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CLIMATE CHANGE Pathways to an EU in 2050 with net-zero GHG-emissions — Final Report

Abstract: Pathways to an EU in 2050 with net zero GHG-emissions

This is the final report of the project Pathways to an EU in 2050 with net-zero GHG-emissions.
The report gives an overview and discusses results of the three scenarios EU Pathways Base
(EUBase), EU Pathways Target (EUTarget) and EU Pathways Supreme (EUSupreme) developed
within the project. First, the EUBase scenario and its results are presented. As a classic current-
policies scenario, it does not focus on the achievement of climate protection targets in 2050 but
rather examines the effectiveness of current policies and policies under negotiation (as of 2022).
In some cases, policies that had not yet been adopted but for which a draft existed at EU level are
also included in the modeling. Member state-specific policies are also examined. The two target
scenarios, EUTarget and EUSupreme, on the other hand, show different possible paths towards
an EU with net-zero greenhouse gas emissions in 2050. EUTarget focuses on technical options
for reducing emissions. The EUSupreme scenario depicts an alternative path with significantly
higher sustainability requirements and behavioural changes. The modeling is supplemented by
analyses of the scenarios' conformity with the EU taxonomy.

Kurzbeschreibung: Pathways to an EU in 2050 with net-zero GHG-emissions

Dieser Bericht fasst die Ergebnisse des Projektes ,Pfade zu einer EU mit netto-Null
Treibhausgas-Emissionen in 2050 zusammen. Der Bericht gibt einen Uberblick iiber die
angewandte Methodik, Szenariodefinitionen fiir drei Szenarien (EUBase, EUTarget, EUSupreme)
und stellt die Ergebnisse der Szenarien gegeniiber. Dabei wird zunachst das EUBase-Szenario
und seine Ergebnisse dargestellt. Als klassisches , mit-aktuellen-Maf3nahmen“-Szenario stellt das
Szenario nicht auf die Erfiillung von Klimaschutzzielen in 2050 ab, sondern untersucht die
Wirksamkeit der aktuellen und in Diskussion befindlicher Politiken (Stand 2022). In Teilen
fliefen auch Politiken, die bis dahin nicht verabschiedet, fiir die aber auf EU-Ebene ein Entwurf
vorlag, in die Modellierung mit ein. Ebenso werden auch Mitgliedsstaaten-spezifische Politiken
untersucht. Die zwei Zielszenarien EUTarget und EUSupreme dagegen zeigen verschiedene
mogliche Wege hin zu einer EU mit netto-Null Treibhausgasemissionen in 2050. Dabei werden
im EUTarget technische Moglichkeiten der Emissionsminderung in besonderem Maf3e
untersucht. Das EUSupreme-Szenario dagegen bildet einen alternativen Pfad mit deutlich
hoheren Nachhaltigkeitsanforderungen und Verhaltensdnderungen ab. Die Modellierung wird
erganzt durch Untersuchungen der Szenarien auf Konformitiat mit der EU-Taxonomie.
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schemes, particularly for smaller farms. Larger farms can be required to adopt such measures
through binding obligations set out in regulatory laws, such as the Industrial Emissions Directive
(IED).

In contrast, the EUSupreme scenario envisions the implementation of a comprehensive EU-
wide mitigation strategy that emphasizes strong sustainability criteria, enhanced circularity, and
non-technical behavioural changes. This scenario significantly limits the use of nuclear power
and reduces biomass utilization in the energy system. It further visualizes a mitigation pathway
without CCS. Instead, the scenario introduces stringent sufficiency and circular economy
assumptions in the industry sector allowing for lower primary production levels and thus
adding an additional mitigation lever. Additionally, it aims to lower energy demand more
strongly than the EUTarget scenario and puts increased effort on fossil fuel phase-out such as
coal phase-out by 2040 in the industry sector and a strict ban on the use of fossil fuels in 2050.
For the agriculture sector, strong sufficiency assumptions allow to significantly reduce animal
stocks and related emissions instead of applying technical mitigation measures. In combination
with a stronger increase in organic farming and other robust assumptions on land use, the
scenario allows for a pronounced increase of the natural carbon sink. Similar to the EUTarget
scencario, reaching the 2050 GHG emission reduction target is a precondition.

Key results

The GHG balance across all sectors for the European Union under the different scenarios,
compared to 2020 (see Figure 1) is a central project output. Emissions from international
aviation and maritime transport are fully included, as well as emission storage in the LULUCF
sector and CCS in later years.

Figure 1: GHG emission development in three pathways scenarios between 2020 and 2050
for the EU27
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Figure 2: Non-fossil fuels balance (excl. hydrogen) in the EU27 in EUBase in 2050
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In the EUTarget scenario, net-GHG emissions decrease significantly more compared to the
EUBase scenario, in particular in later years. Net-emission levels reach 1,841 Mt CO,e in 2030,
625 Mt COze in 2040 and 0 Mt COe in 2050. Compared to the EUBase scenario, that are
additional emission reductions in the order of 323 Mt CO,e in 2030, 606 Mt CO,e in 2040 and
816 Mt CO,e in 2050.

Different effects are triggering those results. Additional reductions in generated GHGs in the
EUTarget scenario are found in particular in the buildings sector, but also in the supply sector in
intermediate years. Gross emissions in industry can be reduced by the strong uptake of CCS,
which reaches mitigation of 106 Mt CO, in 2050 (mainly from industry, small parts also from
waste incineration in the supply sector). To balance remaining gross emissions, both nature-
based and technical CDR is needed in this scenario. The LULUCF sink increases compared to the
EUBase scenario and reaches storage amounts to -414 Mt in 2050. In addition, technical CDR
(such as BECCS or DACCS, not further specified in the scenario) in the order of 28 Mt CO, is
required to fill the emission reduction gap and reach a net-zero GHG balance.

Despite a net-zero GHG balance, a significant amount of carbon and CO, emissions remain part of
the energy system in the EUTarget scenario (see Figure 3). That includes biogenic CO; as well as
zero-rated CO, emissions from imported non-fossil fuels for international bunkers, transport
and industry feedstocks.
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Figure 3: Emissions flow in EU27 in EUTarget in 2050
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Final energy demand (see Figure 4) in the EUTarget scenario can be reduced compared to the
EUBase scenario, by 851 TWh in 2050. This result is mainly driven by a reduced energy demand
from buildings, driven by increasing renovation rates and standards. This reduction covers for a
slight increase in energy demand in the industry sector due to the strong use of CCS. The
development of final energy demand also shows that major differences only visualize in later
years, while in 2030 differences are marginal and all three scenarios miss the EU’s energy
efficiency target of 8,626 TWh for final energy demand in 2030.
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Figure 4: Final energy demand in EU27 between 2020 and 2050 in all pathway scenarios
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Large differences can again be found in the renewable energy share in final energy demand. In
the EUBase scenario the share already increased significantly from 19.2% in 2020 to 64% in
2050. In the EUTarget scenario it reaches 90.6% with only small amounts of fossil fuels. The
share of electricity in the system at the same time increases significantly from 19% in 2020 to
46% in 2050. It reflects the strong role of electricity for decarbonization of sectors such as
transport, buildings and industry.

Demand for hydrogen increases more significantly compared to EUBase reaching 557 TWh in
2050. The EU’s electricity system is no longer able to provide the complete amount of hydrogen
domestically, but imports account for 13% of total hydrogen demand in 2050. Carbon-
containing liquid non-fossil fuels develop a more dominant role in the supply of non-fossil fuels
excluding hydrogen. In addition to international bunkers major amounts are going into industry
feedstocks.

In addition to those imports of carbon-containing non-fossil fuels, there is also a direct demand
for CO, from industry for methanol-to-olefins (MTO)/ methanol-to-aromatics (MTA) routes as
well as for technical CDR. The amount of CO; required increases from 4 Mt CO, in 2030 to 149
Mt in 2050 as half of the production installations are replaced by MTO/MTA installations.

The most prominent decline in GHG emissions is found in the EUSupreme scenario. Net-GHG
emissions decrease to 1,608 Mt CO,e in 2030, 412 Mt CO,e in 2040 and -130 Mt CO,e in 2050. In
2040, that is an additional reduction of net emissions of 34% compared to EUTarget. In 2050,
the scenario not only does not require the use of technical CDR to reach net-zero emissions as
was the case in EUTarget. In contrast, gross emissions have further decreased significantly and
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Figure 5: Non-fossil fuels balance excluding hydrogen in EU27 in EUSupreme in 2050
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EU Taxonomy

The EU Taxonomy regulation establishes a reporting obligation for large and capital market-
oriented companies on the share of economic activities which are deemed sustainable
(European Commission 2020b). The share of economic activity is defined as the share in
investment or turnover, depending on the type of company. To do so, a catalogue of activities
and technical screening criteria has been defined in subsequent delegated acts. Each activity
must provide a significant contribution to one of six environmental objectives while not harming
any of the other five (climate change mitigation, climate change adaptation, water resources,
circular economy, pollution prevention and biodiversity).

As part of this report, we investigate how the effect of the taxonomy could be modelled. In a
second step, we assess whether the results of the scenarios are aligned with the EU Taxonomy
and more specifically the technical screening criteria it sets out.

Any implementation of the EU Taxonomy in models requires scenarios of the effectiveness of the
EU Taxonomy. These scenarios would at least add an additional variable to the policy mix
currently defining the scenarios of climate change mitigation. The link between cost of capital
and effectiveness of the EU Taxonomy lacks empirical data, which increases the overall
uncertainty of such an approach. Nevertheless, by investigating sensitivities of the cost of capital,
the potential boundaries of the effectiveness of the EU Taxonomy could be evaluated.

The second objective of this report with regards to the EU Taxonomy is to evaluate the
alignment of the scenarios developed in the Pathways project with the EU Taxonomy. Due to the
data availability and model variables of the different sectoral models, such an analysis comes
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2 Modeling approach

2.1 Overall modeling approach

Figure 6: Overview of sectoral models applied in this study
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The analysis focuses on the impacts of policies, strategies and measures on GHG emissions,
energy demand and other sector-specific relevant physical values. Not included in the analysis
are scenario-impacts on costs and resulting monetary investment needs, scenario implications
on energy prices or macro-economic indicators, in particular GDP developments and
employment figures. Such values (monetary values and employment) are mainly out of the
scope of the models applied, where results are available, they are not part of the analysis.

A suite of detailed sectoral models is applied to perform this study. We apply detailed techno-
economic simulation models for the sectors transport (ALADIN) and industry (FORECAST
Industry) including technology costs and energy carrier and CO, prices. The results for buildings
build on the output from three underlying models: LCBE for space heating, cooling and water
heating in residential and non-residential buildings, FORECAST Appliances for appliances as
well as household space cooling and FORECAST Tertiary for appliances and processes in the
tertiary sector. While the models for appliances and the tertiary sector are techno-economic
models, the LCBE model is an accounting model, not taking into account costs, energy carrier or
CO; prices. The energy supply side is modelled with the cost-optimization model Enertile. On
top, the model NetHEAT provides detailed information on the district heating networks.

The energy side of the economy is complemented by models for agriculture (LiSE), land-use,
land-use change and forestry (LULUCF, modelled by FABio-Land) and the waste sector
(Waste_mod) to cover the non-energy related emissions. We also consider emissions from F-
gases by estimations based on other modeling studies. For the target scenarios, further
considerations regarding industrial carbon dioxide removals are added (including
considerations on energy demand and CO, sources) to complete the emission balance. Not
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included are fugitive emissions and leakages from the extraction and transport of fossil or
synthetic fuels as well as from CO, transport and storage. For an overall aggregation, all sectoral
model results are collected and stored in a harmonized format in a database. The approach
behind each model is explained in more detail in section 2.3.

Each model is run to generate results for the EU 27 for the years 2030, 2040 and 2050 for each
of the three scenarios (EUBase, EUTarget, EUSupreme). Most models also generate values for the
historic year 2020 and these are complemented with historic data where this is not the case.1
Most models for energy sectors build on disaggregated data for all 27 Member States that are
aggregated. Where this is not the case, results at least build on groups of Member States. These
groups are model-specific and aggregate countries with similar characteristics and conditions.
Non-energy sectors are modelled at the EU level only. This allows to generate an almost
complete overview of the energy demand and supply as well as the GHG emissions in the EU 27
including sector and country characteristics.

All models use common as well as sector-specific input data. Common input data include - where
relevant - GDP, population, international energy prices and CO, prices. The most important
sector specific-input data are described further in the model descriptions. Values for the
common input data are provided in section 2.4.

To generate consistent scenarios, the models are run in an iterative way. Starting point is the
calculation of energy demand and related GHG emissions for the demand-side sectors (industry,
transport, buildings). In parallel, the non-energy sectors (agriculture, LULUCF and waste) are
calculated to determine GHG emissions and the domestic supply of biogenic non-fossil fuels. The
results are fed into the Enertile model to determine GHG emissions for electricity, heat and
provision of non-biogenic non-fossil fuels and feedstocks. To complete the GHG balance, demand
for technical CDR in 2050 is determined and these requirements fed back into the Enertile
model to account for the related energy demand. Finally, the NetHeat model is used to provide
detailed information on district heating networks.

The interaction of models and the balances of supply and demand make additional iterations
necessary to harmonize results and assumptions such as CO; prices and energy carrier prices.

2.2 Scope of models and official emissions reporting

The modeling includes all 27 EU Member States, partly clustered as in case of the LCE buildings
model or as EU 27 aggregate as in case of non-energy sectors. Results are reported on the EU
level.

Official emissions reporting of the EU and its Member States follows the Common Reporting
Format (CRF) for National Inventory Reporting (NIR) and usually differs from the coverage of
different sector models. Table 1 provides an overview of the NIR emission categories and which
emissions are covered under which model for clarification. Figure 7 below shows NIR emissions
for the year 2020 vs. GHG emissions covered within the models.

A gap of roughly 90 Mt (2% of total net GHG emissions) exists between NIR data for 2020 and
emissions covered by the models (with NIR data being higher) when excluding fugitive
emissions which are not covered by our model suite. A closer look at the sector level shows that
for most sectors differences are between 0 and 5%. More significant differences can only be
found for agriculture (8%), where 2020 data for calibration of the model are taken from a later
submission (NIR 2023) and for product use (11%), where our approach builds mainly on a

! Availability of historic data, characteristics of specific years that may not be representative for later years as well as the time
needed for calibration of models can lead to models not starting with most recent base years.
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different study?. Including fugitive emissions, which are not covered by our model suite,
increases the gap to 160 Mt CO,e or 4% of 2020 NIR data.

Note: the inventory reporting as our modeling approach is based on a reporting of direct
emissions ("scope 1 emissions"), to prevent double counting. It does not necessarily reflect a
polluter-pays principle, e.g. in case of electricity use when emissions are reported under the
supply sector, but the electricity is used in different end uses.

Table 1:
models

Official EU emissions reporting (2020 data from 2022 submission) and scope of

NIR category

1.A.1.a Public electricity and heat
production

1.A.1.b Petroleum refining

1.A.1.c Manufacture of solid fuels
and other energy industries

1.A.2. Manufacturing industries
and construction

1.A.3 Transport

1.A.4.a. Commercial/institutional

1.A.4.b. Residential
1.A.4.c Agriculture/forestry/fishing

1.A.5. Other

1.B. Fugitive emissions from fuels

1.C. CO, Transport and storage

International Bunkers
2.A. Mineral industry

2.B. Chemical industry
2.C. Metal industry

2.D. Non-energy products from
fuels and solvent use

2.E Electronics industry

2.F Product uses as substitutes for
oDS

Model

Enertile

FORECAST Industry

ALADIN

LCBE + FORECAST Appliances +
FORECAST Tertiary

LCBE + FORECAST Appliances
FORECAST Tertiary

FORECAST Tertiary

FORECAST Industry / own
calculations outside the modeling
framework

ALADIN

FORECAST Industry
FORECAST Industry
FORECAST Industry

F-Gas calculations (excl non F-
gases)

F-Gas calculations (excl. non-F-
gases)

F-Gas calculations (excl. non-F-
gases)

Comments

Estimated based on use of oil

Estimated based on use of coal

Not covered within the project

Own estimates for CO,, CH,,
N,Os

Own estimates for CO,, CH,,
N,Os

Own estimates for CO,, CH,,
NzOS

2 Gschrey, Barbara, Behringer, David, Kleinschmidt, Jlia et al. 2022, for further information see section 3.2.1.4
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NIR category

2.G. Other product manufacture
and use

Model

F-Gas calculations (excl. non-F-
gases)

Comments

Own estimates for CO,, CHy,
N,Os

2.H Other F-Gas calculations (excl. non-F- Own estimates for CO,, CH,,
gases) N,Os
3. Total agriculture LiSE
4. Total LULUCF FABio-Land
5. Total Waste Waste_Mod
Figure 7: EU27 GHG Emissions Inventory vs. Emissions modeling
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2.3 Details on sectoral models

The following sections give a general introduction to each of the models applied in this project.
Tables summarizing the technical assumptions underlying the different scenarios in each sector

are given in Annex B.2.

2.3.1 Industry - FORECAST Industry

The model FORECAST Industry is used to calculate scenarios for the industry sector's transition.

Modelling 2020

B Product uses (2.D-H) W Transport
® Agriculture

m Waste

FORECAST Industry is a comprehensive and robust strategic decision support tool, primarily
designed to develop detailed long-term scenarios for energy demand, GHG emissions, and
decarbonization strategies for the industry sector. The model’s ability to explicitly account for
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utility of electrification. The annual electricity demand is then projected based on the calculated
electric performances in both freight and passenger rail transport and assumed efficiency
improvements. The remaining freight and passenger transport performances are covered by
diesel-powered rail transport. Therefore, the model calculates the associated energy demand,
allocating it to fossil fuel and biogenic fuel based on assumed quotas. CO; emissions are
calculated from the resulting fossil fuel demand.

2.3.3 Buildings

As specified above, results for the buildings sector are provided by three distinct models, details
for which are given in the following subsections.

2.3.3.1 Heating and cooling - LCBE

The energy demand for heating and cooling in residential and non-residential buildings is
calculated by means of a stock exchange accounting model (Low-Carbon-Europe, LCBE). Various
drivers such as the rate of newly built buildings, the demolition rate, the renovation rate as well
as energy consumption levels of existing, new and renovated buildings are implemented in the
model and change over time. The Status-quo data on energy carrier distributions in the EU-27
were taken from the EU COM “RES-H under the revised RED” study (Kranzl et al. 2022).

To take account of the broad differences in energy carrier distributions in the various EU 27
countries, we formed six country clusters (see Table 2). The clusters contain countries that share
similar characteristics such as a high share of biomass usage or a broadly developed district
heating infrastructure. The various characteristics were also used to set the 2050 energy carrier
distributions taking into account the historical energy use in each cluster.

Table 2: Cluster definition buildings
Cluster Countries Typical characteristic
North Denmark, Finland, Sweden High shares of district heating systems and
electrical heating, efficient buildings, moderate
space heating demand
Northeast Estonia, Latvia, Lithuania High shares of district heating and biomass
usage, low-efficiency buildings, high space
heating demand
East Bulgaria, Czech Republic, Hungary, | Still some usage of coal, high shares of biomass
Poland, Romania, Slovakia, and gas usage. Low-efficiency buildings
Slovenia
South Croatia, Cyprus, Greece, Italy, High shares of biomass and heating oil usage,
Malta, Portugal, Spain low space heating energy demand
West Belgium, France, Ireland, The High shares of gas and heating oil usage,
Netherlands moderate to high space heating demand, low
district heating shares
Central Austria, Germany, Luxemburg High shares of gas and heating oil usage,

Source: Definitions Oeko-Institut

moderate to high space heating demand,
moderate district heating share

The impact of policy measures on heating and cooling demand can be assessed by changing the
different drivers the model: the energy standards for new and existing buildings can be altered
as can the rate of renovation or the rate at which new buildings are being built.
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» Infrastructure Parameters: Defined by the Ten Year Network Development Plan (TYNDP)
and additional assumptions regarding the electricity grid and hydrogen infrastructure.

» Constraints: These reflect national policies and scenario characteristics.

2.3.5 District heating — NetHEAT

The analyses related to the district heating infrastructure are calculated by the NetHEAT
bottom-up spatial energy simulation model. The model maps renewable heat sources, heat
demand, district heating supply infrastructure, and potentials for new investments. It calculates
costs related to the expansion and operation of district heating infrastructure and derives the
optimal district heating infrastructure associated with different input data and restrictions. By
using a hectare-level resolution for all EU countries, it captures specific local situations
regarding heat demands, street lengths, number of buildings, and specific investment costs
related to the percentage of sealed area.

The input data used by the NetHEAT model is generated by various sources and methods. Table
3 describes the model input data and the sources used. The heat density map relies upon the
results of the LCBE model. The country specific district heating demand is then disaggregated on
a hectare level based on the methodology defined in (Miiller et al. 2019). A filtered subset of the
OpenStreetMap (OSM) data is used to determine the length of the streets used for the
installation of the district heating pipeline. A correlation between the connected buildings and
the street length used for laying the district heating pipe determines the length of the district
heating network within an examined area. Additional to the street length, for each building a
building connection pipeline is calculated. To do so, the number of buildings within an area is
determined by several sources such as OSM, degree of urbanization and population density
raster for the EU. The CORINE Land Cover and Imperviousness Density datasets? provided by
the European Copernicus Land Monitoring Service are used to determine the availability of land
area, its type, and potential cost of infrastructure investments.

Table 3: Overview of the input data and data sources used in the NetHEAT model
Model input Data sources Description
Heat density map LCBE model results LCBE model results for each country disaggregated
Hotmaps on hectare level
Street length map OpenStreetMap Selected subset of roads used for the installation of

the district heating pipeline

Number of buildings OpenStreetMap Number of buildings used to calculate the length of
map Degree of urbanization the building connection pipeline
(Eurostat 2021)

Population density
(European Commission)
Built up area (Copernicus
Land Monitoring Service

2018)
Percentage of sealed CORINE Land Cover The percentage of sealed area is used to define the
area map Impervious density type of urban area (e.g., park area vs. inner city)

3 See https://land.copernicus.eu/en/products/corine-land-cover
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Livestock farming

The livestock module includes all relevant livestock classes and their methane emissions, as well
as direct and indirect nitrous oxide emissions. Initially, the key variable is the livestock
population itself. Key activity variables of the model are: Livestock population sizes, milk yield,
Nitrogen (N) and Volatile solids (VS) excretion rates, methane formation rates for farm manure,
and manure fermentation.

Other important parameters characterize the housing (straw or slurry-based, tethered or free-
range systems) and the manure storage. For the latter, it is specified what proportion is
fermented anaerobically and to what extent the fermentation residue is stored gas-tight. The
effect of covered storage can also be determined for non-fermented manure.

Performance parameters and nitrogen-optimized feeding can also be considered over the entire
scenario period. For enteric digestion and emissions from stables and manure storage, the
specific emission factors of the individual animal groups are updated. Herd management
measures for cows and cattle could be mapped using the ratios of adult to juvenile animals.

Agricultural soils

The nitrogen fertilizer use is determined via the occupancy of the agricultural area with the
various arable crops and grassland use. For this purpose, the fertilizer requirements of the
individual crops are used to calculate total nitrogen demand. From the animal model, the farm
manure produced is determined based on the nitrogen excretion of the individual animal
species. The nitrogen flow via renewable raw materials biogas substrates is included via
external specifications for bioenergy. Depending on the nitrogen demand and the crediting rules
used for organic nitrogen fertilizers, the remaining demand is covered with synthetic nitrogen
fertilizer. The emission factors for the application of farm manure can be changed on a
technology-specific basis over the scenario period under consideration and thus incorporate
changing legal requirements. At the level of nitrogen flows, the overall balance can be shown as a
central environmental indicator in agriculture.

For the determination of direct and indirect nitrous oxide emissions from agricultural land use,
fertilizer application (mineral, animal and plant manure), harvest residues, organic soil
management, sewage sludge application and excrement from pasture farming are taken into
account.

Nitrogen Input in agricultural soils

The development of N,O emissions from fertilization is calculated based on the agricultural area
and the land use of the individual Member States. The nitrogen demand is then calculated in the
LiSE model, which assumes an optimal nitrogen input that covers the nitrogen demand of the
plants. The model also assumes that fertilizer use is targeted, and that surplus farm manure is
exported to arable regions. This is represented in the model by an increase in fertilizer
efficiency. The main steps to calculate the final nitrogen input and the N,0 emissions from
fertilization are summarized in the following table.

Table 4: Overview of calculation of nitrogen input to soils
Category Description
Area The development of agricultural area is based on LULUCF modeling.

This includes information on development of cropland, grassland,
agroforestry and rewetting of organic soils.

Agricultural land use For agricultural land, the use is determined based on assumptions
specific to each scenario. The development of areas for organic farming,
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Category Description

fallow land for biodiversity, and agroforestry systems relies on external
scenario assumptions.

Crop cultivation Starting point is the current cropping mix. Change in crop cultivation is
based on dynamics concerning the feed requirements, the bioenergy

demand, and the demand for plant-based food.

Total nitrogen demand is a result of cultivation area and yield expectation
of single crops. In a second step, N-input from available organic fertilizer
(manure, digestates) and the N-efficiency of the manure as well as mineral
nitrogen soil stock (N-min) and the N-input of the residues and N-fixation of
the previous crop is considered.

Nitrogen demand

Based on the total nitrogen demand and information on N-available
from other sources the total demand for synthetic N-fertilizer is
calculated.

Final N-demand from mineral
fertilizer

Source: Own presentation Oeko-Institut

Data, calibration and uncertainties

The model uses the latest available data from Member States inventories for UNFCCC. In
addition, data from the current statistics (Eurostat etc.) are used as a basis. Likewise, the model
results are compared with the current statistics, e.g. on the demand for animal feed quantities,
land utilization, etc. In this way, errors can be identified and corrected. However, uncertainties
due to small deviations from the statistics remain. The following table provides an overview of
the data sources used as input data for the EU LISE Model. The data sources presented in Table 5
are available on Member States level.

Table 5: Overview of data sources for input data

Category

Agricultural area

Organic farming
data

Agricultural use of
organic soils

Nitrogen input

Manure
Management

Animal stocks

Production of meat
and milk

Data sources

Eurostat database

Eurostat database

UNFCCC inventory
data

UNFCCC inventory
data

UNFCCC inventory
data

UNFCCC inventory
data

EU short term
outlook balance
sheet

Source: Own overview, Oeko-Institut

Data description

Cropland, grassland, legumes and protein crops, fallow land,
low yield permanent grassland

Area for cropland, grassland, permanent crops,
Animal numbers

Area and emission factors for N,O emissions

N-Input for synthetic fertilizer, organic fertilizer, crop
residues, manure left on pastures

Nitrogen excretion rate, share of animals on pasture and
paddocks, share of anaerobic digestion, emission factors for
CH4 and N20

Animal number, emission factors, total emissions

Milk yield, carcass weight,
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2.3.10 Scenario limitations

A number of limitations exist within the scenario modeling. The most important aspects not or
only partly covered are:

» Technical carbon dioxide removals are outside of the system boundaries for this project.
Carbon storage options from LULUCF and industry CCS are included, but considerations on
permanence of those storage options as well as whether industry CCS is coupled with
biogenic emissions are left out. Also DACCS is not modelled. As a result, where technical CDR
is required in addition to natural CDR to meet the defined targets, only the amount of
technical CDR necessary in 2050 can be calculated. The analysis does not provide insights
into the development of technical CDR over time nor on which type of industrial CDR would
be used. The scenario also does not account for energy demand for technical CDR.

» Fugitive emissions from exploitation of fossil fuels, transport of fuels (fossil as well as
synthetic) and carbon dioxide as well as leakages from geological storage of carbon dioxide
are not taken into account

» Petroleum refineries and manufacture of solid fuels and other energy industries (i.e.
inventory categories A.1.b and A.1.c) are not fully modelled within the project as they are
not part of the model suite applied. To not miss out on these emissions in the overall GHG
balance, a rough estimate on their development is included. This estimate is based on
today's emissions from each of the two sectors relative to oil, respectively coal use. Future
emissions are estimated based on the development of total demand for coal and oil
respectively. In the two target scenarios EUTarget and EUSupreme we assume that the basis
for chemical products, which is almost completely fossil today, changes to CCU-based
products (with 30% being replaced by 2030, 70% being replaced by 2040 and 100% being
replaced by 2050). Efficiency gains or other mitigation activities in that sector are not
considered.

2.4 General modeling assumptions

General assumptions regarding population and GDP development were taken from PRIMES
Reference scenario 2020.

International energy prices are used consistently in EUBase and EUTarget (adopted from
Politikszenarien XI (UBA 2022)), but adjusted in EUSupreme to better reflect the scenario
narrative (based on the Net Zero Emissions scenario of the World Energy Outlook 2022). The
price of hydrogen is reduced in EUSupreme relative to EUBase. This reduction is based on the
assumption that hydrogen will become less expensive due to a global uptake of hydrogen paired
with high efficiency standards and strong sufficiency measures around the world.

The EU ETS1, 2 and ESR are not implemented here as quantity-based policies. In line with other
modeling exercises, a CO, price is used to model the impact of those policies. In turn, EU ETS 1, 2
and ESR do not necessarily meet their interim targets.

The CO, price is not constant across the scenarios but given exogenously in case of EUBase (also
adopted from Politikszenarien IX) and EUSupreme (adopted from a sister project (CARE)). In
case of EUTarget, the CO, price serves as a variable in the models to reach the target and is
therefore not given exogenously. It is determined via iterative model runs with the different
sector models and finally harmonized at a level sufficient to reach the overall target of GHG-
neutrality by 2050.

CO; prices on both markets in all scenarios are increasing over time. Lowest CO, prices are
implemented in the EUBase scenario increasing from €24.7/t CO, to €161.1/t CO; in the EU
62



CLIMATE CHANGE Pathways to an EU in 2050 with net-zero GHG-emissions — Final Report

ETS 1 and from €95/t in 2030 to €216/t CO, in 2050 in the ETS 2. Significantly higher prices are
implemented in the EUSupreme, where the CO, price in the ETS 1 increases from €24.7 /t CO; in
2020 to €320/t CO, in 2050. In the ETS 2, it increases from €220/t CO, in 2030 to €320/t CO; in
2050. Highest CO, prices are determined and implemented in the EUTarget scenario. ETS 1
prices increase from €24.7 /t CO, in 2020 to €390/t CO, in 2050, 20% higher than in the
EUSupreme scenario. In the ETS 2 market, prices start at €300/t in 2030 and increase to €500/t
C0, in 2050, 56% up compared to the EUSupreme scenario. Differences in CO, prices in the two
target scenarios are difficult to interpret. They are mainly an indicator of the CO, price as a
policy complementary to other policies also implemented. In case of the EUSupreme scenario,
additional behavioural measures are implemented allowing for a lower CO; price, whereas the
EUTarget scenario does not implement those behavioural measures. Hence, the CO, price and
other measures need to develop a stronger impact on GHG emissions.

Main variables are summarized in Table 6. More details on and numbers for these and other
overarching assumptions are given in Annex B.

Table 6: Main assumptions macro-economic drivers, CO, prices and hydrogen prices
Variable Scenario 2020 2030 2040 2050
GDP [bn€15] All scenarios 12.272 14.814 16.898 19.466
Population [m] All scenarios 447.67 449.12 446.75 441.22
CO, price EU ETS 1 [€15 per t]
EUBase 24.7 108.8 141.3 161.1
EUTarget 24.7 110 340 390
EUSupreme 24.7 120 220 320
CO, price ETS 2 [€15 per t]
EUBase - 95 171 216
EUTarget - 300 340 500
EUSupreme --- 220 270 320
Hydrogen [€19 per MWAh]
EUBase, EUTarget 207.7 100.3 82.4 64.5
EUSupreme 297.7 95.3 74.4 55.3
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time, the EUBase scenario is not modelled as a classical current policies scenario, as it includes
policies from the Fit-for-55 package and the REPower Package that are still in negotiation as
well as targets and policies from the NECPs that may lack full implementation.

3.1.1.2 GHG balance

The following figures illustrate the GHG balance across all sectors within the European Union.
For context, historical emissions data from 2020, as reported by the EEA, are also included.
Emissions from all sectors including EU-related international aviation (marked as “outside of the
official NDC”) and maritime transport occurring outside the EU are fully accounted for?, along
with emissions related to carbon storage in the LULUCF sector and CCS in subsequent years.
However, fugitive emissions resulting from the extraction and transportation of fossil fuels and
synthetic fuels, as well as CO, leakage during the transport and storage of CO,, are not included
in this analysis (see section 2.2).

Figure 8 depicts the trajectory of modelled absolute GHG emissions from 2020 to 2050. The
following discussion of GHG results focuses on total emissions excluding international aviation
as it is not officially part of the EU’s NDC.

Figure 8: Total GHG emissions for EU 27 in EUBase
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First number in box relates to total generated GHG emissions excl. int. aviation, number in brackets relates to net GHG
emissions excl. int. aviation

Product use 2d-h contains data reported in categories 2D-H in international GHG inventories, categories 2A-C are reported
under industry process

9 Inconsistencies exist between the accounting of maritime emissions in the national inventory and the inclusion of international
maritime emissions under the EU ETS. Values for this report build on the accounting under the national inventory for the UNFCCC.
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CCS and relevant CO, transport infrastructure as well as slow developments in the heating
sector in the past regarding both, renovation rates and levels as well as the uptake of renewable
heat sources are key factors for these settings. Timely and ambitious mitigation efforts in the
waste sector are crucial to reduce remaining emissions by 2050, especially considering the long
lifespan of emissions from landfilling waste. The chosen scenario setting and its results reflect
the lack of current policy activity.

Visualization of zero-rated emissions from biomass and synthetic fuels shows two things: first,
some sectors, in particular the buildings sector but also to lesser degrees industry and transport,
emit significantly more CO; than visible in the inventory data today due to the zero-rating of
biomass in biomass using sectors. For buildings, biogenic emissions today are more than 1/3 of
accounted emissions. Second, significant zero-rated emissions remain for the sectors buildings,
industry and international transport as those sectors continue to burn carbon containing fuels.

Figure 9: Flowchart of GHG emissions in EUBase for EU27 in 2020 (Mt CO.e)
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Figure 10: Flowchart of GHG emissions in EUBase for EU27 in 2050 (Mt CO.e)
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3.1.1.3 ETS, ESR and LULUCF emissions

The overarching EU target of 55% reduction in GHG emissions by 2030, compared to 1990, is
split: between those sectors governed by the EU ETS (EU Emissions Trading System; most of
industry, electricity and centralized heat generation, refining, EU internal aviation and
maritime), the LULUCF sector, which has its own target of 310 Mt CO;e sink capacity in 2030 and
remaining sectors governed by the Effort Sharing Regulation (in particular buildings, transport
and industry not covered by the EU ETS)'2.

This sectoral split and the corresponding emission reductions are shown in Figure 11. The 2030
ESR target value of a 40% reduction below 2005 levels is translated into 1,494 Mt CO,e based on
(EEA 2023a). The ETS sectors are associated with a target of 62% reduction relative to 2005.
This is translated into a value of 774 Mt CO; in 2030 for ETS sectors (EEA 2024). In case of the
ESR, questions related to the split between countries cannot be discussed within the scope of
this project.

Based on our modeling, all three targets for the ETS, ESR and the LULUCF sector for 2030 are
missed in the EUBase scenario. For the EU ETS, emissions are about 82 Mt CO;e higher than the
target value, translating into a reduction of 58% below 2005 levels; despite strong emission
reductions in the supply sector For the ESR sectors, emissions are about 66 Mt CO,e higher than
the target value, translating into a reduction of 37% below 2005 levels. In particular the

12 International aviation, covered by the overall target of 55% reduction, is not covered by the ETS or the ESR regulation. LULUCF has
its own target. Therefore, the target values of ETS and ESR sectors do not add up to the total value.
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buildings and agriculture sectors show high remaining emissions, while the transport sector
shows strong reductions. For the LULUCF sector, the target is being missed by 57 Mt COe due to
continuing high emissions from organic soils and an insufficient enhancement of sinks, e.g.
through forests.

For 2040, emissions in the ETS sectors reach 546 Mt CO,e, corresponding to a reduction of 73%
below 2005 levels. That is, compared to a reduction to close to zero as currently implemented
under the ETS Directive, there is a significant reduction gap in this scenario. For ESR sectors,
remaining emissions in 2040 amount to 961 Mt CO,e, a reduction of 61% compared to 2005
levels. By 2050 the reduction increases to 83% below 2005 levels for the ETS sectors and 69%
below 2005 levels for the ESR sectors. Consequently, in both sectors, the remaining emission
levels are significant. At the same time, carbon storage in the LULUCF sector does not even reach
the 2030 target level of -310 Mt CO,e by 2050. Hence, storage capacities are far off from being
able to compensate for remaining emission levels in the ETS and ESR sectors in this scenario.

Figure 11: Emissions of EU 27 in EUBase scenario allocated to ETS, ESR and LULUCF sectors
with corresponding 2030 target
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3.1.1.4 Energy demand and supply

The results on final energy demand are illustrated in Figure 12. In contrast to the GHG figures,
this and all following discussions on energy carriers cover all sectors including international
aviation, following the accounting logic of energy balances. The figures also include demand for
feedstocks.

Total demand for final energy decreases by 26% over the modeling period from 12.7 PWh in
2020 to 9.3 PWh in 2050. Contributions from the different sectors vary significantly. Energy
demand from industry decreases by 6% (3.97 PWh in 2020 to 3.75 PWh in 2050) due to
efficiency improvements, the adoption of advanced technologies, and a slight decrease in
primary production volume compared to 2018 levels. Energy demand from buildings decreases
by 18% in the EUBase scenario (4.81 PWh in 2020 to 3.92 PWh in 2050), primarily driven by a

71



CLIMATE CHANGE Pathways to an EU in 2050 with net-zero GHG-emissions — Final Report

reduction in energy demand for space heating. Additionally, energy demand in the aggregated
transport sector!® drops by 57% from 3.88 PWh in 2020 to 1.66 PWh in 2050. The increase in
energy efficiency is mainly achieved through the electrification of road transport for passenger
cars as well as for heavy-duty vehicles and buses.

In total, the energy demand decreases by 9% in 2030 compared to 2020. The EU27 target of
8,626 TWh final energy demand in 2030 (11.7% reduction compared to the reference value)!4, is
not achieved in the EUBase scenario, where energy demand from the different sectors sums up
to 11,456 TWh in 2030.

Figure 12: Final energy demand for the different end-use sectors for EU 27 in EUBase
12657
12000 11455

s 9905

£ 10000 9330

©

c

£

£ 8000

-

>

o

Q 6000

w

s

2 4000

™~

o

o)

“ 2000

0
2020 2030 2040 2050
Year

BN Industry energy I Buildings X  EU target
H Transport I [nternational aviation

Source: own calculations Fraunhofer ISI, Oeko-Institut

Figure 13 shows the development of energy carriers in the EUBase scenario for the EU27. We
consider non-fossil fuels such as biofuels, synthetic fuels and hydrogen to be fully renewable.
For hydrogen produced locally within the EU - as is the case in this scenario - corresponding
demand for renewable electricity is integrated in the modeling. For import hydrogen - occurring
in the target scenarios - this is an assumption for the imported hydrogen to be renewables-
based. Biomass from within the EU is accounted for in the LULUCF sector. Imported biomass is
assumed to be sustainable.

In the EUBase scenario, renewables are projected to reach a share of 35% in final energy
demand by 2030, up from 19.2% in 2020. However, this 2030 value falls short of the EU target of

13 a separate assessment for international transport and the remaining transport sub-sectors was not possible due to special effects
in the aviation sector in 2020

14 Target value has been calculated from 2020 PRIMES reference scenario for 2030 (840011 ktoe), applying a percentage reduction
of 11.7%.

15 Non-renewable hydrogen as produced and used today in the industry sector is reported as natural gas in the industry sector. It is
not part of the category hydrogen

72



CLIMATE CHANGE Pathways to an EU in 2050 with net-zero GHG-emissions — Final Report

42.5% outlined in the Fit-for-55 package. It is important to note that these values cannot be
directly compared, as the target employs statistical accounting methods that are not mirrored in
the demand and supply figures from our modeling.'® These statistical differences typically inflate
the share of renewable energy in the reported values, thereby bringing the EUBase scenario
closer to the target value in nominal terms.

By 2040, the share increases to 54.7% and reaches 64% by 2050. Remaining fossil fuels in 2050
are small amounts of coal in industry, oil use partly in industry with larger amounts in buildings
and international transport and natural gas use in industry and buildings. For electricity and
centralized heat generation nuclear energy and waste remain as non-renewable fuels in the
system.

Figure 13: Shares of energy sources in final energy demand for EU27 in EUBase
100% 100%
80% —— e - 80%
— 64,0%
)
-E 60% 60% g
m
E o
< 2
[}
% 40% 40% &
=
w
19,2%
20% 20%
0% 0%
2020 2030 2040 2050
Years

mm RE Electricity mm RE Heat mmm Solar thermal mm Biomass

mmmm Non-fossil fuels . Coal Ol Natural gas

mm Other fossil m Waste non-biogenic Non-RE Electricity Non-RE Heat

C—RE share =g=7030 RE target

Note: Electricity and heat are split into renewable and non-renewable shares based on generation.
Source: own calculations Fraunhofer ISI, Oeko-Institut

The share of renewable energy in electricity is an essential prerequisite for assessing the overall
share of renewable energy (see Figure 14).17 Starting from a share of 38.8% in 2020, the
modelled system reaches a share of 71.4% in 2030 and 85.3% in 2050. By 2050, electricity
generation relies entirely on renewable energy sources, except for nuclear power plants. Coal is
almost entirely phased out from electricity generation already by 2030. While the share of

16 E.g., the renewable energy directive sets out certain multipliers for the use of biofuels and for the use of electricity in certain
transport modes.

17 This is equally true for district heating (as a final energy carrier consumed by the energy demand sectors, not generated within
these sectors). For readability, we limit ourselves to electricity here. The renewable energy share for centralized heat generation
reached in the EUBase scenario for the EU27 is 29.7%, 64.8%, 76.3% and 94.6% for the years 2020, 2030, 2040 and 2050,
respectively. This is not to be confused with thew RE share in heating, which is a combination of district heating and heating and
cooling demand in the buildings sector.
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natural gas is being more than halved between 2030 and 2040 and less than one quarter
compared to 2020, small amounts of natural gas are still used in 2040. Those amounts are
completely replaced by renewable energy sources and nuclear by 2050.

It is important to note that these values cannot be directly compared to Eurostat statistics, as
those statistics employ a slightly different metric (comparing generated renewable electricity to
consumed electricity) and average over recent years for specific technologies. Nevertheless, we
utilize these values as input for determining the overall share of renewable energy, which will be
discussed in the following sections.

Figure 14: Energy sources for electricity generation (% of total generation) in EUBase
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3.1.1.5 Non-fossil fuels balance

To decarbonize the energy system, non-fossil fuels, such as hydrogen, synthetic fuels and
biomass, will play a significant role in future energy supply. We first examine the sum of non-
fossil fuels and then discuss hydrogen separately. As before, energy demand includes the
demand from international bunkers and feedstocks. Hydrogen and non-fossil fuels are assumed
to be produced sustainably from renewable sources.

From a technical perspectives, synthetic fuels and biofuels can be substitutable in most
applications. To take into account this substitutability, we define two groups: liquid non-fossil
fuels including liquid biofuels as well as liquid syn-fuels and gaseous non-fossil fuels including
gaseous biofuels and gaseous syn-fuels except for hydrogen demand from industry and
electricity. Hydrogen demand from industry and electricity needs to be hydrogen and is not
easily substitutable with alternative gaseous non-fossil fuels. Solid biomass remains separate.
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Figure 15 shows the demand for solid biomass and other non-fossil fuels except hydrogen in the
EUBase scenario. The total amount of non-fossil fuels and feedstocks increases from 1,485 TWh
in 2020 to 1,555 TWh in 2030 and further rises to 1,575 TWh in 2050. Demand peaks in 2040
with 1,680 TWh. The amount of non-fossil fuels (liquid or gaseous) increases from 379 TWh in
2020 to 730 TWh in 2050. This demand mainly originates from the transport sector, where non-
fossil fuels are required to meet the RED Il requirements and demand particularly arises from
international bunkers. In contrast, the amount of solid biomass decreases from 1,106 TWh in
2020 to only 845 TWh in 2050. This is a result from limited availability of solid biomass. In early
years, the demand is met by imports. In later years, demand for biomass decreases in demand
sectors. This decrease is an effect of the assumption that only domestic biomass shall be used to
include effects on the LULUCF sector and increase the probability that the biomass is
sustainable.'® The supply sector is only allowed to use excess biomass in later years. The amount
of excess biomass is determined as difference between supply of solid biomass and demand.
This results in a significant decline in the use of biomass in electricity and heat generation over
time as we see strong imports of solid biomass in earlier years. Hydrogen, nuclear and additional
renewable capacities replace the biomass. In total, the share of solid biomass decreases from
74% in 2020 to 54% in 2050, while the absolute amount declines by 24% over the same period.

Figure 15: Demand for non-fossil fuels (excl. hydrogen for industry, feedstocks and electricity
and heat generation) for the EU27 in EUBase
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Figure 16 shows the distribution of energy supply and demand in a flowchart for the EUBase
scenario. This format facilitates the analysis of sources, the transition away from bio-based
energy sources to alternative non-fossil fuels and demand sectors. The sources are presented in
terms of final energy, eliminating the need to account for losses in the figures. Note that these
flows represent only bioenergy and non-fossil fuels, the overall energy demand is higher. As
before, non-fossil fuels liquid or gaseous can be sourced from biogenic sources as well as be
synthetic using atmospheric carbon.

18 Sustainability of biomass is a highly complex topic and was not looked at in detail in this study. However, the developments in the
LULUCEF sector are modelled in a way to allow for a certain amount of biomass to be used for energetic purposes despite an
increasing forest sink and effects from the harvest of domestic biomass on the LULUCF sink are fully accounted for.
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Figure 16: Flowchart of non-fossil fuels (excl. hydrogen demand from supply and industry) for
the EU 27 for EUBase for 2020 (in TWh)
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Figure 17: Flowchart of non-fossil fuels (excl. hydrogen demand from supply and industry) for
the EU 27 for EUBase for 2050 (in TWh)
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The main sectors utilizing solid biomass are the industry and buildings, with some use for
electricity and heat supply. Demand from the buildings sector decreases over time from 554
TWh in 2020 to 438 TWh in 2050. In contrast, demand from industry increases slightly from 254
TWh in 2020 to 306 TWh in 2040 before declining again to nearly 2020 levels at 268 TWh in
2050. Use of solid biomass electricity and centralized heat production drops from 298 TWh in
2020 to 160 TWh in 2050. Currently, the supply with domestic solid biomass cannot meet
demand, this situation is projected to persist for years to come driven by the assumption that
biomass use for energy continues to be subsidized and promoted in EU Member States. Over
time, demand for solid biomass decreases, in both, the buildings sector but, in particular, in the
electricity and heat sector. This leads to a small, expected surplus by 2050. This development is
driven by a strong restriction of biomass use in the electricity and heat sector to reduce use of
biomass in that sector to the amount available domestically. This surplus could be exported or,
depending on the source, potentially used in construction or as carbon for the production of
carbon-containing synthetic fuels.

The balance of non-fossil fuels other than solid biomass is dominated by the demand from
international bunkers, with smaller amounts also going to other modes of transport. During the
interim period from 2020 to 2030, demand for liquid non-fossil fuels increases due to CO,
regulations in road transport, but it declines after 2030 as a result of further electrification. The
type of non-fossil fuel utilized is heavily influenced by the sector in which it is applied, as well as
the availability and cost developments. At the moment, it is challenging to predict which specific
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The amount of renewable electricity required for this hydrogen production is reported in
section 3.2.4. For hydrogen imports, hydrogen is assumed to be no-carbon hydrogen.

Figure 18: Hydrogen demand and generation in the EUBase scenario for the EU 27
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3.1.1.6 Carbon demand and technical CDR

The demand for carbon in sectors such as industry and production of energy carriers,
particularly carbon-containing non-fossil fuels, necessitates specific supplies of carbon to meet
those needs. The EUBase scenario shows - under the specific assumptions for the build-up of
synthetic fuels production infrastructure in the EU, see also section 3.2.4 - no production of
synthetic fuels in the EU'. As demand for non-fossil fuels is increasing over time, so are imports
of non-fossil fuels.

Table 7 shows the origin of liquid and gaseous non-fossil fuels and their carbon content. Non-
fossil fuels contain bio-based as well as synthetic fuels. Domestic production of liquid and
gaseous non-fossil fuels decreases over time (only bio-based fuels) from 390 TWh in 2030 to
172 TWh in 2050. In contrast, the imports of liquid and gaseous non-fossil fuels increase
significantly from 32 TWh in 2030 to 558 TWh in 2050.

To estimate the carbon content of liquid and gaseous non-fossil fuels, we assume that liquid non-
fossil fuels in the transport sector are kerosene and gaseous non-fossil fuels in industry and the
supply sector has an equivalent structure to natural gas. Gaseous non-fossil fuels going into the
transport sector is assumed to be hydrogen. Please note, that hydrogen demand from the supply
sector is not included in the demand for gaseous non-fossil fuels. Based on those assumptions,

19 There is no demand for green naphtha in EUBase
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the carbon content of liquid and gaseous non-fossil fuels excl. hydrogen is increasing over time
from 107 Mt CO,in 2030 to 196 Mt CO, in 2050. This increase is particularly driven by the
demand for liquid non-fossil fuels from the transport sector, while demand for gaseous non-

fossil fuels in the supply sector is decreasing over time.

In the context of basic chemicals, a limited amount of production processes is changed to
MTO/MTA. Here, naphtha as input is replaced by electricity and CO,. The resulting amount of
carbon required in the EUBase scenario amounts to 3 Mt CO, in 2040 and 9 Mt CO, in 2050. For
the resulting products to be carbon-neutral, this carbon needs to be sourced from the
atmosphere or from sustainable biomass. In case of capture from air (direct air capture - DAC),
the additional energy demand would amount to 1,37 TWh electricity in 2040 and 4,14 TWh
electricity in 2050. The heat demand amounts to 5,5 TWh in 2040 and 16,7 TWh in 2050.
Although the heat and electricity demand are not taken into account in the calculations for the
supply sector, the amounts are minor compared to total electricity and heat demand?’. Demand
could also be met with recycled CO, which is already accounted for in other sectors (or
accounting could be shifted) without altering the overall outcome on GHG emissions.

As EUBase is no classical target scenario, no demand for technical CDR arises from the target
setting. Small amounts of BECCS may arise from the use of CCS technology in the cement and
lime industry in combination with the use of biomass as energy carrier. However, this regards
the smaller amount of the - already low - amount of CCS in industry and is not analysed within
the scenario or identified in the presented figures.

Table 7: Overview of carbon demand and technical CDR

2030 2040 2050
Non-fossil fuels gaseous and liquid — domestic 390 310
production [TWh]
Non-fossil fuels gaseous and liquid — imports [TWh] | 32 370 558
Non-fossil fuels gaseous and liquid imports — 107 178 196
carbon content [Mt CO,]
Demand for CO, from domestic chemical sector 0 2.98 9.0
[Mt CO,]
Technical CDR [Mt CO,] - — —
Total CO, demand (domestic and imports) 107 181 205
Electricity demand for DAC [TWh] 49.5 83.7 94.9
- For domestic demand 0 1.4 4.2
- Contained in imports 49.5 82.3 90.7
Heat demand for DAC [TWh] 198 334.9 379.3
- For domestic demand 0 5.6 16.7
- Contained in import 198 329.3 362.6

20 Total electricity demand amounts to 2771 TWH in 2030, 3427 TWh in 2040 and 3690 TWh in 2050. Space heating demand in
buildings amounts to 2695 TWh in 2030, 2454 TWh in 2040 and 2160 TWh in 2050. Additional demand for heat is coming from

industry for processes.
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are fully included, as well as emission storage in the LULUCF sector and CCS in later years for the
EUTarget Scenario. As before, fugitive emissions from extraction and transport of fossil fuels are
not included, nor are fugitive emissions or leakages associated with the transport of novel fuels
or the transport or injection of carbon into geological formations.

Figure 19: Total GHG emissions in three modelled scenarios for key target years for EU27
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Figure 19 depicts the development of absolute GHG emissions from 2020 to 2050. As
anticipated, net emissions decrease significantly more in the two target scenarios compared to
the EUBase scenario. This effect is more pronounced in later years and is notably stronger in the
EUSupreme scenario than in the EUTarget scenario. By 2030, net emissions in the EUTarget
scenario reach 1,841 Mt CO,e, about 323 Mt lower than in the EUBase scenario. The EUSupreme
scenario further reduces emissions to around 1,608 Mt CO,e a decrease of an additional 233 Mt
CO,e compared to the EUTarget scenario. By 2040, the EUTarget scenario achieves a level of 625
Mt COe, 606 Mt CO,e lower than the EUBase scenario. In contrast, the EUSupreme scenario
reaches a level of 412 Mt COe, resulting in an additional reduction of 213 Mt CO,e compared to
the EUTarget scenario. By 2050, the gap in emissions between EUBase and EUTarget scenario
widens to 816 Mt CO,e, with the EUTarget scenario reaching net-zero emissions with the help of
natural and technical CDR. The amount of technical CDR needed is small with 28 Mt CO,. The
EUSupreme scenario, however, reaches levels of -130 Mt CO, by 2050 in the absence of technical
CDR. Notably, the gap in net emissions between the two target scenarios is smaller compared to
2030 and 2040, not only due to the introduction of technical CDR. One effect triggering this
result is the nearly complete phase-out of fossil fuels in both, the buildings and transport sector,
in both scenarios. Another effect is the role of CCS in the EUTarget scenario over time, which
generates additional emission reductions by 2050 in the order of 100 Mt CO, compared to the

82



CLIMATE CHANGE Pathways to an EU in 2050 with net-zero GHG-emissions — Final Report

Figure 20: Flowchart of GHG emissions in EUTarget in 2050
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Figure 21: Flowchart of GHG emissions in EUSupreme in 2050
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3.1.2.3 ETS, ESR and LULUCF emissions

Figure 22 shows the development of ETS emissions in the different scenarios. In contrast to the
EUBase scenario where the 2030 target®* was missed by 82 Mt CO,e, the target is being met in
both target scenarios. In the EUTarget scenario, emissions in the ETS sector reach 760 Mt CO,e, a
reduction of 63% below 2005 levels. In the EUSupreme scenario the level reached is even
slightly lower with 755 Mt CO,e, again a reduction of 63% below 2005 levels. However, while
our figures indicate that the target could be met, there is no clear over-fulfilment of the 2030
targets.

For 2040, emissions in the ETS sectors decrease further to 348 and 345 Mt CO;e in the EUTarget
and EUSupreme scenario (corresponding to a reduction of 83% below 2005 levels). Although
this is a significant further reduction in emissions, it is still far from reaching zero emissions
under the ETS as is required by the current linear reduction factor and cap development. By
2050 remaining emissions in the ETS sectors reach 71 Mt COe in the EUTarget scenario and 156
Mt CO,e in the EUSupreme scenario. The lower emission levels in the EUTarget scenario are a
result of the use of CCS in both, the industry and the supply sector (waste incineration). Total
emission reductions by CCS amount to 63 Mt COe in 2040 in the EUTarget scenario and 106 Mt
CO,e in 2050.

243 reduction of 62% below 2005 levels or an absolute emissions level of 774 Mt CO,e
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Figure 22: Development of ETS emissions in scenarios
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Similar to ETS sectors, ESR sectors show higher emission reductions in the target scenarios
compared to the EUBase scenario. By 2030, both target scenarios meet the 2030 target - a
reduction of 40% below 2005 levels or an absolute emissions level of 1,494 Mt CO,e. With an
absolute emission level of 1,394 Mt CO,e (44% reduction below 2005 levels) already the
EUTarget scenario clearly meets the target. With even lower emission levels of 1,211 Mt COe
(51% reduction below 2005 levels) the over-fulfilment of the target in the EUSupreme scenario
is even stronger. In particular, the ambitious emission reduction measures in the buildings and
transport sector allow for this development.

Further emission reductions are being realized by 2040 and 2050 in the two target scenarios. By
2040, reductions reach 74 and 80% below 2005 levels, respectively. While emissions within the
buildings and transport sector as well as the industry are close to zero in 2050, the remaining
emissions stem in particular from the agriculture and the waste sector. Emission reductions in
the ESR sectors reach 85% in the EUTarget scenario and 91% in the EUSupreme scenario.
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Figure 23: Development of ESR emissions in scenarios
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To cover for the remaining emissions in both, the ETS and the ESR sectors, LULUCF and, partly,
technical CDR play an important role. In the LULUCF sector, similar to ETS and ESR, targets exist
for 2030. As Figure 24 shows, the LULUCF sink in both target scenarios is significantly larger
compared to the EUBase scenario, in 2030. As a result, the target of reaching net-negative
emissions of 310 Mt CO, by 2030 is met in both target scenarios. In the EUTarget scenario, the
sink reaches 313 Mt CO,, in the EUSupreme, it is slightly higher with 325 Mt CO,. Until 2040 and
2050 this trend continues, allowing to reach a net-sink of 414 Mt CO, in the EUTarget scenario
and even 499 Mt CO; in the EUSupreme scenario, both by 2050. While this sink is sufficient to
reach the overall target of GHG-neutrality by 2050 in the EUSupreme scenario, it is not sufficient
to cover for all remaining emissions in the EUTarget scenario. As a result, to close the gap and
meet the 2050 target, the EUTarget scenario requires additional carbon dioxide removals in the
order of 28 Mt CO,. Hence, the total sink of LULUCF and technical CDR adds up to 442 Mt CO,.
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Figure 24: Natural and technical CDR in scenarios
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3.1.2.4 Energy demand and supply

The development of final energy demand by sectors in the target scenarios is illustrated in the
following Figure 25. Both target scenarios demonstrate a significantly strong decrease in final
energy demand, particularly pronounced in later years. In 2030, the additional decrease in final
energy demand?> amounts to 167 TWh in the EUTarget scenario and 492 TWh in the EUSupreme
scenario. That corresponds with an additional 2% (EUTarget) and 4% (EUSupreme) reduction
below 2020). By 2040, absolute savings reach an additional 469 TWh (EUTarget) and 1.099
TWh (EUSupreme). That equals an additional 3% and 8% compared to 2020. By 2050, final
energy demand in the EUTarget scenario is about 851 TWh lower than in the EUBase scenario,
representing about 7% lower demand. In the EUSupreme scenario this difference increases to
1858 TWh. Compared to the EUBase scenario, where final energy demand in 2050 was reduced
by 26% it is now 41% below 2020 levels.

The most significant contributions to the additional reduction in final energy demand come from
the buildings sector. By 2050, final energy demand in the EUTarget scenario is 851 TWh lower
than demand in the EUBase scenario for that year: 8,479 TWh in EUTarget compared to 9,330
TWh in EUBase This difference is even more pronounced in the EUSupreme scenario, where
final energy demand in the buildings sector in 2050 is 7,473 TWh. This is a result from a reduced
energy demand for space heating driven by increasing renovation rates and standards, and in
case of the EUSupreme scenario also sufficiency measures. Moreover, energy demand for
electrical appliances in the buildings sector decreases slightly, however there is also a slight
increase in energy demand for hot water, space cooling and ventilation. For the industry sector,
the more pronounced role of CCS in the EUTarget scenario even results in a slight increase in
final energy demand in 2040 and 2050 compared to the EUBase scenario. In the transport
sector, final energy demand is only slightly reduced in the EUTarget scenario relative to the

%5 Final energy demand in 2030 amounts to 11,455 TWh in EUBase, 11,288 TWh in EUTarget and 10,964 TWh in EUSupreme
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EUBase scenario, but significantly lower in the EUSupreme scenario due to reductions in traffic
volume.

Despite the higher decline in final energy demand in the two target scenarios compared to the
EUBase scenario, the energy efficiency target of 8,626 TWh for final energy demand in 2030 is
not met in either target scenario.

Two effects are evident when looking at the mix of energy carriers in the system: the phase out
of fossil fuels is more pronounced in the two target scenarios compared to the EUBase scenario,
and the share of non-fossil fuels increases significantly. The first effect is particularly strong in
the target scenarios, primarily due to a more significant phase out of fossil-fuels in the buildings
sector of the target scenarios resulting from the increased use of heat-pumps and district
heating for space heating compared to the EUBase scenario. However, this effect is somewhat
mitigated by the sufficiency assumptions in the EUSupreme scenario.

Limited differences can be observed in the final demand for electricity, indicating that the
substantial increase in electricity demand from various sectors remains consistent across
different overall ambition levels. This is a combined effect of a slight decrease in electricity
demand from the buildings sector (excluding heat pumps), which is more than offset by the
increase in final electricity demand from the transport sector (in all scenarios) and a significant
rise in final electricity demand from industry. The latter is notably high in all three scenarios,
with particularly pronounced increases in the two target scenarios.

Figure 25: Final energy demand by sectors for EU 27 in three modelled scenarios
— 12657
| 11455
12000 11288 10964

]
£, 10000
<
[1+]
E 8000 7473 __|
Q
T
&
o 6000
w
=
2 4000
M~
o~
o)
“ 2000

0

EU EU- EU- EU- EU- EU- EU- EU- EU- EU-
Base Target Supreme Base Target Supreme Base Target Supreme

2020 2030 2040 2050
Scenario and Year

BN Industry energy I Buildings X  EU target
B Transport I nternational aviation

Source: own calculations Fraunhofer ISI, Oeko-Institut

Figure 26 depicts the share of renewable energy in the two target scenarios with non-fossil fuels
assumed to be fully renewable.
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The differences of the target scenarios compared to the EUBase scenario are substantial in 2050,
with 90.6% (EUTarget) and 94.9% (EUSupreme) versus 64% in the EUBase scenario. By 2030,
the values in the target scenarios exceed the EU target of 42.5%. By 2040, the values in the two
target scenarios are already higher than those in the EUBase scenario by 2050.

Figure 26: Shares of energy sources in final energy demand for EU27 in three modelled
scenarios
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Figure 27 shows the share of renewable sources for electricity generation. Differences to the
EUBase scenario are small. In the EUTarget scenario a strong increase in electricity demand and
demand for non-fossil fuels and an already strained electricity system in the EUBase scenario
prevent affect the renewable electricity shares. Nevertheless, in 2030 and 2040 RES shares are
higher in the EUTarget scenario compared to EUBase the same in the two scenarios. In 2030 by
10 percentage points, in 2040 still by 5 percentage points. In 2050, the RES share in EUTarget is
only 1 percentage point compared to EUBase. Remaining electricity is provided by nuclear
power in 2050, which has a share of 15 percent in EUBase and 14% in EUTarget.

The lower electricity demand in the EUSupreme scenario as well as stricter restrictions on the
development of nuclear help to increase the RES share. The effects are limited in 2030 and 2040,
where shares are almost the same in EUTarget and EUSupreme. An effect can be found in 2050,
where the RES share reaches 92% in EUSupreme, an additional 6 percentage points compared to
EUTarget. In turn, the share of nuclear in 2050 in the EUSupreme scenario is only 8% compared
to 14% in the EUTarget scenario.
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Figure 27: Energy sources for electricity generation (% of total generation) in target scenarios
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3.1.2.5 Non-fossil fuels balance

Figure 28 illustrates the demand for solid biomass and other non-fossil fuels across all three
scenarios. In the EUTarget scenario, demand for non-fossil fuels increases further compared to
the EUBase scenario, primarily due to demand from industry and transport. By 2050, demand
for non-fossil fuels in the EUTarget scenario is approximately 740 TWh higher than in the
EUBase scenario, representing a 56% increase compared to 2020.

Similarly, the EUSupreme scenario shows higher demand for non-fossil fuels compared to the
EUBase scenario by 2040 and 2050. The sufficiency and efficiency assumptions in this scenario,
however, limit the increase in demand. Overall, demand for non-fossil fuels in 2050 is roughly
340 TWh higher than in the EUBase scenario, but also 400 TWh lower than in the EUTarget

scenario.
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Figure 28: Demand for non-fossil fuels for energy use and feedstocks (excl. hydrogen for
industry, feedstocks and electricity and heat generation) for the EU27
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EUSupreme with 144 TWh compared to 172 TWh in EUBase, but the difference is significantly
smaller.

The imports of liquid and gaseous non-fossil fuels increase significantly in both target scenarios
(545 TWhin 2030 to 1672 TWh in 2050 in EUTarget and 541 TWh in 2030 to 1547 TWh in 2050
in EUSupreme) and are significantly higher compared to the EUBase scenario (32 TWh in 2030
to 558 TWh in 2050). This result is mainly driven by the increased demand for non-fossil fuels in
industry and in particular feedstocks that were not needed in the EUBase scenario.

The carbon content of imported non-fossil fuels increases over time in both target scenarios
with a slightly lower increase in EUSupreme from 182 to 344 Mt CO, compared to 187 to 388 Mt
CO; in the EUTarget scenario. It is in both target scenarios significantly higher than in the
EUBase scenario where it peaked at 196 Mt CO, in 2050, an effect mainly driven by industry
feedstocks.

The amount of CO; needed for domestic purposes (i.e. either chemical industry demand from
MTO/MTA or technical CDR) in the two target scenarios is also significantly higher than in the
EUBase scenario, due to a complete switch from fossil naphtha to non-fossil production routes
and inputs. Starting at 4 Mt in 2030 in the EUTarget scenario, the CO, demand increases to 54 Mt
in 2040 and 149 Mt in 2050. In case of CO, being sourced via DAC a significant energy demand
for both electricity and heat arises for capturing the CO,: 25 TWh electricity in 2040 and 69 TWh
electricity in 2050 in EUTarget and 100 TWh heat in 2040 and 276 TWh heat in 2050.

In EUSupreme, the amount of CO, needed is slightly lower in 2050 due to demand reductions in
that scenario: 101 Mt CO,. The uptake of MTO/MTA route is however faster than in the EUTarget
scenario. Therefore, CO, demand in 2030 and 2040 is higher compared to EUTarget amounting
to 9 Mt CO; in 2030 and 74 Mt CO;in 2040. Electricity demand for direct air capture amounts to
34 TWh in 2040 and 47 TWh in 2050. Heat demand amounts to 137 TWh in 2040 and 187 TWh
in 2050.

Instead of using DAC, the CO, could - at least partly - also be sourced from processes burning
biomass. Our analysis of biogenic emissions shows that in general both sectors, electricity and
heat supply and industry could contribute. It seems reasonable to assume that installations that
have already installed a carbon capture system are particularly likely to provide carbon
removals if possible. That would include - in our scenario - cement and lime production sites as
well as large heat and power generation sites. Another possibility is the use of additional carbon
capture systems in the paper industry, where large amounts of biomass are being processed. Of
a total of 148 Mt biogenic emissions in the scenario, about 7 Mt come from non-metallic
minerals, another 21 Mt can be found in the pulp and paper industry. High amounts are also
available in the supply sector even with capture rates significantly below 100%.

Table 8: Overview of carbon demand and technical CDR
EUTarget EUSupreme
2030 2040 2050 2030 2040 2050
Non-fossil fuels gaseous and 189 240 249 168 140 144
liquid — domestic production
[TWh]

Demand for carbon-containing fuels and materials

Non-fossil fuels gaseous and 545 1170 1672 541 1107 1547
liquid —imports [TWh]
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incremental gains in material efficiency due to product optimization are assumed to reduce the
overall steel demand by 8% compared to 2015. These developments are aligned with current
industrial commitments and current policy frameworks. An overview of the key assumptions for
the iron and steel sector in the EUBase scenario is provided in Table 9.

Table 9: Overview of the major assumptions for the iron and steel industry in 2050
Measure EUBase
Material efficiency More efficient steel use and substitution result in decreasing production by

about 8% (13 Mt) compared to 2015

Circular economy Increase secondary steel (EAF) share from 39% (65 Mt) by 2015 to 45% (69 Mt)
by 2050
Process switch 19.5 Mt Direct Reduction route by 2030 and 33 Mt by 2050

(Petro-) Chemical industry

In the EUBase scenario, a slight increase in the recycling and more efficient use of plastic
products leads to a slight decrease in High-Value Chemicals (HVCs) (e.g. ethylene) production of
about 5% by 2050 compared to 2015 levels, a reduction of approximately 1 Mt. Whereas,

ammonia (NH3) production in the EUBase increases by around 8% by 2050 compared to 2015
(Figure 33).

Figure 33: EU 27 assumed High-Value Chemicals (Ethylene (C,H,), Olefine) production in
EUBase by production route (2015-2050)

25

20

15

Production [Mt]

10

2015 2020 2030 2040 2050

EUBase
Years and scenarios

M Conventional steam cracker (fossil naphtha) B Ethylene methanol-based (MTO) B Electrical steam cracker (green naphtha)

In the EUBase scenario, the conventional steam cracker (CSC) route remains the primary
method for producing HVC. In this scenario, approximately 20% of ethylene production is
assumed to shift to electrical steam crackers (ESC) and imported green naphtha. This scenario

reflects a moderate adaptation, constrained by the cost difference between conventional and
innovative sustainable production routes.
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Table 10: Overview of the major assumption for the (petro-) chemical industry by 2050
Measure EUBase
Material efficiency A slow increase in plastic recycling
Process switch Ammonia 33% Feedstock H2 for ammonia
Process switch HVC 20% Electrical Steam cracker (ESC), No switch to the methanol-to-
olefins (MtO)
Primary Feedstock Fossil-based (Naphtha)
Feedstock availability Crude oil import

Non-metallic minerals industry

In the EUBase scenario, cement production increases significantly (by approximately 30 Mt),
leading to a total output of 205 Mt by 2050. This trend aligns with the macroeconomic
framework data (GVA), which assumes a Compound Annual Growth Rate (CAGR) for non-
metallic minerals of 2.4% during this period, however, annual growth rates are higher in the
early years and decline toward 2050, (Figure 34).

Figure 34: EU 27 cement production by production route and scenario (2015-2050)
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Around two-thirds of emissions in cement production are process-related and originate directly
from clinker production, making the reduction of the clinker share a key mitigation strategy.
Although there are already cement types with a significantly lower clinker share (e.g. blast
furnace cement with as little as 19% clinker), their future application is limited. On the one hand,
the availability of established clinker substitutes such as blast furnace slag or fly ash is expected
to decline due to structural changes in the steel and power sectors. On the other hand, low-
clinker cement types often face limitations in technical performance and structural applications
(e.g. due to corrosion risk). While some global scenarios assume a clinker share as low as 0.6,
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this is strongly dependent on the large-scale availability of alternative materials such as calcined
clays. Consequently, we assume a moderate reduction in the clinker share from 0.77 in 2015 to
0.71 by 2050 (147 Mt of clinker) in the EUBase scenario.

Secondary production routes, such as alternative binders and recycling of construction materials
are not included in the EUBase scenario due to their currently limited role in practice, the
absence of clear industrial implementation plans, and the high avoidance costs associated with
these production routes. Instead, current research and development efforts are primarily
focused on enabling Carbon Capture and Storage (CCS). In this scenario, CCS deployment
remains limited to selected countries and industrial sites with high CCS potentials or made
explicit target announcements. The future success of these technologies will depend on both
technological progress and enabling political, regulatory, and societal conditions.

Table 11: Overview of the major assumption for the cement and lime industry by 2050
Measure EUBase
Material efficiency Increase by 18% in total cement production compared to 2018
Clinker Factor Decrease in the clinker share from 0.77 in 2015 to 0.71 by 2050
Process switch No low-carbon types of cement
CCS CO, capture at limited sites

3.2.1.1.4 Results

The EUBase scenario fails to meet the 2050 GHG emissions reduction targets, achieving a 54%
by 2030 and 73% reduction by 2050 compared to the 1990 levels (Figure 35). By 2050, process-
related GHG emissions account for about 65% of the remaining 329 MtCO,eq emissions, while
energy-related emissions decline more sharply due to electrification and efficiency
improvements. Around 50% of the remaining process emissions originate from the non-metallic
minerals sector, mainly from clinker and lime production.

Process-related GHG emissions account for about 65% of the remaining 329 MtCO, eq GHG
emissions by 2050. Notably, 50% of the process-related GHG emissions by 2050 originate from
non-metallic minerals such as cement clinker, and lime (Figure 35).
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Figure 35:

Overview of the development of total EU 27 industry GHG emissions by sources in
the industry sector (incl. energy-related, process-related emissions and CO,
sequestration via CCS)
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» Cement Industry: reducing cement use through optimized material mixes and alternative
binders, extending building lifetimes, and improving floor space utilization to reduce
construction demand. Increased adoption of wood in housing and small office buildings
replaces concrete in some applications.

» Chemicals Sector: Adopts waste-based and biomass feedstocks, reducing dependency on
fossil-derived raw materials. Reducing single-use plastics with measures like bans on single-
use water bottles and a transition to reusable or recyclable packaging formats

CO, and energy carrier prices

In the EUTarget scenario, the CO; price for the EU ETS I is at around 110€/tC0O;-eq in 2030,
340€/tC0O;,-eq in 2040 and 390€/tC0O,-eq in 2050. The EUSupreme uses different CO, prices for
the ETS I: around 114€/tC0O,-eq in 2030, 164€/tC0O;-eq in 2040 and 305€/tC0O,-eq in 2050.
Furthermore, we assume in addition to the ETS I CO, price a CO, price for the ETS II industry
sector. The trajectory of the ETS II CO; price is assumed to be similar in both scenarios and is
higher than the EU ETS price. ETS II: around 300€/tC0,-eq in 2030, 340€/tC0O,-eq in 2040 and
500€/tC0O;-eq in 2050. Although these high prices may not be strictly necessary for achieving
fuel switching in the industrial sector, they are aligned with the marginal abatement costs (MAC)
in other sectors, such as transport (on general assumptions see also 2.4).

Table 12: Overview of the major technology assumptions for the industry

Measure Scenario assumptions
EUBase EUTarget EUSupreme

GHG target 55% GHG reduction target by | At least 55% by 2030 and net zero industry by 2050
2030

Energy A continuation of current Ambitious progress (Broad diffusion of best available

Efficiency trends technology in terms of energy efficiency (even with long

payback time)
Process No fundamental break- Diffusion of innovative technologies with a Technology
innovation through; some technologies Readiness Level (TRL) above 4

at high TRL above (6-7) will
become available soon (e.g.
H2- DRI steelmaking)

Material A continuation of current trends in recycling Ambitious progress in
strategies circularity and material
efficiency measures

CCS Limited carbon capture to Carbon capture at most No CCS
cement and lime plants only Cement and lime plants by
in countries with announced 2050 (no climate neutral

plans or high potentials; no technical alternative with
CCS TRL higher than 4 available)
Fuel switch Driven by costs and prices Prioritize direct use of electricity over indirect use
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Technological and Process Innovations:

In EUTarget and EUSupreme scenarios, H2-DRI will fully replace BF-BOF steel production by
2050. However, due to the reduction in overall crude steel production in the EUSupreme
scenario, the H2-DRI capacity is projected to be 45 Mt compared to 84 Mt in EUTarget.

Table 13: Overview of the major assumption for the iron and steel industry
Measure Scenario assumptions
EUBase EUTarget EUSupreme
Material More efficient steel use and Deeper reduction in total crude steel production
efficiency | substitution result in decreasing compared to EUBase driven by material efficiency
and production by about 8% compared comprehensive changes in value chains and
Circular to 2015 (13 Mt) consumption patterns (43% reduction in BOF Crude
economy steel production compared to Ref -39 Mt from (83,9 Mt
to 45,3 Mt)
Share of Increase EAF share from 39% (65 Increase in the EAF from 39% to
secondary | Mt) by 2015 to 45% (67 Mt) by 62% by
route 2050
|
Process 19.5 Mt by 100% H2-DRI share | Shift toward H2-DRI route around 20 Mt by 2030; 100%
switch 2030 and 33 by 2050 (67 Mt) H-DRI share by 2050 (~45 Mt)
to H2-DRI | Mt by 2050
route

(Petro-) Chemical industry

Production Trends (Material Efficiency and Circular Economy):

In the EUTarget scenario a slight increase in the recycling of High-Value Chemicals (HVCs), leads
to a slight decrease of about 5% by 2050 compared to 2015 levels. Whereas ammonia (NH3)
production in the EUTarget increases by around 8% by 2050 compared to 2015. This increase is
mainly driven by fertilizer demand and the sub-sector GVA projections.

The EUSupreme scenario adopts a more ambitious approach, significantly increasing mechanical
and chemical plastics recycling, redesigning packaging, and replacing single-use plastics (SYSTEMIQ
2022). This results in a substantial 17% reduction in HVC production by 2050 compared to the
EUTarget scenarios, from 22 Mt to 18 Mt (see Figure 40). Furthermore, the EUSupreme scenario
projects a significant reduction in ammonia production due to a lower demand for fertilizers in
agriculture, driven by reduced consumption and more sustainable farming. By 2050 ammonia
production decreases by 20% compared to 2018 levels, decreasing from 18 Mt to 14 Mt.
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Figure 40: EU 27 assumed High-value Chemicals (Ethylene (C,H,), Olefine) production by
production route and scenario (2015-2050).
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Technological and Process Innovations:

The EUTarget scenario assumes an ambitious technological transition towards the methanol-to-
olefins (MtO) route, where methanol derived from hydrogen and captured CO, is synthesized
into olefins. The HVC production will shift completely to the MtO route by 2050. While, in the
EUSupreme scenario, 50% of HVC production will adopt the MtO route, and the remainder will
utilize ESC green naphtha. Given the CCS is not used and biomass only for energetic purposes in
this scenario, the EUSupreme scenario utilizes biomass through gasification to produce
methanol and/or naphtha.

Table 14: Overview of the major assumption for the (petro-) chemical industry by 2050
Measure Scenario assumptions
EUBase EUTarget EUSupreme
Material efficiency A slow increase in plastic recycling Ambitious increase in plastics recycling
and Circular economy along entire value chain and new

consumption models; reduces demand
for feedstocks by 15% by 2050

compared to 2015
Process switch 33% feedstock H2 100 % Feedstock 100 % Feedstock H2 for ammonia
Ammonia for ammonia H2 for ammonia
Process switch HVC 20% electrical ~50% ESC,
steam cracker ~50% MtO (and Methanol to aromatics (MtA))
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Figure 42: Assumed change in cement production by 2050 compared to 2015 in EUSupreme
detailed by measure

Source: own calculations by Fraunhofer ISI

Technological and Process Innovations:

In the EUTarget scenarios, we assume a minor reduction in the clinker share, from 0.77 in 2015
to 0.71 by 2050 similar to the EUBase scenario. In this scenario, CCS is assumed to be deployed
across nearly all cement plants, allowing remaining process-related emissions to be captured
directly. This reduces the pressure to pursue further reductions in clinker intensity.

In contrast, the EUSupreme scenario does not assume any CCS deployment. Instead, it focuses on
more different emission mitigation measures. Accordingly, the clinker share is reduced more
significantly to 0.65 by 2050. Accordingly, the EUSupreme scenario assumes a more significant
reduction in clinker share to 0.65. Although technically, it would be possible to lower the clinker
share further, the availability of the clinker substitutes as well as the technical applicability
restrict more substantial reductions. Additionally, in the EUSupreme scenario, low-carbon types
of cement (alternative binder and recycled) are projected to account for around 10% of the
production by 2050. This share reflects the potential role that low-carbon cement types can play
in further lowering process emissions in the absence of CCS, consistent with the broader
transformation pathway assumed in the EUSupreme scenario.

Table 15: Overview of the major assumptions for the cement and lime industry by 2050
Measure Scenario assumptions
EUBase EUTarget EUSupreme
Material | Increase by 22% in total cement production 9 % lower in primary cement production by
efficiency | compared to 2015 2050 compared to EUBase (-19 Mt).
and
Circular
economy
Clinker Decrease in the clinker share from 0.77 in Decrease in the clinker share from 0.77 by 2015
Factor 2015 to 0.71 by 2050 to 0.67 by 2050.
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exclusive. Both reflect feasible strategies with overlapping technologies and long-term
objectives. Understanding differences and commonalities in pathways helps to identify robust
elements of the transition and clarify trade-offs.

While the modeling highlights that climate-neutral industry is technically achievable, it also rests
on ambitious assumptions around technology and infrastructure rollout, policy alignment, and
behavioral changes. Future work should go beyond technical feasibility and further explore the
enabling conditions and consider institutional readiness, actor preferences, societal acceptance,
and potential co-benefits of different transition narratives/logic/pathways.

3.2.1.4 Inventory category 2 Product Use D-H

The inventory categories 2. Product Use D-H are dominated by F-gases emissions. No new
assessment of the development of F-gases has been done within this project. To complete the
GHG balance, modeling results from the Impact Assessment Report for the amendment of the
Regulation (EU) No 517/2014 on fluorinated greenhouse gases (Gschrey, Barbara, Behringer,
David, Kleinschmidyt, Jlia et al. 2022) have been used. The Scenario Proportionate Action is
considered to be the most likely basis for the revised F-gases regulation and was thus used to
model the development in emissions from fluorinated gases within this project. No
differentiation between different scenarios is being used which can be seen as a conservative
assumption for the two target scenarios.

Table 16: Development of fluorinated gases in Mt CO,e
2020 2030 2040 2050
HFCs 77.5 27.8 9.3 6.5
NF; 0.0 0.0 0.0 0.0
PFCs 25 2.3 2.3 2.3
SFs 7.3 4.4 3.2 4.0
Total 87.4 34.5 14.8 12.9

Source: Own calculations, based on Gschrey, Barbara, Behringer, David, Kleinschmidt, Jlia; Jor8, Wolfram; Liste, Victoria;

Ludig, Sylvie; Wissner, Nora; Birchby, David et al. (2022). https://climate.ec.europa.eu/system/files/2022-06/f-

gases_external preparatory study en.pdf.

For completeness, the non-F-gases within these categories are also included, assumptions for
their development following a simple logic. For CO,, which is mainly coming from category 2.D
non-energy products from fuels and solvent use, the development of the N,0 emission follows
the change in fossil to green Naphtha within refineries. The underlying assumption there being

no change in input of fossil Naphtha in the EUBase and a substitution of fossil Naphtha with

green Naphtha of 30% by 2030, 70% by 2040 and 100% by 2050 for the two target scenarios.
No change in consumption of N;Oe products is applied. N,0 emissions are mainly coming from
use of the gas for medical applications as anesthetic or for food preparation. Here we assume no
change of emissions for any of the scenarios. Likewise, the minor amount of CH, emissions is

kept constant over all scenarios.
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reduces its final energy demand for space heating by 50% being further surpassed by
EUSupreme with a reduction of 56%.

Looking at the energy carrier distributions, the picture emerges that a fast phase-out of fossil fuels
combined with a consistent push towards electrification (by installing heat pumps and replacing
fossil-driven process heating technologies) are the two pillars of reaching GHG targets in 2050.
District heating as well as other renewable energy carriers such as solar thermal further assist in
achieving the GHG reduction targets.

Compared to EUTarget, EUSupreme achieves its very ambitious path to 2050 by a combination
of high energy efficiency gains (helped, e.g., by introducing sufficiency measures that lead to
lower per-person floor areas and fewer appliances, and high renovation rates) and strict and fast
phasing out of fossil fuels. The high gains in energy efficiency allow for less pressure on the
remaining renewable energy sources — both for those used in buildings directly and those
needed in the supply sector for generating electricity/district heat. The scenarios in the
buildings sector show that a technological approach can already achieve the 2050 target
(EUTarget). Adding sufficiency measures, however, achieves not only the EU 2050 target, but
also reduces the pressure of adding more generating capacity in the supply sector (EUSupreme).

3.2.4 Supply

The energy supply sector of the European Union plays an important role in the fight against
climate change. In 2023, the electricity sector remains a significant source of greenhouse gas
(GHG) emissions, contributing 657 Mt of CO,. To reduce GHG emissions and decrease
dependence on Russian fossil fuels, the European Commission has developed strategies aimed at
transforming the energy supply sector. Key strategies include binding targets for the share of
renewable energy in final energy consumption (42.5% by 2030) and expedited permitting for
wind and solar projects (Renewable Energy Directive 2023/2413). Previous policies have
already led to significant progress; in 2023, renewable energy accounted for 24.5% of final
energy consumption in the EU, while 45.3% of electricity generation was derived from
renewable sources.

The energy sector plays a different role compared to the final consumption sectors. In the final
consumption sectors of industry, transport, and buildings, the development of demand for
primary and secondary energy carriers is examined, and the drivers for various developments
are discussed. The supply sector provides secondary energy carriers such as electricity, district
heating, hydrogen, and synthetic fuels. This chapter, therefore, investigates how and why the
provision of electricity, district heating, and hydrogen is evolving. Today, the energy sector has a
higher share of renewable energy (RE) compared to these final consumption sectors. The
decarbonization of electricity generation relies on increasing use of weather-dependent sources
such as wind and solar, which are expected to dominate the energy supply by 2050,
complemented by highly flexible low-carbon power plants, energy storages, optimized grid
infrastructure, and flexibility. Therefore, the transformation of the energy supply sector is
essential for the decarbonization of other energy demand sectors through sector coupling: the
direct electrification of heating, transport, and industrial processes, as well as indirect
electrification through hydrogen in hard-to-abate areas.

3.2.4.1 EUBase scenario

3.2.4.1.1 General description

The EUBase scenario reflects the current regulatory and legislative framework at the EU and
national level in force as of mid-2024. It serves as a reference framework for assessing the
existing political landscape in Europe, capturing the measures already implemented at both the
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B Table of modeling assumptions

B.1 General modeling assumptions

Table 40: Macroeconomic drivers and prices
Variable Year EU Pathways Base | Sources EU Pathways Sources EU Pathways Sources
Scenario (EUBase) Target Scenario Supreme
(EUTarget) Scenario
(EUSupreme)
GDP [bn€15] 2020 12.272 | Ref 2020 As EUBase As EUBase
2030 14.814 | Ref 2020 As EUBase As EUBase
2040 16.898 | Ref 2020 As EUBase As EUBase
2050 19.466 | Ref 2020 As EUBase As EUBase
Population [m] 2020 447.67 | Ref 2020 As EUBase As EUBase
2030 449.12 | Ref 2020 As EUBase As EUBase
2040 446.75 | Ref 2020 As EUBase As EUBase
2050 441.22 | Ref 2020 As EUBase As EUBase
CO, price EU ETS 1 2020 24.7 | Projektionsbericht 24.7 | Projektionsbericht 24.7 | CARE™?
[€15 per t] 2023 (UBA 2022) 2023 (UBA 2022)
2030 108.8 | Projektionsbericht 110 | Determined via 120 | CARE
2023 (UBA 2022) iterative model
runs

71 CARE is a project financed by UBA, which builds around different scenarios for a GHG-neutral Germany and includes a CARESupreme scenario. We use initial assumptions from the CARE project,
CARESupreme scenario, (from 2022) for CO, prices in our EUSupreme scenario.
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Variable Year EU Pathways Base | Sources EU Pathways Sources EU Pathways Sources
Scenario (EUBase) Target Scenario Supreme
(EUTarget) Scenario
(EUSupreme)
2040 82.4 | Projektionsbericht As EUBase 74.4 | Own assumptions
2023 (UBA 2022) based on scenario
narrative
2050 64.5 | Projektionsbericht As EUBase 55.3 | Own assumptions
2023 (UBA 2022) based on scenario
narrative
B.2 Sector-specific modeling assumptions — an overview
Table 41: Sector-specific key assumptions
EUBase EUTarget EUSupreme
Industry general
average annual growth rate in 1.6% p.a. until 2030, 0.8% p.a. from 2031- As EUBase Faster decoupling between economic

gross value added

CCS

Iron & Steel

2050

Higher growth in equipment goods industry
compared to energy-intensive basic
industry; moderate decoupling of physical
production from GVA in the long-run

Limited uptake of CCS in cement and lime
industry until 2030 based on already
planned and started projects
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Uptake of CCS in cement and lime industry

growth and physical production; delivery of
resource-efficient, longer-lasting solutions,
optimized processes to minimize resource
input, supported by enhanced recycling
and reuse of materials; shift to service-
oriented models such as repair, reuse and
remanufacturing

No use of CCS in industry



