

RFNBO 64 72 PJ Hz (The Ammonia Energy

Association)

BioLNG 85 242 PJ (manure)

Liquid biofuel 340 371 PJ (FAME)
Fossil fuel 788
Total 1,272
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Figure 17 - Energy demand per energy carrier in international maritime
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A.9.3 Transport - rest

In this section, we give the energy demand in transport - rest (including bus, passenger car,
domestic aviation (i.e. within the member state), domestic shipping, light duty vehicles,
rail and trucks). We explain how we came to this data and which assumptions were made.

We used the following starting points of the study as a base to find suitable data sources:

— data for EU27+3 per member state, per energy carrier, per modality in 2040 (EU27+3,
UK Navigate, CH, NO by share, based on Eurostat);

— data of energy consumption per modality per country (Eurostat);

— year we are looking at: 2040.

Data from Navigate project was used to establish energy demand per energy carrier,
per modality in 2040. For this purpose the scenario from the GEM-E3 (version 2023) model
was used, with scenario ‘SUP1.5C Default’ (Navigate, 2023).

The modalities for transport identified are: bus, passenger car, domestic aviation
(i.e. within the member state), domestic shipping, light duty vehicles, rail and trucks.
Energy carriers are electricity, natural gas, hydrogen, liquid biofuel and liquid fossil fuels.
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The Navigate data does not provide data per member state, so we have estimated this using
other data sources. Energy demand per energy carrier was subsequentially assigned to
member states based on the share of those specific modalities in the EU mix scenario for
the year 2030.

This implies that the development taking place between 2030 and 2040 is supposed equal
across member states.

Demand of transport - rest

We based the demand on the 1.5C default scenario for EU28 from the Navigate project.
The energy mix is however adapted and specified according to our own expert judgement.
This is mainly based on the proposed objective to reach a 90% reduction of GHG emissions
by 2040 and the ban on internal combustion engines for cars in 2035. In the original data,
this demand category still had a fossil energy share of 60%, which is too high when taking
these policy goals in account.

We have assumed that rail transport will be electrified for 90% and the remainder will use
biofuels. Domestic aviation (within member states) follows the energy carrier mix as
assumed in the international aviation sector. Inland and domestic maritime, buses and
trucks use mainly biofuels, followed by hydrogen, biogas and electricity. This an estimation
based on standing policy, current energy mixes and probability of renewable energy carrier
development. The provisional energy carriers per modality are shown in Figure 18.

Figure 18 - Final energy consumption per energy carrier for EU28 in 2040, based on own provisional
calculations
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A.10

Table 34 shows the estimated energy demand per modality in 2040.

Table 34 - Final energy consumption in transport in 2040 for EU28 in EJ

EJ, EU28 Electricity Biofuel Biogas H2 RFNBO Fossil fuel
Bus 0.25 0.35 0.39 0.2 1.0
Domestic aviation 0.06 0.0 0.2
Domestic shipping 0.11 0.03 0.0 0.0 0.2
LDV (passenger car) 3.31 0.00 0.0 0.0 0.1
Rail 0.36 0.08 0.8
Trucks 0.64 0.68 0.5

Total 4.56 1.29 0.42 0.8 0.0 0.3

Table 35 provides the amount of different feedstocks needed for the production of different
fuels considered. Table 36 provides the conversion factors used to determine the feedstock

demand.

Table 35 - Feedstock needed for the production of fuels (EJ)

Total final demand Biomass feedstock H: feedstock CO; feedstock
(Ausubel & Cramton)
Biofuel 1.3 1.9
Biogas 0.4 1.2
RFNBO 0.02 0.05 2.4
Table 36 - Conversion factors used
Modality | Fuel Conversion factor Efficiency
Aviation | RFNBO H2/RFNBO (FT) 0.48 (Atsonios et al., 2023)
RFNBO Kg CO2/kg e-kerosene 3.853 (dena, 2022)
HEFA Kg HEFA/kg biomassa 0.193 97.7% | (dena, 2022)
ATJ Kg ATJ/kg biomassa 0.0685 94.8% | (dena, 2022)
Several Biofuel (Fame) 92% | (Amin, 2019)
Several Biogas 35% | (CE Delft, 2022a)

Demand: Industry

A.10.1 Energy demand industry

In this section, we give the energy demand from the industry in 2040. We explain how we
developed this range and which assumptions were made.

We used the following starting points of the study as a base to find suitable data sources:
— data for EU27+3 per sector, per energy carrier in 2040 (Navigate);
— data of energy consumption per sector per country (Eurostat);

— year we are looking at: 2040.
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Data from the Navigate project was used to establish energy demand per industrial sector
in 2040. For this purpose the scenario from the GEM-E3 (version 2023) model was used,
with scenario ‘SUP1.5C Default’ (Navigate, 2023). The industrial sectors individually
identified are: chemicals, iron and steel, non-ferrous metals, non-metallic minerals, pulp
and paper and a category with all other industry. Energy demand per energy carrier was
subsequentially assigned to member states based on the share of those specific sectors in
total EU28 industrial energy demand, based on Eurostat (Eurostat, 2024c). In the Navigate
scenarios within sectors different energy carriers are specified, but we assign them equally
to member states according to the share of a sector within the EU28 energy demand.

This implies that sectors are supposed technically more or less uniform across member
states. No stratification until 2040 among member states is hence taken into account.

For example, it is possible that the chemical industry in one member state starts using more
biomass, while the chemical industry in another member states relies more on hydrogen.
This possibility is absent in the BEG model.

Data energy demand in industry

The demand for energy in the industry in 2040 based on the 1.5C default scenario for EU28.
The energy demand per industry and energy carrier for the EU in 2040 is presented in
Figure 19 (this is available for all member states).

Figure 19 - Energy demand per industrial sector in the EU in 2040 (EJ)
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Source: (Navigate, 2023) adapted by CE Delft.
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Table 37 - Energy demand per industrial sector in the EU28 in 2040 (EJ)

Electricity Gases/ Heat Hydrogen Liquids/ Solids/ Total
Fossil Fossil Biomass

Chemicals 1.5 0.6 0.1 0.3 0.1 2.7
Iron and steel 0.5 0.1 0.0 0.1 0.1 0.0 0.9
Non-ferrous 0.2 0.1 0.0 0.0 0.0 0.3
metals
Non-metallic 0.4 0.3 0.0 0.1 0.2 0.0 1.1
minerals
Other sector 1.7 0.6 0.1 0.2 2.3 5.0
Pulp and paper 0.5 0.2 0.0 0.0 0.2 0.9
Total 4.8 1.8 0.3 0.2 0.9 2.7 10.9

A.10.2 Feedstock demand industry

Scope: hydrogen and carbon as raw materials

When addressing the industrial demand for raw materials, our focus is exclusively on those
that compete with energy demand. This category encompasses hydrogen and (sustainable)
carbon carriers, which can function both as energy carriers and as raw materials.

Raw materials such as metals, phosphorus, or chlorine are excluded from consideration,

as there is no competition with energy involved. The demand for wood for the paper
industry is excluded as well, as the wood utilised for paper manufacturing originates from
production forests specifically cultivated for high-quality applications. This wood is not
utilised as an energy source, thus falling outside the scope of this study.

Products requiring hydrogen and carbon

Hydrogen and carbon are essential components for numerous industrial products,

particularly in the following cases:

— chemicals;

— fertilisers such as ammonia and urea;

— steel produced with Direct Reduced Iron (DRI);

— fuels (fuels are categorised within the transport sector and not further considered
here).

Currently, the hydrogen and carbon needed for these products are sourced from fossil
feedstocks (crude oil, natural gas, and coal). However, as the transition away from fossil
feedstocks occurs, the feedstock and existing production processes will undergo significant
changes. The current use of fossil feedstocks in industry can be substituted by different
alternatives. As an illustration, green hydrogen can replace the use of fossil fuels as
feedstock in the current production of ammonia and steel. Hydrocarbon-based chemicals
require the presence of carbon molecules, currently sourced from fossil feedstocks.

The fossil feedstocks can be replaced with sustainable CO,*, biomass or by recycled
material.

36 This concerns sustainable CO; originating from Direct Air Carbon Capture and Utilization (DACCU) or Bioenergy
with Carbon Capture and Utilization (BECCU) from key industrial point sources (for example biorefineries and
pulp and paper mills).
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Methodology

In order to map the demands for green hydrogen, sustainable CO, and biomass in 2040,
we first examine the projected production volumes in 2040 for EU countries for the
products with the highest utilisation of hydrogen and carbon as raw materials.
Therefore, we estimate the production volumes for:

— methanol (this includes methanol needed for other chemicals);

— ammonia, both for fertilisers and for the chemical/pharmaceutical industry;

— urea;

— primary steel;

— CO,; demand for horticulture.

Methanol is a chemical building block used for the production of base chemicals, such as
formaldehyde, olefins and aromatic carbohydrates. These base chemicals are in turn also
used as a starting material for the production of a wide variety of other chemicals and
pharmaceuticals. The production volume of methanol considered below includes the
methanol needed in order to produce these other chemicals.

A conversion factor (raw material/product) is provided for each of these products.

Using these conversion factors, we can determine the demand for either biomass or
hydrogen and CO, as feedstock for these products. Based on assumptions made by
Guidehouse (2021) we assign the relevant split for each sector for 2040 between the
biobased production route, the electricity-based production route (e-chemicals) and share
that remains reliant on fossil fuels in 2040.

The separate data for production volumes and the conversion factor for the raw materials
enables us to explore various scenarios regarding the industry’s feedstock demand and
facilitates adjustments to raw materials based on availability.

The feedstock demand data pertains to the EU countries as a whole. Specific data at the
member state level is not available.

Data and assumptions

Projected production volumes

Table 38 - Projected production volumes in 2040 for main industrial products

Projected production | Countries | Source

volumes in 2040 (Mt/year)
Methanol 223 | EU27 (DECHEMA, 2017)
Ammonia for: EU27 + UK | (Guidehouse, 2021)
- fertilisers 19
- chemicals/pharmaceuticals 2
Urea 6 | EU27 (DECHEMA, 2017)
Primary steel 99 | EU27 (EUROFER, 2023)
CO; demand for horticulture 70 | EU27 Eurostat, Glastuinbouw Nederland,

(WUR, 2010)
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Chemicals

In this study we focus on the following chemicals, as they represent the mostly used
chemicals in the chemical industry and are the starting products of most (complex)
chemical substances: methanol, ethylene, propylene, benzene, toluene and xylene.
The demand for methanol as shown in Table 38 comprises not only the production
volume for methanol, but it is assumed that biobased or e-methanol will function as
building block for ethylene, propylene, benzene, toluene and xylene. Therefore, the
production volume of methanol includes methanol for producing these other chemicals.
This is calculated based on stoichiometric ratios given by (DECHEMA, 2017).

The projected production volume in 2040 for methanol, ethylene and propylene is
calculated based on the current production volume and a 1% increase per year towards
2040, as was also used by (DECHEMA, 2017).

The projected production volume in 2040 for benzene, toluene and xylene together is
calculated based on the current production volume and the anticipated growth in 2050
by (DECHEMA, 2017).

For simplification purposes, it is assumed that ethylene will be made out of methanol
and not out of (bio)ethanol.

Ammonia and Urea

Guidehouse assumed that the production capacity of ammonia for fertilisers will remain
constant at the current level. Therefore, we consider that ammonia and urea, both used
as fertilisers, will remain at constant production capacity.

DECHEMA reports that 80% of the global ammonia production is allocated for fertilisers,
with the remaining 20% utilised in the chemical and pharmaceutical sectors.

Utilising this proportion, we derived the production volume of ammonia dedicated to
the chemical and pharmaceutical industries, as obtaining precise data on the overall
non-fertiliser use of ammonia proved challenging.

Primary steel

Guidehouse did an in-depth analysis on the future of the European steel industry and its
hydrogen demand. They assumed that in 2040 the production capacity will be at 113% of
the 2019 production capacity for primary steel, which was 87 Mt/year. Therefore, the
projected production volume in 2040 is 99 Mt/year.

Direct Reduced Iron (DRI) with green hydrogen will become the main decarbonisation
technology for primary steelmaking.

In the hydrogen DRI-EAF steelmaking process a small share of natural gas and pulverised
coal is needed for carbon in steel. We assume that in 2040 this would come from fossil
sources and therefore do not take into account this demand. It is expected by
Guidehouse that in 2050 these will come from biogenic sources.

Horticulture

For horticulture, we assumed the plastic-covered horticulture to not make use of any
CO,.

In lack of more recent data, we took the area as used for glass-covered horticulture as
published by (Eurostat, ongoing) in 2013. We assumed this area to stay constant towards
2040.

The required amount of CO, depends on the crop considered, but varies between 23 and
82 kg/m? per year as reported by (WUR, 2010).

This leads to a demand for CO, between 30 and 110 Mton for the horticulture sector
within the geographical scope considered.
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Conversion factors

Table 39 shows the conversion factors for the raw materials of the different products,
based on stoichiometric ratios given by (DECHEMA, 2017). The biobased approach to
ammonia production involves producing biomethane and substituting the natural gas feed
currently used in steam methane reforming (SMR) within existing ammonia production
facilities (DECHEMA, 2022).

Table 39 - Conversion factors for main industrial products for either biomass-route or e-product-route

Conversion factor biomass Conversion factor Conversion factor CO:
route hydrogen
Methanol 2.6 t dry wood/t methanol 189 kg H2/t methanol 1,373 t CO2/t methanol
Ammonia 21 GJ biomethane/t ammonia 178 kg H,/t ammonia -
Urea - n/a¥’ 0.73 t CO, per t urea
Primary steel - 65-80 kg Hz/ton staal -
CO; demand for horticulture | — - 1:1

Different production routes

Table 40 shows the assumed split for the different production routes (biobased, synthetic,
fossil fuel-based). These assumptions are based on the split given by (Guidehouse, 2021),
which were based on previous studies, industrial site specific information and interviews
with relevant industries and associations. The assumptions will be elaborated upon
following the table.

Table 40 - Break down of the assumed split for each sector in 2040 between the biobased production route,
the electricity-based production route (e-chemicals), and the portion that remains reliant on fossil fuels

Biobased Synthetic (e-product) Fossil fuel
Methanol 30% 20% 20%
Ammonia 25% 25% 50%
CO; demand for urea 50% 50%
Primary steel - 80% 20%
CO; demand for horticulture 50% 50%

Chemicals

— Guidehouse mentions that the decarbonisation pathway of high value chemical
production in the EU+UK is very uncertain. Given the wide variety of decarbonisation
options and the absence of plant specific information on decarbonisation strategies,
all three feedstock options (biobased, synthetic and chemically recycled) seem equally
feasible and no clear direction has been chosen by the industry. Therefore, Guidehouse
assumes an equal split between the decarbonisation options by 2050.

— In 2040, Guidehouse presumes that alongside the biobased (30%) and synthetic (20%)
options, there will still be a 20% share of fossil fuel usage. The share of synthetic
feedstock is expected to be limited and come up later in the 2040s due to its energy

37 Ureais produced through the reaction of ammonia with CO;. Hence, there is no additional requirement for
hydrogen, as the demand for ammonia utilised in urea production is already accounted for in the volume of
ammonia produced.
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intensity and dependence on the still immature DAC technology, or limited available
biogenic sources of COa2.

— Next to biobased, synthetic and fossil fuel pathways, an important feedstock source for
high value chemicals will be recycling. Guidehouse states that the route of chemical
recycling is preferred, but this is limited by the availability of plastic waste.

They assumed, based on the preference for this route and the expectancy that by 2040
the technology has matured, that 30% of the feedstock for the production of high value
chemicals is coming from chemical recycling in 2040.

Ammonia and Urea

— Water electrolysis and biomethane are regarded as the primary decarbonisation routes
for ammonia production. It is anticipated that until 2050, steam methane reforming
(SMR) with fossil fuels (partially employing CCS) will persist. Hence, a 50% reliance on
fossil fuels as feedstock is still assumed in 2040. Given that biomethane can seamlessly
integrate into existing production facilities and substitute natural gas, it is projected
that by 2040, a substantial portion of these facilities will opt for the biobased
production pathway for ammonia. Eventually, a transition to synthetic production using
hydrogen generated by electrolysers will follow, but this share is still limited in 2040.

— It is assumed that by 2040, the CO, utilised for urea production will be evenly sourced,
with 50% derived from CCU, obtained from various industries, and the remaining 50%
from climate neutral CO, sources. However, the specific allocation between DACCU and
BECCU for the climate CO, segment remains uncertain and will also be dependent upon
the availability of these sources.

Steel

— It is assumed by Guidehouse that in 2040, the steel industry will still rely on fossil fuels
(20%), partly due to the continued use of coking coal in the Blast Furnace process and of
the use of natural gas in the DRI process.

Horticulture

— It is assumed that by 2040, the CO, required for horticulture will be evenly sourced,
with 50% derived from CCU, obtained from various industries, and the remaining 50%
from climate neutral CO, sources. However, the specific allocation between DACCU
and BECCU for the climate neutral CO, segment remains uncertain and will also be
dependent upon the availability of these sources.

Total demand for biomass, hydrogen and CO;

The total CO,-free energy demand for feedstock for the industry considered in this
factsheet is 5,664 PJ. Table 41 shows the total per category.

Table 41 - Demand for biomass, hydrogen and sustainable CO; from industry

Demand for biomass Demand for hydrogen | Demand climate neutral

(PJ/year) (PJ/year) CO2 (Mt/year])

Methanol 3,228 (woody residues) 757 46

Ammonia 111 (biomethane) 113 -
Urea - -

Primary steel - 688 -

CO; demand for horticulture - — 35

Total demand 3,339 1,558 83
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Assumptions:

— The average energy content for woody residues is 18.6 MJ/kg dry matter.

— It is assumed that producing 1 kg of hydrogen using an electrolyser requires 44.4 kWh of
electricity (assuming an efficiency of 75%), based on the Lower Heating Value (LHV).

Other aspects/data sources considered

— Secondary steel making with Electric Arc Furnace (EAF) needs a limited amount of
natural gas nowadays. This can be replaced with biomethane or synthetic methane
(which would lead to additional hydrogen demand). However, this is not taken into
account.

Other sources used for general knowledge and as comparison:

— (Galimova et al., 2022) Global demand analysis for carbon dioxide as raw material from
key industrial sources and direct air capture to produce renewable electricity-based
fuels and chemicals.

— (Clean Hydrogen Partnership, 2023) Study on hydrogen in ports and industrial coastal
areas.
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B Conversion factors

In Table 42, the conversion factors are listed that have been used in this study to calculate
the primary energy demand based on final energy demand (for CO,-free resources).

Table 42 - Energy conversion factors applied in this study

Conversion factor | Value | Production process Source Remarks

Biomass to SAF 77% Average factor.

Biomass to liquid 82% | Based on chosen Average factor Other transport.

biofuels energy mix

Biomass to FAME 92% (Amin, 2019)

Biomass to 53% CE Delft studies Assuming 50% use of anaerobic digestion and

biomethane 50% use of supercritical water gasification.

Biomass to 40% | Biomass power plant | Expert judgement | Wood pellets.

electricity CE Delft

Biomass to wood 74% | Wood pellet (Saosee et al., Highest mass conversion factor from five wood

pellets production 2020) pellet production plants, assuming that the

energy conversion factor is the same.

Biomass to heat 90% | Biomass combustion (ETIP Bioenergy, Wood pellets for district heating. The combined

2017) efficiency of a CHP plant can also be realised
with full conversion to heat.

Biomass to 60% | Methanol production (Landalv, 2022) Methanol production has been used here as a

chemicals via gasification proxy for the production of chemicals.

Electricity to 75% | Electrolysis (Pashchenko 2024) | Based on the lower heating value (LHV) of

hydrogen hydrogen.

Electricity to e- 57% | Methanol-to-gasoline | (Concawe et al., Carbon capture from concentrated source

gasoline 2022) assumed.

Electricity to e- 59% (Concawe et al.,

ammonia 2022)

Electricity to e- 45% | Methanol-to-kerosene | (Concawe et al.,

kerosene 2022)

Hydrogen to 57.5% | Hydrogen power plant | (Pashchenko 2024)

electricity
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Analysis for the Netherlands

For the analysis of CO,-free energy supply and demand in Europe in 2040 in this study we
have used data sources that provide data for the different European countries, including
the Netherlands. However, due to the wider scope of these data sources, the analysis
results obtained for the Netherlands do not take into account detailed information on
specific Dutch energy system developments. Studies focusing on the Netherlands are likely
to give a more accurate estimation of the energy balance in the Netherlands in 2040. In this
annex we present the analysis results from this study together with data from the Nationaal
Plan Energiesysteem (NPE), to provide a richer picture of the Dutch energy balance in 2040.
The data presented in the NPE are indicative, supporting the vision of the Dutch
government on the Dutch energy system towards 2050 (Rijksoverheid, 2023b).

In the following tables we give an overview of energy system balance for the Netherlands in

2040, comparing the analysis results of this study and projections from the NPE.

This overview consists of the following:

— the supply (technical potential) of the main renewable energy resources (Table 43);

the supply of additional CO,-free energy sources (Note: Import has only been calculated in this study
on a European level.

- )

— the CO,-free energy demand, fossil share and final energy demand (Table 45);

— the electricity and biomass balance (Table 46).

Comparing the analysis results from this study with the NPE projections, we first of all
observe that the solar energy supply estimated in our study (of 109 PJ) is much lower than
in the NPE (378 PJ)3®, but that the estimated wind energy supply is much higher. As a result,
the projected renewable electricity supply in the Netherlands in 2040 is comparable.

It must be noted that the estimated energy from offshore wind in this study appears very
high: the average volume is 1,364 PJ/year, which corresponds to 88 GW of installed
capacity (assuming 4,300 full-load hours per year), whereas the ambition of the Dutch
government is to reach 70 GW offshore wind in 2050.

Unfortunately, the NPE report and appendices do not provide an overview of total final CO,-
free energy demand and final energy demand per demand sector, which prevents a
comparison with the results from this study. In addition, the NPE data do not include
biofuel consumption figures per sector. On the other hand, the NPE does provide some
information on hydrogen and biomass use as a feedstock in 2040. Finally, an estimation of
CO,-free energy resource use as feedstock in industry in the Netherlands has not been
estimated in our study, because the available data sources do not provide country-specific
data for this demand sector.

We have processed the NPE data to form an electricity and biomass balance for the
Netherlands in 2040, as shown in Table 46. The electricity balance based on the NPE data
(369 PJ) is lower than the one found in this study (401 PJ). Both studies arrive at a large
electricity surplus. The biomass balance in both studies are closer: -490 PJ in the NPE and -

B This is partly caused by the fact that the technical potential in our study is limited by curtailment and
practical factors (such as net congestion) that limit incorporation into the electricity system. Moreover,
the method used in our study to estimate the technical potential of solar power for all EU27+3 countries,
results in a solar power supply which is higher than EU27+3 ambitions for 2040. However, for individual
countries, the method can result in slightly lower values than might be expected based on the currently
realized supply. This might be the case for the Netherlands.
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470 PJ in this study. Both studies arrive at a large biomass shortage.3* We can conclude
that, despite the differences in scope, categorisation and data availability between this
study and the NPE, the high-level results regarding the energy system balance of the
Netherlands in 2040 are the same: a CO,-free electricity surplus (of roughly 0.4 EJ) and a
biomass shortage (of about 0.5 EJ). This result reflects the EU-level outcome of this study
(see Section 4.1.1).

Table 43 - Overview of supply data for COz-free energy sources in the Netherlands in 2040: comparison of
analysis results and the Nationaal Plan Energiesysteem (NPE)

CO:-free energy Supply (excl. import) in 2040 Remarks
source
This study NPE
(average value)
Hydropower 1.4 PJ Not indicated
Solar energy In the analysis is assumed that 25% of the solar energy
109 PJ 378 PJ | is curtailed and therefore not included in the supply
estimation.
Wind energy In the analysis is assumed that 10% of the onshore
1,534 PJ 984 PJ | wind and 5% of the offshore wind is curtailed and
therefore not included in the supply estimation.
Residual biomass 131 PJ 100 PJ

Source: (Rijksoverheid, 2023c).

Table 44 - Overview of additional options for CO;-free energy sources in the Netherlands in 2040: comparison
of analysis results and the Nationaal Plan Energiesysteem (NPE)

Additional option Supply (excl. import) in 2040 | Remarks
This study NPE

Non-food crops 107 PJ | Not indicated

Nuclear energy 62 PJ 101 PJ

Fossil energy + CCS 50 PJ | Not indicated

Source: (Rijksoverheid, 2023c).
Note: Import has only been calculated in this study on a European level.

3 n NPE, it is assumed this gap can be closed by using non-food crops and importing biomass.
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Table 45 - Overview of demand data for different sectors in the Netherlands in 2040: comparison of analysis
results and the Nationaal Plan Energiesysteem (NPE)

Demand sector | This study NPE Remarks
Final Fossil Final Final
energy share CO:-free CO:-free
demand energy energy
demand demand
(estimation)
Residential, 785 PJ 38% 485 PJ 314 PJ | NPE values: Electricity and hydrogen
tertiary and (excl. | use is specified for individual
agricultural biofuels) | sectors, but biomass/biofuels use is
sector not. Thus, the given values are an
Transport - 212 PJ 66% 72 PJ 23 PJ | Underestimation, especially in the
aviation (excl. | case of the aviation and maritime
Transport - 338 PJ 62% 130 PJ biofuels) | sectors.
maritime
Transport - other 239 PJ 18% 195 PJ 190 PJ
(excl.
biofuels)
Industry - energy 582 PJ 33% 388 PJ 487 PJ | NPE value: Including energy use of
data centres.
Industry - - - - 145 PJ | Not estimated in this study. Based
feedstock on NPE: 73 PJ hydrogen
(Rijksoverheid, 2023c) and 72 PJ
biomass (from CESsen)
(Rijksoverheid, 2023a). Total
demand incl. fossil is not indicated.
Flexible power 216 PJ 0% 216 PJ Not | Flexible power is used to balance
indicated. | wind and solar energy in the future
electricity system. In this study it is
assumed that green hydrogen is used
to generate this.

Notes: The final energy demand does not include transport losses. The fossil share is excluding CCS. The NPE
values are rough estimates based on figures of final electricity and hydrogen use; data on biomass per
sector were not provided (Rijksoverheid, 2023c). The NPE does not present data on the fossil share and
final energy demand per sector.

Table 46 - Electricity and biomass for the Netherlands in 2040: Comparison of analysis results and the
Nationaal Plan Energiesysteem (NPE)

\ This study NPE
Electricity (CO2-free)
Supply (PJ/year) 1,644 1,362
Demand (PJ/year) 1,243 993
Balance 401 369
Biomass
Supply (PJ/year) 131 100
Demand (PJ/year) 601 590
Balance (PJ/year) -470 -490
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Note: The supply and demand values from this study are averages of the estimated ranges. The demand is
primary energy demand, including conversion and transport losses.
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