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IAccompanying
measures

Measures meant to reduce and/or avoid possible response risks and to enhance opportunities
of specific mitigation or adaptation measures. They are implemented at the same time.

Adaptation

The process of adjustment to actual or expected climate and its effects. In human systems
adaptation seeks to moderate or avoid harm or exploit beneficial opportunities. In some natural
systems, human intervention may facilitate adjustment to expected climate and its effects
(IPCC, 2014).

This can be specific for climate change (United Nations Framework Convention on Climate
Change, UNFCCC), but also apply for other challenges such as soil erosion, migration anc
structural economic changes. Adaptation can occur in autonomous fashion, for example
through market changes, or as a result of intentional adaptation policies and plans at Interna:
tional, National or local scale (UNISDR, 2009).

Adaptation
measures

IAdaptation measures are nature-based solutions, technologies, processes, and activities di-
rected at enhancing our capacity to adapt (building adaptive capacity) and at minimizing, ad-
justing to and taking advantage of the consequences of climatic change (delivering adaptation)
(Climate? ADAPT). Can be separated in: Hard and source-oriented measures, Hard and recep-
tor-oriented measures and Soft measures (Glossary of the Clarity Proposal).

Afforestation

Expansion of existing forest area into currently non-forested land uses

BAU

The BAU (Busines-as-usual) scenario in the energy demand model follows historical trends
and enacted policy measures characterised by low moderate socio-economic and technolog-
ical changes and limited decarbonisation measures concerning energy savings and efficiency
improvements, electrification, digitalization, and the transition to clean fuels across all con-
sumption sectors (Household, service, transport, etc.). BAU scenario serves as a benchmark
to assess the effectiveness of the forthcoming CET scenario.

CETS

The CETS (Clean Energy Transition Scenario) in the energy demand model aligns with the
local, regional and national energy and climate goals and is being developed based on the
results of BAU employing significant enhancements in energy efficiency, electrification of end-
uses and a shift to clean fuels across all sectors beside increasing the share of local renewable
energy systems to decarbonize power and heat supply. As a result, significant shifts will occur
in city®s final ener tuse,thtechaological ianddcape af pnerbyypro+
duction and consumption, and the changes in related socio-economic and technological de-
terminants.

Climate impacts

'The consequences of realized risks on natural and human systems, where risks result fror
the interactions of climate-related hazards (including extreme weather and climate events),
exposure, and vulnerability. Impacts generally refer to effects on lives; livelihoods; health and
well-being; ecosystems and species; economic, social and cultural assets; services (including
ecosystem services); and infrastructure (based on IPCC, 2018)

Climate Impact Con-

\Within KNOWING three CICs (heat & health, soil fertility and agriculture, flooding and infra-

texts (CIC) structure) are investigated, representing emerging risks for the demonstrators due to climate
change.
Demonstrators Regions that are part of the KNOWING consortium and for which the mitigation pathways are

developed.

Domain models

/A detailed computational model of a domain that covers its relevant structure and interfaces
with other domains. A domain model incorporates both behaviour and data. In KNOWING, the
used domain models can be classified into three main groups: Sector Models, Climate Models
and Climate Impact Assessment Models.
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Electricity exchange
with outside re-
gions/city

'The import or export of electricity between a demonstration region or city and external areas,
influenced by national-level price signals and market conditions.

End-use categories

The end-use categories of the energy demand refer to the specific ways in which energy is
consumed by different sectors of the economy (e.g. service sector, manufacturing sector, etc.)
or within households. These categories help us to understand what energy is used for, rather
than just how much is used, or which energy carrier is used. End-use categories in e.g. the
household sector are space heating, hot water heating, cooking, air-conditioning, electric ap-
pliances, lighting, etc..

Energy supply The provision or availability of energy from various sources to meet demand, including elec-
tricity, heating, and fuel, often modelled in simulations to plan generation, transmission, anc
consumption.

Follower Regions that are part of the KNOWING consortium and which represent the first regions for

testing the transferability of the mitigation pathways developed for the Demonstrators.

Greenhouse gases
(GHGs)

Gaseous constituents of the atmosphere, both natural and anthropogenic, that absorb anc
emit radiation at specific wavelengths wi
surface, by the atmosphere itself, and by clouds. Includes Water vapour (H20), carbon dioxide
(CO2), nitrous oxide (N20), methane (CH4) ozone (O3) sulphur hexafluoride (SF6), hydro:
fluorocarbons (HFCs), chlorofluorocarbons (CFCs) and perfluorocarbons (PFCs).

Heat wave year
(HW)

A selected weather year representing extreme temperature events during summer periods
expected around 2050 under future climate change scenarios.

IESopt IAn in-house software tool developed by AIT for Integrated Energy System Optimization, used
to model, simulate, and optimize energy systems.
Impact The impact can be measured in several ways: physical, economic, social, functional etc. anc

it can be evaluated as direct and/or indirect consequence of the event at a given time (snap-
shot) or projected in the future

In literature impact is defined as "consequences of a hazardous event, on natural and humar
systems, once it materializes, i.e. actually affects a societal system.

'The term impacts is used primarily to refer to the effects on natural and human systems of
extreme weather and climate events and of climate change. Impacts generally refer to effects
on lives, livelihoods, health, ecosystems, economies, societies, cultures, services, and infra-
structure due to the interaction of climate changes or hazardous climate events occurring
within a specific time period and the vulnerability of an exposed society or system. The impacts
of climate change on geophysical systems, including floods, droughts, and sea level rise, are
a subset of impacts called physical impacts (IPCC, 2014).

Impact Interaction
Modelling Frame-
work

In KNOWING, thenpact Interaction Model Framewo(kKMF)consiss of a system dynamics mode
climate anddomainmodels for integrated assessment of impacts (direct and indirect) of climat
change as well asnitigation and adaptation interventions

Interventions

/A specific action that supports reaching defined goals or measures of mitigation or of adapta-
tion (e.g. measure: reducing number of cars within city limits; intervention: increasing the park-
ing fee by 50% within the city)

Maximum realisable
potential

The upper limit of realisable potential of renewable energy sources by 2050, determined by
technical and spatial constraints.

Meteorological Data
for energy system
modelling

\Weather-related data such as temperature, wind speed, and solar radiation processed anc
used in energy system modelling.

Minimum local tar-
gets

The share or amount of a technology or fuel that a region or city aims to achieve on the path-

way to decarbonization, considered as the minimum in energy system modelling.
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Mitigation

In the context of climate change, and in this document, the term is used to indicate "a human
intervention to reduce the sources or enhance the sinks of greenhouse gases (GHGs)" (IPCC
2014), that are the source of climate change.

It is also used to indicate the lessening or minimizing of the adverse impacts of a hazardous
event (UNISDR, 2017), through actions that reduce hazard, exposure, and vulnerability (IPCC
2014). However, this is not the meaning that is used in this document

IAnnotation: The adverse impacts of hazards, especially natural hazards, cannot be completel
prevented, but their scale or severity can be substantially reduced by various strategies and
actions. Mitigation measures include engineering techniques as well as improved environmen-
tal and social policies and public awareness.

Mitigation measures

In climate policy, mitigation measures are technologies, processes or practices that contribute
to mitigation, for example renewable energy technologies, waste minimisation processes and
public transport commuting practices (IPCC, AR6)

Modal Spit

Modal split refers to the percentage distribution of how people travel within a given area 3
for example, the share of trips made by car, public transport, cycling, or walking. It is com-
monly measured by the number of trips (how many journeys are made using each mode) or
by person-kilometers (the total distance travelled by people using each mode).

Non-weather-de-
pendent demand

Energy demand that is largely independent of weather conditions, such as industrial processes
or appliances usage

Normal year (NY)

A selected weather year representing typical climate conditions expected around 2050 under
future climate change scenarios.

Reforestation

Planting forest in areas where the land is already designated as forested. Either to replace
dead trees or other gaps in coverage.

Response opportuni-
ties

Potential for positive side-effects of responses. This can be on the sector associated with the
response, or in other sectors, or on other societal objectives, such as the Sustainable Devel-
opment Goals (SDGs) (IPCC, ARS6).

Response (in climate
adaptation and miti-
gation)

IActions or behaviours (including inaction) by individuals, groups, organisations, companies,
institutions or governments related to climate adaptation and mitigation. This includes actions
meant directly to reduce the impacts of climate change and or emissi ons ( see
measures® and -mitigation measures®) as w
the intended and unintended consequences

Response risk

Potential for trade-offs or negative side-effects from responses. This can be on the sector
associated with the response, or in other sectors, or on other societal objectives, such as the
Sustainable Development Goals (SDGs) (IPCC, ARS6).

Note: response risks may occur in the same sector or in other sectors.

Strategies

Sets of measures, of either mitigation or adaptation. Strategies are commonly generated in
advanced (climate-related) planning, at national, regional or local level.

Temporal variability

Changes in variables (e.g., generation per technology, energy demand) over time.

\Weather-dependent
demand

Energy demand that varies with weather conditions, such as heating, cooling affected by tem-

perature
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1. Executive Summary

Climate change mitigation and adaptation are urgently required to limit the adverse impacts of rising
temperatures, altered precipitation patterns, and extreme weather events. Effective strategies must be
locally tailored to reflect regional socio-economic, industrial, and environmental characteristics, thereby
enabling ambitious yet feasible pathways toward climate neutrality. Integrated modelling approaches are
essential to test coordinated interventions across land use, energy, transport, and behavioural systems

sectors both responsible for greenhouse gas (GHG) emissions and directly affected by climate impacts.

This deliverable (D3.5) of the KNOWING Project explores transition pathways for South Westphalia
(SWF), Germany, a region characterized by extensive forests, intensive agriculture, and a strong manu-
facturing base, particularly in the iron, steel, and machinery sectors. Several models were combined to

evaluate mitigation and adaptation measures across key sectors: CLUMondo for land use and forestry,
MAED-City and IESopt for energy demand and supply, and ABM Light & PTV Visum for transport, com-
plemented by behavioural analysis to assess societal acceptance.

The results presented in this deliverable are of specific importance to local stakeholders working on
climate mitigation and adaptation measures or occupying related decision-making roles, and are also
relevant to the scientific community investigating mitigation, adaptation, and cross-sectoral dynamics.

The CLUMondo land-use modelling results show that a combined approach that integrates wind energy
expansion in forested areas plus natural carbon sequestration play a crucial role in regional decarboni-
zation. The addition of wind turbines provides significant emission reductions (up to 2.8 Mt C/ yr), with
reforestation measures providing smaller but valuable 0.15 Mt C / yr improvement 2 sufficient to offset
the carbon losses of turbine installation. Locating turbines in areas recently affected by spruce mortality
minimizes land-use conflicts and initial carbon losses, while replanting with climate-adapted tree species
strengthens forest resilience. Together, these complementary interventions help achieve carbon neu-
trality, offset transitional carbon costs, and strengthen the long-term stability of regional carbon stocks.

On the energy demand and supply side, integrated results from MAED-City and IESopt show that South
Westphalia could reduce per capita COF emissions from 6.76 t in 2019 to approximately 0.2 t by 2050
under a comprehensive clean energy transition scenario. This pathway combines extensive energy effi-
ciency improvements, building refurbishment, fuel switching, and end-use electrification, particularly
through the adoption of electric vehicles and heat pumps. By 2050, local renewable generation® mainly
from solar photovoltaic and wind3® could supply over 100% of regional electricity needs in a normal year
and around 90% during a heatwave, ensuring system resilience and selfsufficiency. The decarboniza-
tion of electricity and district heating grids, along with increased use of biofuels and hydrogen, further
supports a robust and flexible energy system.

In the transport sector, the progressive electrification of the vehicle fleet, combined with complementary
measures such as distance-based road pricing, enhanced public transport, and active mobility improve-
ments, delivers substantial emissions reductions. Policy instruments affecting the perceived cost and
convenience of private car use® particularly pricing and parking management? were found to have the
strongest behavioural impacts, while infrastructure improvements magnify these effects when imple-
mented jointly.

Behavioural modelling indicates that early and coordinated implementation of these measures is essen-
tial, as delaying action in the hope of increased future acceptance may lead to reduced public support
due to growing climate-related stress and disruption.

Overall, the results highlight that integrated, cross-sectoral strategies combining land-use change, re-
newable energy deployment, electrification, and behavioural engagement can enable South Westphalia
to reach its climate-neutrality objectives by 2050 while strengthening its resilience to future climate con-
ditions. The coordinated implementation of these measures maximizes mitigation potential and mini-
mizes trade-offs. Immediate and decisive action is therefore recommended to leverage existing regional
capacities and maintain momentum toward a sustainable, climateresilient future.

KNOWING | Deliverable3.5| WP3 | Final 1
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2.KNOWING Summary

Climate change has been globally recognised as an existential threat requiring urgent action to avoid
catastrophic consequences. Hence, the EU®s Green Deal
climate neutral <cont i nenttorlyrthe élimiration of ndt ehfissionsTohgreen-i ncl ud e
house gases by 2050; this is to be achieved while decoupling economic growth from resource use and

striving for a fair implementation, leaving no person and no place behind. This ambitious goal is addi-

tionally challenged by the need to adapt to unavoidable impacts.

According to the EU®s Climate Adaptation Strategy ( C¢
aging uncertainty®° is key for reali giemsg Itikeentv iUsiioom, o f
mate change is having such a pervasive impactthatourr e sponse to it must be syst:«
is an urgent need for an integrated approach for enhanced understanding of the interaction, com-

plementarity and trade -offs between adaptation and mitigation measures, especially regarding the ex-

pected increase in regional mean temperature, changing precipitation pattern and soil moisture (IPCC

AR6 WG ). Furthermore, this understanding and knowledge needs to be provided to a broad audi-

ence to support local authorities  in EU countries for developing regional programmes.

KNOWING aims to develop amodelling framework to help understand and quantify  the interactions
between impacts and risks of climate change, mitigation pathways and adaptation strategies. The frame-
work will be used to assess the interrelations between public and private adaptation and mitigation
strategies in order to identify mitigation pathways along optimised combinations of interventions

in different sectors (e.g. energy, mobility, land use, construction, agriculture). The framework will focus
on three main Climate Impact Contexts (CICs): (1) Heat waves & health, (2) Soil fertility &agriculture,
and (3) Flooding & infrastructure (including river and coastal flooding). It be applied in four Demonstra-
tor and five Follower Regions by involving authorities, stakeholders and citizens to develop en-
hanced activation and empowerment services, providing target -group -specific awareness, edu-
cation and decision support tools  to improve the comprehensibility of complex interrelations and sup-
port strategic planning of combined adaptation and mitigation measures.

To achieve this goal, KNOWING will produce the followingkey exploitable results (KERs) :

KER1 an Impact Interaction Knowledge Base comprising causal relations of climate and interven-
tion impacts, rebound effects, coping strategies, etc. to inform Climate-ADAPT and IPCC Work-
ing Groups I, Il & 11l

KER2 an Impact Interaction Model Framework  consisting of a system dynamics model, climate
and sector models for integrated assessment of impacts (direct and indirect) of climate change
and countermeasures

KER3 a Typology of transferable Climate Mitigation Pathways including optimised bundles of ad-
aptation and mitigation measures for different typical Climate Impact Contexts (heat waves,
soil fertility, flooding)

KER4 Climate Activation and Empowerment Services  addressing different target groups (citizens,
businesses, authorities) to enhance climate literacy, provide playful trainings and support de-
cision making

These results, developed with the support of an External Expert Advisory Board (EEAB) and a Stake-
holder Reference Group (SRG), willaccelerate the transition to a climate -neutral and resilient soci-
ety and economy enabled through advanced climate science, mitigation and adaptation pathways and
behavioural transformations.

This Deliverable is part of WP3 Model Case Specific Demonstrator Pathways and depicts the modelling
approach to quantify the effect of planned interventions.
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KNSSV@%NG

3. Object ives of the Deliverable

This deliverable displays the results of the Domain Models applied to the Demonstrator South Wedphalia
and the corresponding integrated mitigation and adaptation pathway (KERS3) It therefore represents an
important part of KER2 (Impact Interaction Model Framework ), which consists of a system dynamics
model, climate and sector models for integrated assessment of mitigation and adaption measures, as
well as impacts (direct and indirect) of climate change and countermeasures. Additionally, it constitutes
a key means to communicate the results and ensure their appropriate interpretation by local stakehold-

ers.

To achieve this, the following objectives apply:

1
1

Present the future climate conditions computed

Comprehensively present the Domain models used, including: motivation for use, scenarios in-
vestigated, assumptions taken.

Explain input data, especially focusing on local information used for defining the scenarios

Display the interdependencies with other models to enable the comprehensive analysis of the
effect of interventions across different sectors (e.g. shared input, output of one model as input
to another)

Present the results of the Domain models with respect to clearly explaining the interventions
implemented in the modelling, including the aspect of their timing and clear insight on the inter-
pretation and usability of the results for the purposes of different stakeholders.

Present the integrated mitigation and adaptation pathway for South Westphalia reflecting the
interventions implemented by the Domain models, along with clear indications about its inter-
pretation and use by different stakeholders. This one pathway is the basis from which additional
ones can be assessed, using the Impact InteractionModelling Framework (D2.4) of KNOWING

KNOWING | Deliverable3.5| WP3 | Final 3
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4. Introduction

To realise the EU®s ambi t i-neutral coftinenteirdividonal regiong niustdef i r st c |
velop targeted pathways that simultaneously address climate change mitigation and adaptation, tailored

to their specific socio-economic and environmental contexts. Models and integrated frameworks are

therefore essential tools to explore these interlinkages, assess trade-offs, and identify coherent pathways

towards resilient and climate-neutral regional development.

Forested and agricultural regions such as South Westphalia (SWF) exemplify the need for such inte-

grated approaches. In these areas, interventions in land use and management are crucial, as they di-

rectly influence soil fertility especially in terms of increased carbon content by means of carbon seques-
tration, and ecosystem resilience. At the same ti me,
densely populated regions, such as the Ruhr Area, mean that mobility and energy systems also play a

significant role in the regional profile of greenhouse gas emission and adaptive capacity. Coordinating

interventions across land, transport, and energy sectors is therefore essential to achieve meaningful and

synergistic impacts.

For example, enhancing forest management to increase carbon storage may simultaneously improve
soil stability and reduce flood risk, while promoting low-carbon mobility solutions can cut emissions and
improve local air quality. Similarly, investing in renewable energy infrastructure can strengthen energy
security and support the transition to electrified transport systems. However, only through the logical
combination and integration of these interventions® considering their interdependencies and cumulative
effects® can regions achieve substantial emission reductions and long-term resilience gains.

The D3.2 Modelling Plan presented the Demonstrators, all the applied domain models, as well as fore-
seen interventions, interdependencies and their timelines for the different regions and Demonstra-
tors. This deliverable, D3.5, "CIC3 Climate Mitigation Pathway’, builds upon this work and focuses on
the Demonstrator for the Climate Impact Context of Soil Fertilitya nd A g r i: 8WiFl It providesan
overview of the modelling work carried out, the results of the different domain models, as well as the
corresponding integrated mitigation pathway.
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4.1. Demonstrator South Westphalia ( SWF)

I River network
[ Model area
[ NwF

Figure 1: South Westphalia modelling area contextualised in North RhineWestphalia, Germany

North Rhine-Westphalia is one of sixteen partly sovereign states ("Lander") of the Federal Republic of
Germany. The state consists of five government districts ("Regierungsbezirke"); one of which is Arns-
berg. Within Arnsberg, the sub-region of South Westphalia (the model area) covers the Sauerland and
Siegerland hills as well as the east part of the Ruhr area (seen above in Figure 1).

The land use modelling is performed on South Westphalia, a region which does not include large cities
where urban population is very dense that would leave little space for land-based mitigation and adap-
tation measures. The model area (6184 km?) has a population of 1.4 million (1,374,515) people across
5 districts (Soest, Hochsauerlandkreis, Markischer Kreis, Olpe, and SiegenWittgenstein) (Census,
2022). Taking the German average per capita emission of 7.72 t CQ: per year (Statistisches Bundesamt,
2020), this translates to 2.105 t C per capita and a total of 2.95 Mt C per year.

The largest land cover in the modelled regions for land use change is forest (50%), primarily in the
southern 2/3 of the area. This forest is majority spruce (55%), with 27% beech, 7% oak, and 11% other
species. The remaining areas are cropland (17.2%), pasture/grassland (21%), and urban (10%). Forest
in SWF is important to the timbre and tourism industries, as well as for generating humidity, retaining
rainwater and providing habitat for numerous animal and plant species.
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Recent drought and bark beetle outbreaks in the period 2018-2022 resulted in significant losses of
Spruce forests. In the majority of damaged areas, trees were clear-cut using harvesters, clear-cutting
will continue for the remaining damaged spruce stocks (Nieder et al, 2024 a&b). These forests losses
have caused substantial losses of existing biomass carbon stocks and their CO2 sink function. Conse-
quently, the climate-stable reforestation of these areas and their appropriate management is an im-
portant issue for both the private forest owners and the largest municipal forest holdings in Germany. At
the same time, the share of renewable energy in South Westphalia is significantly below that of nearby
regions (in 2021 16%, compared to Munster 36.2% and Detmold 41.8%). Until 2023, the construction of
wind turbines in the forest was very legally restrictive, which had limited renewable uptake in South
Westphalia as the areas with wind potentialwere dominantly forested. With that changed, there are now
plans to build wind power plants (WPP) on damaged forest areas to progress towards a climate-neutral
and self-sufficient energy supply. Moreover, there is also demand for open-space photovoltaic plants
which would further increase the conflict for land. Together, an accelerated expansion of renewable
energies aim to supply 80% of the electricity demand by 2030, and 100% by 2035. Consequently, the
region will need to overcome challenges balancing conflicting land requirements between food, wood,
energy, urban development, and the national goal of carbon neutrality by 2045.

4.2. Modelling Plan SWF

Within D3.2 ~Modelling Plan° all envisioned domain m
within the models for the different regions were explained. For SWF, the following models were selected:

land use model CLUMondo, energy supply model IESopt, energy demand model MAED-City, transport

model ABM light & PTV Visum, KNOWING Behaviour model, climate model WRF. A short recap of the

models and their interdependencies is in Figure 2.
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Figure 2: Modelling framework depicting the potential interaction across domain models
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Based on the mahdl appdlircpmdsd ity, as well as the feed
sentatives, an initial list of intervention for each model has been set up (see D3.2). Additionally, a work-

shop was carried out within the Demonstrator region including local stakeholders of different sectors to

enable the development of a shared vision for the regions until 2050 2 including specific interventions

to reach this vision.

Based on the workshop results and the modelling capacities, as well as continuous communication with

SWF®s representatives, the scenarios and interventions
These build the base for the climate mitigation pathway presented within this deliverable and further

implemented within the expandable Impact Interaction Modelling Framework (IIMF, D2.4).
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5. Domain Modelling Result s

In the following sections, all Domain models applied to SWF and their results are presented. The domain
models related to climate mitigation and to climate adaptation are: CLUMondo, MAED-City, IESopt,
MATSIm, ABM light & PTV Visum, KNOWING Behaviour model. The regional climate model WRF pro-
vides the information on the future climate conditions that are input to several other Domain Models

The Domain models are displayed according to the following structure:

1 Introduction shortly describing the model, it®s strength
needed and information (output) provided

Description of interventions simulated and assumptions made
Description of simulations (e.g. reference, mitigation or adaptation scenario)

Results

== = = =

Limits and Recommendations

5.1. WRF Regional Climate Model

5.1.1. Introduction and Modelling Framework

Within KNOWING, one representation of the stateof-the-art global climate simulations (Eyring, et al.,
2016) is used as global climate input data to initialize the regional climate model WRF. By applying a
regional climate model, the local characteristics are accounted for at a higher spatial resolution than
within global climate models and therefore, the prevailing and expected climate conditions are more
reliably estimated.

The regional climate model (RCM) applied is the commonly used Weather Research and Forecasting
(WRF) model, version 4.3, a stateof-the-art mesoscale numerical weather prediction system designed
for both atmospheric research and operational forecasting applications.

As stated above, RCMs are initialised by global climate models (GCMs), meaning that the boundary
conditions are provided by the GCMs, and only atmospheric processes are explicitly resolved for the
respective domains. Within RCMs local characteristics such as topography, land use, vegetation type
etc. are represented with greater spatial detail, emphasising their impact on physical processes. The
specific model set-up (settings etc.) is described within D3.2.

For initialization the MPFESM1-2-HR (Mller, et al., 2018) GCM was used accounting for two SSP sce-
narios (SSP1-2.6, SSP5-8.5) and covering the period 1980 2 2100. Thus, it is important to note that the
simulations conducted represent potential future conditions as represented by MPI-ESM1-2-HR and
WRF. Additionalstatic input data such as albedo, land use, soil types is provided by University Corpora-
tion for Atmospheric Research. The simulations were done first over the EURO-CORDEX domain, at a
horizontal spatial resolution of about 15 km, and then over a finer nesed domain Estonia at a resolution
of 5 km, i.e., falling in the grey zone for the cumulus convection representation. This experimental setup
has been proved to mimic a convection-permitting model behaviour in the finer grey zone (i.e., below
the explicitly resolved scale), due to the scale awareness of the Grelk Freitas cumulus scheme imple-
mented, and to reliably project temperature and precipitation fields for impact assessment studies
(Struglia et al, 2025).

The most relevant output parameters are 10 m wind (speed, direction), humidity, 2 m temperature,
surface pressure, cloud cover, precipitation, minimum/maximum temperature, incoming radiation, that
were provided to the domain models respectively (e.g. MAED-city, IESopt, CLUmondo).
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Figure 3: WRF regional model nested domain: European domain (15 km),SWF domain (5 km). Colours represent
the orography of the region.

5.1.2. Reslults

As example, the projected temperature evolution of SSP1-2.6 and SSP5-8.5 until 2070 are displayed
(Figure 4). For the historic period (1981 2 2014) the curves are the same, as the driving GCM simulations
coincide. Beyond 2014 the impact of the different emission projections become s apparent, with SSP5-
8.5 displaying a stronger increase than SSP1-2.6. the dip of SSP5-8.5 after 2060 displays internal vari-
ability of the system.

2-metre temperature and precipitation trends
for South Westphalia

—— S5P1-2.6
284.0 —— S5P5-8.5

282.0 4
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Figure 4: WRF temperature projections based on SSP1-2.6 and SSP5-8.5 until 2070; yearly average using a 10-
year LOESS filter (0.1 smoothing factor)

5.2. Land use modelling CLUMondo

5.2.1. CLUMondModellingframework

CLUMondo (Conversion of Land Use on Mondial Scale) is a spatially explicit, dynamic ™ | asnyds t e m®
change model that is capable of many-to-many demand and supply relationships, making it well suited
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to problems involving complex conflicting land requirements, which often characterize climate mitigation
decisions (Verburg, 2002; van Asselen and Verburg, 2013). The spatial units used in CLUMondo are
“land systems® which are constructed from the land cover composition, spatial configuration, and the
management activities employed (van Asselen and Verburg, 2012). These constructed land systems

provide or -supply® goods and s e rCLiMomlssinwlatesichamgest h e

in land systems in response to an exogenous demand, which sets what types of (new) land systems are
desirable. For example, a demand for carbon sequestration and renewable energy might be served by
a -forest with wind helacatibris where sey @ndIsystants wil gmergeeara based
on the location suitability, allowed conversions, and other restrictions such as conversion (in)elasticity.
Suitability is represented by default for initial land systems through the results of a logistic regression
using a series of biophysical and socioeconomic variables. However, location suitability can also be
influenced by an additional suitability layer, allowing for externally produced maps to inform suitability
(crucial for the development of novel land systems). Scenarios are based on the setting of exogeneous
demand and parameterising the land systems to fulfil those demands, allowing the model to express
their patterns spatially within the constraints given. Overall, CLUMondo strengthens the analysis by
providing a spatially explicit, system-level, and policy-relevant framework for scenario exploration that
captures the complexity of land competition, multifunctionality of forests, and trade -offs among different
climate mitigation options.

5.2.2. Data inputs

Land cover to land system : The base layer for constructing initial land systems was the CORINE 2018
Land Cover map. The CORINE classes werethen either simplified or expanded upon to fit modelling
needs. For example, Urban related activities were simplified to a single urban class. While the deciduous
and coniferous forest areas were further classified using a dominant species map for Germany for
2017/18 (Blickensdorfer et al., 2022b; Blickensddrfer et al., 2024), classifying the forest into four cate-

gories: spruce, beech, oak (the 3 main tree species);and t he r emai nder Mgreovey p e d

owing to the different carbon stock and sequestration properties of trees throughout their life-cycle, the
forest was further split into -young®and -mature®forest based on a mature forest carbon stock threshold
of 150 tC / ha (Jacob et al. 2012; Spawn et al., 2020). This, combined with the land systems in the
remainder of the study area, resulted in 14 different initial land systems: water, urban, cropland, pasture,
grassland, woodland + young & mature other, oak, beech, and spruce.

Initial suitability maps : Biophysical variables used to produce suitability maps for initial land systems
include: Topographical information (elevation, slope); climate (temperature, precipitation); soil composi-
tion (clay, sand, silt) and texture (coarse fragments) ; nutrient densities (nitrogen, phosphorous, potas-
sium, CN ratio); ph; and population density. These were input into a logistic regression with binary pres-
ence non-presence maps per land system to produce the input regression values for the model. The
output is a map of suitability from 0 2 1 where 0 is not suitable land (where not development of the land
use is possible like agricultural land in steep land with no possibility for mechanization) and 1 is highly
suitable and then considered as priority for land conversion Table 1.

Table 1: variables used to define the initial level of suitability of the different land systems

Variable Source
Topography (elevation and slope) EUDEM from EEA (2016)
Climate (temperature and precipitation WRF (2024)

Nutrient density (nitrogen, phosphorous, potassilESDAC
CN ratio) and pH

Population JRC

Initial carbon stock :
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The initial carbon stock was calculated by combining data for the 4 carbon pools namely aboveground

biomass carbon (AGB C); belowground biomass carbon (BGB C); Organic layer C; and mineral soil G

that make up the total stock. Data for the aboveground and belowground biomass carbon comes from

Spawn et al. (2020) who harmonised biomass carbon stocks derived for different landcovers into a single
carbon stock |l ayer . Spawmwgoundbibmassa?bOnisok @stimaedwere and
calculated from a mixture of ground measurements correlated with remote sensing data and environ-

mental variables. Data for organic soil stocks and mineral soil stocks come from local measurements in
South-Westphalia that provides carbon stocks per hectare for different combination of forest type and
underlying soil type (Nieder, 2024). Soil carbon estimates for the topsoil 0-30 cm and 60-90 cm depths

were combined into one value for the soil carbon per hectare.

Forest age :

The age of the forest is critical to its carbon sequestration trajectory, where younger trees rapidly in-

creasing their sequestration from a low value, while older trees gradual decline in sequestration from

their climax value. The initial forest age map was developed using the 2005 global canopy height data
and an age-height relationship (Simard et al., 2011; ANU). The 2005 age map was then adjusted to our
scenario start date 2023 by increasing the ages by +18. A model starting data of 2023 was chosen over
2018 (CORINE maps) because of known key disturbances, namely drought and bark beetle infestations,
that occurred since 2018. To update the age map for these disturbances, last disturbance date data
from Viana-soto and Senf (2024) was processed to make a time-since-disturbance map, which shows
the age of areas that were disturbed between 1980 (or so) and 2023. These last disturbance ages were
then used to replace ages on the 2023 age map that overlapped with disturbed areas. The valdity of
this implementation is constrained by whether the definition of disturbance used in Viana-soto and Senf
(2024) represents tree death or just a temporary impact. Whereby a temporary impact would render this

method an underestimate of tree ages at disturbed sites. However, spruce forest mortality was very high

in known disturbed sites, aiding the validity of this age-mapping assumption.

Calamity areas : Recent drought and bark beetle outbreaks in the period 2018-2022 resulted in signifi-
cant losses of Spruce forest in South Westphalia. These are therefore an essential component of our
initial / baseline condition. As alluded to for the calculation of forest ages, these calamity areas were
defined using disturbance map data from Viano-soto and Senf (2024) combined with spruce areas from
Blickensdorfer et al. (2024). Calamity areas were then given priority in the location suitability for both the
spruce-replacing climate-adapted mixed forest scenario and the forest wind turbines scenarios.

Initial resources 2 yields (cropland, pasture, forests)

Along the lines of the idea for calculating the initial carbon stock, the initial resources of the forest in
terms of timber and yields from cropland and pasture were calculated to better express the trade -offs
(or benefits) of interventions made for climate adaptation and mitigation.

Forest timbre : forest resource provision is heavily dependent on the species composition. As seen in
table 2, spruce is highly effective at producing sawlog and pulp per ha, whereas oak is dominant for
veneer and beech for fuel. Based on initial species numbers, estimated total cumulative initial timbre
resources are expressed in table 3. If interventions extend, reduce, or change the composition of the
forest, this will impact the available resources.

Table 2: breakdown of mean timbre resources per species

Species name m? ha sawlog m? ha veneer m? ha pulp m? ha fuel
beech 84 0 63 63
oak 105 42 42 21
other 121 16 65 40
spruce 272 0 136 45
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Table 3: estimated total cumulative timbre resources at initial timestep

Species name m3 ha sawlog m3 ha veneer m3 ha pulp m3 ha fuel
beech 7058352 0 5293764 5293764
oak 2197712 879085 879085 439542
other 4134296 551239 2204958 1378099
spruce 46319750 0 23159875 7719958

Agricultural yields: Agricultural yield are varied depending on the crop type . The key crop types in the
region by area are: cereals (77574 ha), wheat (36935 ha), barley (22515 ha), rapeseed (9657 ha). With
an average of 7.94, 8.24, 7.34, 3.63 t yield per ha.

Pasture: the expected yield from pastural lands is 4-9 t dry matter (DM) per ha per year (Reinermann et
al., 2024), assumed to be towards the upper end based on 10 t DM in the Netherlands and NW Germany
in Chang et al. (2015). In NRW, pasture yields are used to feed livestock particularly for milk production,
making this a valuable resource to maintain (Landwirtschaftskammer, 2017).

5.2.3. Outputs

The CLUMondo model outputs land system and age maps per timestep. These were used to feed into
an external carbon model that calculated carbon stock changes (sequestration or emission) based on
the land system type and age (Schulp et al., 2008). For example, there is a carbon loss associated with
the disturbance of converting from one land system to another and the sequestration per year of a forest
pixel is scaled to be representative of its age.

The carbon stock-flow module works by calculating the effective flux (Ef) of carbon in all four stock pools
(AGB, BGB, organic layer and mineral soil). Effective flux is calculated by taking an average/default car-
bon flux values per land system type and calibrating that using a modification factor based on the age
of the land system (see AGB/BGB age modification factor relationship below).

1.0 1 L

0.8 1 L

0.4 4

Modification

value

0.2 1

0.0 1 L

0 20 40 60 80 100 120 140
Forest age (years)

Figure 5: forest age and respective effective flux modification factors.

KNOWING | Deliverable3.5| WP3 | Final 11



KNS‘?V@%NG

Then new carbon stocks per cell can be calculated by adding the effective flux to the existing/previous
carbon stock.

6Tl 0EOWi 060 Q  OFf & 0 QINIQRHD 6 WA VAE@ £ 'QQQUMBDBOE &

Carbon flux values are taken from Harris et al. (2021) which calculated the total flux over 30 years per
cell, therefore values were divided by 30 to give the carbon flux per year per hectare. EF-modification
factors and a carbon stock conversion penalty of 80% were taken from Schulp et al. (2008).

The assignment of new flux values is based on theareas changed between successive land system map
outputs, whereby a lookup table (Table 4) is used to substitute in respective flux values for changed
cells.

Table 4: Look up table of average flux per land system calculated from Harris et al. 2021 that are
scaled by age using the modification factor information above.

Forest land system Flux (Mg_C_ha)
young_other 4.41
young_oak 6.14
young_beech 5.65
young_spruce 5.58
mature_other 5.03
mature_oak 6.16
mature_beech 6.36
mature_spruce 5.97

Altogether these steps result in carbon stock and sequestration values per timestep. In the interest of
pursuing carbon neutrality there is an emphasis placed on the carbon sequestration per timestep (year),
contrasted against an estimate of the SWF popula i on®s c¢cumul a2.95WMeC /gmiThesei ons
sequestration levels are contrasted against competing objectives in forestry and agriculture.

5.2.4. Scenarie of mitigation and adaptation to CC

The first scenarios are based around individual interventions and their implementation strategy, followed
by composite scenarios that combine successful interventions. Intervention scenarios include: afforesta-
tion; reforestation of backlanes; construction of wind turbines in forest; (re)-planting of climate-adapted
mixed forest. Within these intervention types, additional variations are also run such as different ratesof
afforestation (fast vs gradual), or different numbers of wind turbines and their implementation speed
(300, 500, 500 fast, 810 fast). The implementation timelinesforced by the progression of demand in the
model can be found for each scenario in Annex 1.

Given the value of forest areas for natural carbon sequestration, an obvious place to start in order to
improve climate mitigation is by assessing the benefits and feasibility of increasing forest area through
an afforestation scenario. To test the impact of afforestation in isolation means there are no conversions
allowed in the existing forest areas, and that calamity areas are assumed to regrow as their original
spruce.

For natural carbon sequestration involving forests there is a significant build-up phase as the juvenile
trees grow where their ability to sequester carbon is minimal. Consequently, to reach additional seques-
tration by a target date requires early implementation to allow time for the slow build-up. This was
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illustrated here by a fast implementation scenario where all the additional forest was converted by 2030
as well as a gradual implementation scenario with a consistent yearly increment until 2050.

Another strategy proposed in SWF to increase natural carbon sequestration is the reforesting of back-
lanes and maintenance paths in the forest. This opportunity arises from new space efficient machines to
service the forest. These features are estimated at 17% of the existing forest area by local experts, of
which half will be reforested for a total of 8.5% increased density per ha. Replanting these features per
ha was scaled based on the average carbon flux of the dominant tree species which were then modified
based on age as described in the previous section. This reforestation occurs in the first timestep as a
more realistic staggered implementation (as done for afforestation) was not feasible in the current mod-
elling setup.

Construction of wind turbines in forested areas (emission reduction)

A key part of the climate mitigation strategy in SWF and Germany as a whole is the construction of
onshore wind power. When constructed in forest areas, the positives for emission reduction by replacing
fossil fuels are contrasted by the associated direct and indirect carbon losses from construction and
over the lifetime of the turbine. To this end, the total number and speed of wind turbine implementation
in the forest were experimented with to evaluate which implementation strategy would provide the most
renewable energy to reach net zero targets by 2035 while maintaining mitigatable carbon losses.

To translate the impact of constructing wind turbines into a format that could be contrasted against the
natural carbon sequestration interventions, necessitated a calculation of the emissions saving per year
from wind energy production. To calculate the emissions savings of a wind turbine requires the amount
of energy it would produce compared to the energy sources it is replacing. Wind power generated is
calculated as:

Wind power generated per annum = (efficiency * nameplate capacity * uptime) - life-cycle emissions

The -nameplate® capacity is the maxi mum amount

mal conditions (MW). After review of existing and planned wind turbines within the model area, most
values ranged from 6 to 7.2 MW. A conservative 6MW nameplate value was used. The actual amount of
wind power generated, also known as the capacity factor, was taken as 33.5% of nameplatebased on
an average for onshore windfarms in Europe (Enevoldsen et al., 2021). Default uptime is taken as con-
tinuous at 8766 (hours in a year adjusted for leap year) where foreseeable losses in uptime are ac-
counted for in the capacity factor value. Furthermore, wind turbine life-cycle emissions average out as
1% of claimed avoided emissions per year (Smoucha et al., 2016). Application of the above formula with

these assumptions and conditions gives wind power generated per turbine = 17620 MWh / yr. Conver-
sion of power generated into emission savings was achieved by proportionally multiplying equivalent

power emissions per fuel type using the German energy composition (https://www.iea.org/countries/ger-

many/electricity). Final emission savingsper turbine were calculated at 3692 tC / yr. The choice to base
emission reduction on the German energy composition as a whole is a conservative option given the

known coal reliance the broader SWF region (which would inflate the emission reduction value com-
pared to the overall German composition). However, given the future decrease in emissions savings as
the replaced energy mix greens, this undershoot should be better representative across time.

Construction of wind turbines in forested areas has both initial direct and lasting indirect effects on car-
bon sequestration. The direct effects are associated with the clearing/removal of forest area for the
construction of the turbine itself as well as roads for vehicles and equipment to reach the construction
site. The direct carbon loss estimate was based on a 4000m2 rectangular pad area and 10m wide road
clearing area whereby the pad area and road lengths were scaled based on turbine MW capacity (ref).
The indirect effects are associated with the forest edge effects created by opening up the forest. The
exact impact of forest edge effects in temperate forests is mixed with inconclusive evidence of changes
in biomass at the forest edge as a result (Reinmann and Hutyra, 2016; Morreale et al., 2021). However,
along warmer exposed forest edges there is enhanced mineralization of soil organic matter and an in-
creased disturbance risk from heat stress and associated bark beetle outbreaks which needs to be
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represented (Reinmann and Hutyra, 2016; Reek et al., 2025; Singh et al., 2029. Moreover, how deep
into the forest these affects persists is also variable but with recurring evidence of largest effects in the
first 50m before tapering off (Reek et al., 2025). Consequently, a 5% reduction in biomass was assumed
for a 50m buffer around the newly created forest edge incremented overat u r b i noyc&g25 years).e
In summation, the total carbon loss associated with wind turbine construction is calculated as:

YE OGN GDEEET 16 DI GDEEEITE QO GQ @AM CDEEEITI OQAABIQQ QDO
Q6L M NHd @R 6 Qi ¥ &0 EIB N Qi Dok aida

In cases where the 25-year turbine life cycle is not reached within the overall 27-year modelling period
the indirect carbon loss is still taken in full to represent the necessary mitigation planning involved. Con-
sequently, carbon loss is estimated at 684 tC by 2050 per turbine

The total carbon loss estimate per wind turbine was then compared to other intervention carbon seques-
tration improvements to contextualise the size of this effect.

For novel intervention land systems, new suitability maps needed to be developed. Wind turbine suita-
bility was based on a wind power suitability map (Bessin et al., 2024) and amplified in calamity areas
where new turbines would have the least negative impacts on existing natural carbon sequestration.

Climate adapted mixed forest 2 increasing forest climate resilience

Recent widespread mortality in South Westphalia®s spr
outbreaks highlight the unsustainability of the current spruce dominated forest regime (Anders et al.,

2025; Knapp et al., 2024). Considering that heat stress and drought are likely to intensify as a result of

climate change, and that warmer temperatures would also favour spruce bark beetles, there is a need

to transition the forests of SWF away from spruce (Neumair et al., 2021; Hysek et al., 2021) A significant

barrier to changing forest composition is usually the existence of the current forest however the recent

calamity provides an opportunity to change forest composition by replanting at little cost to current car-

bon stock and sequestration.

The resilience of the forest in terms of maintaining carbon sequestration can be improved by replac-
ing/replating deceased spruce areas with mixed forests of the other more climate-resilience tree varie-
ties in SWF (beech and oak). In addition to moving away from problematic spruce monocultures, tree
species mixing can also increase stand productivity, density and growth efficiency in general (Pretzsch
and Schutze, 2021). Climate-adapted mixed forest (here a 50% mixture of beech and oak) combined
the suitability maps for beech and oak by taking the lowest value between them per cell to ensure the
viability of all species components. The suitability was further restricted to the targeted replacement of
calamity areas using a mask. In terms of the economic output of the forest, changing composition is
more complicated given that different tree species provide different types or at least different quantities
of various tree resources. As a result, it was important to track the change in resources extractable from
the forest during changing composition. Nevertheless, the ability to produce forest resources  at all
in future climates supersede s the requirement for specific products , making forest resilience a high
priority for both climate mitigation and the local economy.A summary of all interventions appears in
Table 5.

Table 5: Explanation of the different interventions for carbon sequestration, decrease CO2 emis-
sions and climate change adaptation on land

Name of intervention Versions Key conditions
Afforestation Increased forest area 15% into previ- ] o
ously unforested land (cropland / No conversion or changes to initially forested

areas; Calamity areas are assumed to regrow
into their original land cover (spruce); Perma-
nent forestry active.

pasture)

Fast = all converted by 2030
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Name of intervention Versions Key conditions

Gradual = consistent yearly incre-
ment until 2050

Reforesting backlanes Reforest backlanes and maintenance
roads, increased density of carbon
per ha of forest by 8.5%

Calamity areas are assumed to regrow intc
their original land cover (spruce); Permanent
forestry active.

Construction of wind turbines Different numbers (300, 500, 800)  Emission savings 2895 tC / yr (will decrease
. . ) as energy mix greens) and expected loss of
Different construction speeds: 684 tC of carbon by 2050 per turbine
Gradual (start slow and build to 20

per year);

Fast (30 per year)

Climate-adapted mixed forest Converting all calamity areas by No other changes to the initial forest area
2030
Combination scenarios Afforestation and 300 wind turbines

Mixed forest and 300 wind turbines

KNOWING | Deliverable3.5| WP3 | Final 15



5.2.5. Results

Bl mature spruce

Figure 6: Initial land system map at t=0

Figure 7: land system map for 2050 with 15% afforestation
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Figure 8: Sankey diagram for the 15% afforestation scenario, showing the overall land system flowsbetween the
starting timestep and 2050.

An increase in forest areas by 15% through afforestation results in the expansion of forested areas in
the hillier bottom 2/3rds of SWF into both cropland and pasture areas. Beyond the changes in forest
area, a clear bias is given by the model towards lowland cropland and only pasture areas at higher
elevation in more topographically complex terrain.

The carbon sequestration benefit of +15% afforestation by 2050 depended on the speed/intensity of the
implementation strategy. Fast afforestation resulted in a 13.8 % increase in natural carbon sequestration
rate by 2050 (2.15 Mt C / yr) compared to only 6.9% for gradual afforestation (2.02 Mt C / yr). The
difference of 6.9% means there is a 100% increase in the sequestration improvement for fast vs gradual
afforestation by 2050 due to the higher maturity of earlier planted trees. Consequently, this highlights
the utility of an ambitious and fast-moving implementation of interventions for natural carbon sequestra-
tion, owing to the slow build-up of carbon sequestration capacity in juvenile vegetation.

On the flipside, this amount of afforestation results in significant land trade-offs. For example, cropland
and pasture area were reduced by 19.1 % and 29.3% respectively, in order to facilitate a 61575 ha
increase in young beech forest. These areas provide valuable crop and dry matter yields respectively, ,
not to mention the issue of land ownership. Therefore, the viability of 15% afforestation in a realistic
socio-economic context is uncertain.

Furthermore, in comparison to the neutrality estimate of 2.95 Mt C sequestration per year, the highest
afforestation values (fast) in 2050 was only 2.15 Mt C / yr, significantlybelow that neutrality target.
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Figure 9: Natural carbon sequestration per year for afforestation fast, afforestation gradual, and backlane refor-
estation compared to no interventions. The blue lines in the green bar indicate the level for the intervention sce-
nario.

Reforestation of back-lanes could be a key alternative to afforestation with fewer land trade-offs. Assum-
ing that the amount of space to be reclaimed has been accurately approximated, there could be com-
parable increases in carbon sequestration (7.9%) within existing forested areas in SWFcompared to the
afforestation scenarios shown previously (6.9-13.8%). Nevertheless, either option, even if combined,
remains far below neutrality (see summary figure at the end of results for more context).
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Figure 10: Atmospheric carbon reduction through natural carbon sequestration and emission replacement result-
ing from the implementation of 300 wind turbines.

Inclusion of emission reductions from construction of wind turbines drastically increase the top -end po-
tential of achieving carbon neutrality and beyond by 2050. However, it must be noted that the size of the
emission reduction in later timesteps is likely an over-estimate given the reducing share of carbon emit-
ting fossil fuel energy for wind energy to replace. Furthermore, the construction and operation of each
turbine was estimated to lose 684 tC in total by 2050 (this loss is front-loaded). Therefore, the overall
lifetime carbon emission by constructing 300 turbines is expected at circa 205,200 tC. The equivalent
compensation for one turbine in other natural carbon sequestration interventions would be 4 ha of affor-
estation or 27 ha of 15% increased density reforesting. That equivalency assumes each grew to sufficient
maturity to achieve the average forest carbon stock per ha, which may not occur before 2050. Hence,
an overshoot is recommended for such compensation strategies. Total mitigation of 300 turbines of
emissions would require either 1200 ha of afforestation or 15% increased density in 8100 ha of forest.
By comparison, this quantity of intervention is minimal compared to the 60,000+ ha shown in the previ-
ous afforestation scenario or the total of 309,000 ha of forest to choose from for increasing density.
Consequently, the intervention magnitude required to mitigate the wind turbines constructed to reach
neutrality is far more plausible than using natural carbon sequestration to reach neutrality alone.
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Figure 11: Comparing the effect of wind turbine implementation size and rate on the carbon flux trajectory (and
neutrality timing).

2024 N

Capacity exists to have a larger number of turbines which result in a linear increase in projected emission
reductions and subsequently increased overall negative carbon flux. Moreover, the faster uptake of tur-
bine construction results in neutrality (higher than 2.95 Mt C / yr) by 2034, 5 years earlier than the slower
implementation by 2039. This difference could be crucial to reaching regional intermediate targets on
the way to 2050.

The upper end of uptake rate (30 per year) and final turbine number (810) results in large emission
reduction potential in 2050 (152% of neutrality). However, even more so than for the initial 300 turbine
scenario, the caveat here is the emission reduction per turbine is likely to gradually decrease at later
timesteps and larger turbine quantities owing to the greening energy composition (this is not a bad
problem to have) (Table 6).

Table 6: projected carbon loss and associated mitigation size per natural carbon sequestration
intervention for different numbers of turbines

Wind turbine quantity Projected carbon loss (tC) Mitigation with Mitigation with 15% in-
afforestation (ha) creased forest density (ha)

300 205200 1200 8100

500 342000 2000 13500

810 554040 3240 21870
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Figure 12: carbon sequestration trajectory associated with converting calamity areas to climate-adapted mixed
forest.

The current availability of recently deceased spruce stands presents an opportunity to enhance forest
climate resilience with minimal additional sequestration cost relative to maintaining the status quo?®
particularly given the likely overestimation of spruce-dominated sequestration projections due to rising
mortality risk. By 2050, the projected annual sequestration rate of 1.94 t C hao yra slightly exceeds the
no-change baseline of 1.89. The lower values observed initially reflect the conversion penalty incurred
when replanting dead spruce areas with mixed, climate-adapted species. Moreover, combining these
resilience-focused interventions with wind turbine deployment yields substantial emission reductions
with similarly low additional sequestration costs. The resulting 2050 sequestration rate of 2.98 t C hatd
yrad is comparable to the 300-turbine scenario (3.01), indicating these approaches are complementary.
A summary of results is presented in Table 7.
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Figure 13: carbon flux removals per year for climate-adapted mixed forest with 300 wind turbines
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Table 7: Summary of results .

Scenario Yearly natural  Yearly carbon Quantity of Intervention Improvement Trade -offs
carbon seques- emissionre- climate re- completion with respect
tration in 2050 duction in 2050 silient for- date to BAU
(tC) (tC) est (ha)
Afforestation 2.15 0 0 2030 13.8%  Cropland:19.1 %
fast

Pasture: 29.3%

Afforestation 2.02 0 0 2050 6.8% Cropland:19.1 %
gradual
Pasture: 29.3%
Reforestation 2.04 0 0 2025 7.9% Forest harvesting
flexibility
Wind turbines 1.89 111 0 2039 59.3% 205200 tC carbon
300 stock loss
Wind turbines 1.89 1.85 0 2050 97.9% 342000 tC carbon
500 stock loss
Wind turbines 1.89 1.85 0 2040 97.9% 342000 tC carbon
500 fast stock loss
Wind turbines 1.89 2.88 0 2050 152% 554040 tC carbon
810 fast stock loss
Climate adapted 1.94 0 71649 2031 2.6% Loss of equivalent
mixed forest spruce revenue/ re-
sources
Mixed forest + 1.94 1.11 71649 2039 57.7%  Loss of equivalent
300 turbines spruce revenue/ re-
sources

205200 tC carbon
stock loss

5.2.6. Conclusiongjiscussiorand limitations
Effectiveness of scenarios in meeting target

A multifaceted strategy that combines wind turbine deployment with natural carbon sequestration
emerges as the most effective pathway to carbon neutrality in South Westphalia. Natural sequestration
alone cannot achieve neutrality within feasible implementation levels, whereas wind turbines canreduce
emissions sufficiently to meet this goal. When integrated, wind turbines provide substantial emission
reductions while natural sequestration interventions compensate for the carbon emissions associated
with turbine installation. Strategic turbine placement3 in calamity areas® can further minimize initial
carbon losses and reduce the remaining sequestration requirement. In parallel, transitioning affected
areas from spruce to climate-adapted species enhances forest resilience with minimal interference be-
tween interventions. These complementary interventions create a synergistic system capable of achiev-
ing neutrality, offsetting transitional carbon costs, and strengthening the long-term stability of regional
carbon stocks.Understanding the interplay between emission reductions from renewable energy and
natural carbon sequestration is essential for accurately assessing their roles in achieving carbon neu-
trality. Comparing wind turbine emission reductions with natural carbon sequestration can be misleading
given that sequestration removes existing carbon from the atmosphere and emission reduction prevents
new carbon from being emitted. Both affect net carbon balance but from distinct perspectives. As the
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energy mix decarbonizes® through more wind, solar, and other renewables® the emission reductions
attributed to new turbines will decline, since they replace increasingly clean sources (Germany targets
80% renewable electricity by 2030). Therefore, in a successful energy transition, the incremental reduc-
tion per turbine would eventually approach zero. However, if a cleaner energy system coincides with
parallel transitions such as electrified transport and industry® the remaining emissions per capita would
also decline, reducing the natural sequestration needed to reach neutrality. Thus, renewables effectively
make the carbon sequestration required to reach carbon neutrality more attainable. While the relative
importance of emission reduction and sequestration will evolve as the energy system decarbonizes, both
remain pivotal. Together, they form complementary halves of a carbon-neutral future whole, where rec-
ognizing and optimizing their synergy is essential for effective an long-term climate strategy.

Trade -offs associated with each scenario

Afforestation increases natural carbon sequestration proportionally to the area planted, but significant
gains require decades of undisturbed growth, as young forests sequester far less carbon than mature
stands. Therefore, the timing of afforestation strongly affects outcomes by the 2050 target. This was
evident in the larger gains achieved under the fast compared to gradual afforestation scenarios. None-
theless, afforestation necessitates the conversion of existing land use$ primarily cropland and pasture
in our simulations® thereby incurring significant opportunity costs associated with the loss of agricultural
goods and services. These socio-economic and legal constraints, combined with the moderate overall
sequestration potential, limit the feasibility of large-scale afforestation as a primary mitigation tool. Con-
sequently, afforestation should be viewed as a supporting measure, not a primary strategy for achieving
climate neutrality.

“Backlane® reforestation represents a low-opportunity-cost alternative to conventional afforestation, en-
hancing sequestration potential through the reforestation of half of the existing forest backlanes under
revised management enabled by emerging technologies. Since these backlanes are no longer opera-
tionally required, their conversion incurs minimal trade-offs. The primary constraint lies in the limited
area to which this practice can be applied, thereby restricting its overall carbon mitigation potential . A
minor uncertainty remains regarding possible competition effects from newly established trees on adja-
cent stands, though the extent of such interactions is currently uncertain.

The installation of wind turbines facilitates renewable energy generation and thereby offsets emissions
from fossil fuel combustion. While turbine construction entails localized carbon losses due to forest
clearing and associated edge effects, these are rapidly compensated by emission reductions within ap-
proximately one year of operation. Consequently, the balance of trade-offs strongly favours turbine de-
ployment as an effective climate mitigation measure. Furthermore, strategic placement of turbines within
pre-disturbed or calamity-affected spruce areas can further avoid initial carbon losses. Complementary
measures such as afforestation or backlane reforestation can mitigate residual effects, reinforcing the
overall carbon balance of the energy transition.

Replacing vulnerable spruce stands with climate-adapted mixed forests typically involves an initial car-
bon loss from removed trees and a gradual buildup in the new stands. However, widespread spruce
mortality in SWF largely eliminates this drawback, creating a low-cost opportunity to enhance future
forest resilience. The main trade-offs concern wood production: spruce yields abundant sawlog and
pulp, whereas oak and beech produce more veneer and roughly half as much sawlog and pulp, poten-
tially misaligning with local demand. Regional capacity to manage sudden increases in timber supply
following disturbance events is another factor to consider.

Limitations of the modelling framework application

Inherent uncertainty associated with regional-scale analysis, simplifications required by the model frame-
work, and assumptions made to implement interventions all limit the eventual accuracy of results. There
is an inherent level of uncertainty associated with regional-scale analysis and its underlying spatial res-
olution. At 100 m resolution, internal forest heterogeneity is inevitably smoothed into averaged stock,
sequestration, and flux values for dominant tree species. However, this resolution remains appropriate
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for capturing regional trends and spatial patterns relevant to policy and land-use planning. Moreover,
aboveground carbon estimates are derived from downscaled global datasets, limiting their ability to cap-
ture local variability, but these datasets are required in the absence of local experimental data on carbon
sequestration. Even still, the magnitudes expressed are comparable to other European forest studies.

Similarly, estimates of wind turbine energy generation and related emission reductions rely on an aver-
age capacity factor for European onshore windfarms and on assumptions that each turbine has similar
power output owing to a high wind power suitability. While this approach generalizes performance, the
average capacity factor over many turbines is likely more reliable than estimations based on uncertain
local information. Similarly, wind speed was the most important factor in the suitability maps, therefore
high suitability should indicate comparable wind speeds and consequently comparable power genera-
tion.

Several simplifications also arise from the CLUMondo modelling framework. The model does not simu-
late process-based forest growth, and thus the transient influence of climate on growth and carbon stor-
age is not represented. Instead, established mean growthrates are applied, producing reasonable mag-
nitudes that align with empirical means, ensuring that comparative outcomes between interventions re-
main robust. The framework further lacks explicit representation of disturbance and mortality dynamics.
Although accounted for conceptually in the intervention design (e.g., climate-adapted mixed forests),
their omission likely inflates future carbon stock estimates® particularly in spruce-dominated areas® yet
this bias is expected to affect all scenarios similarly and therefore does not undermine comparative
conclusions.

Certain intervention assumptions introduce additional simplifications. In the permanent forestry scenario,
clear-cutting is modelled as fully discontinued, whereas in practice some selective removals would occur
to maintain structural diversity. This simplification exaggerates sequestration potential slightly but clari-

fies the upper bound of the i nt eareuiatententions, &e appliédf e ct .

carbon conversion penalty likely overestimates emissions, as part of the disturbance-related loss had
already occurred before the initial carbon accounting. This conservative assumption ensures that results
do not overstate mitigation potential.

In summation, while these limitations introduce uncertainty in absolute values, they are consistent with
the scale, purpose, and comparative focus of the analysis, and do not prevent the derivation of credible
and policy-relevant insights. The value of the analysis lies in its comparative insight$ indicating which
interventions or combinations are most effective, how they interact, and the timescales on which mean-
ingful change can occur. Such relative understanding offers practical guidance for regional policymakers
seeking to refine existing strategies and accelerate progress toward 2050 climate targets.
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5.3. Energy demand modelling (MAED-City)

5.3.1. MAEDCityModelling Framework

This section of the report presents the results of the KNOWING energy demand modelling framework
as applied to the region of South- Westphalia (SWF). This study focusses on formulating a long-term
decarbonization strategy for the region of South- Westphalia towards climate-neutrality until 2050. An
integrated sectoral approach supported by an intensive participatory process with the local stakeholders
was used to capture the current state of South-Westphalia® energy consumption by sector and fuel and
to construct consistent, future energy demand development scenarios (BAU, CETS and CETSHW) until
2050 (see Figure 14).

Modelling Tool m

Co-Creation Process

Scenarios’ design

et Sustainable clean
esults
Data preparaten [ . |
BT R e -) | energy strategy
. PR y =
. lteration \
KPls-based
Monitoring,
Stakeholder *  Energy intensity
Stakeholder involvement * Per capita indicators
involvement E » CO2 intensity
* RE share,

* Electrification

Promoting local/regional renewables,
Flexibilization and sector coupling
Decarbonisation of heat and power sectors

O Construction of consistent

Development areas, zoning plan .
development scenarios

Mapping RE sources

O Energy System Structure (fuels, L .

processes, technologies) QO Future visioning and storylines
O Energy balance: by subsector Q Extracting alternative transformation

and fuel paths Drivers of the CET till 2050

i i . . - Energy efficiency improvement,

= i%ﬁgoﬁgg{n;ggmetem Q Evolution of key drivers — Switching to clean fuels & Electrification
]
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Figure 14: Holistic approach of the energy demand modelling framework for the formulation of a sustainable clean
energy strategy (CES) for South- Westphalia

The integrated energy demand analysis and strategy formulation were conducted using the MAED-City
model developed by AIT. The approach of the MAED-City model is shown in Figure 15. The end-use
approach of MAED City disaggregates the local energy demand of SWF into the energy consumption
sectors, including buildings (households and services), agriculture, construction, manufacturing, and
transportation (freight and passenger transportation). Moreover, Figure 15 illustrates the linkages and
data dependencies between the energy demand model in the different sectors and other modelling
frameworks used in course of KNOWING.
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Figure 15: MAED-City approach for modelling of the energy demand of the region of South-Westphalia by sectors,
end-use categories and energy carrier (Hainoun and Loibl, 2022)

In Figure 15 is very well shown, that the building sectors (household and service) in the energy demand
model has in case of the heating degree days (HDD) and cooling degree days (CDD) a linkage to the
climate model PALM-4U/WRF and in case of the data for the mobility sector (freight & passenger trans-
portation) to the transport modelling tools ABM light & PTV Visum (see chapter 5.5). Furthermore, the
energy demand results of MAED- City were transferred to the IES- Opt model to construct the energy
supply system for the climate neutrality pathway for South- Westphalia (see chapter 5.3.3).

The energy demand analysis begins with the reconstruction of a base year, which in this case study of
region of South-Westphalia is defined as 2019, to reflect the current energy consumption status. Based
onther e g i ener@®y Halance for 2019 - in the form of annual final energy consumption disaggregated
by sector and fuel - and the demographic, socioeconomic, and technological parameters, the base year
is reconstructed. The input data of the energy demand model MAED-City is shown in Figure 16.
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Figure 16: Groups of input data for the energy demand model MAED-City
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5.3.2. Assumptions and Scenario Inputs

5.3.2.1. Methodology of the validation of the existing energy balance and reconstruction of

the base year
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In the process of the energy demand modelling of the region of South Wesphalia in MAED City, three
levels of data sets (local, regional and national level) were considered, mainly on theregional (federal
state North Rhine-Westphalia) and national level (Germany). Those data sets can be clustered in socio-
economic data (e.g. number of population, total labor force, total GDP, GDP by sectors and subsectors,
etc.) and technological data (e.g. heating systems in the household and service sector, energy efficiency
standards of the buildings, penetration rate of the thermal energy systems in the manufacturing sector
by temperature level, etc.), which are used to reconstruct the energy demand of the sectors (Household,
service, manufacturing, construction, passenger and freight transportation, etc.) of the region of SWF in
the base year 2019. For the validation of the reconstruction of the base year in MAED City, the energy
balance of SWF was used. The energy balancewas constructed for the first time based on many refer-
ences and different approaches, as shown in Table 8.

Table 8: Methodology and source of data for the construction of the energy balance by sector of

SWF

Sector Method and Source of Data Comment

Agriculture, |"Ow 0 (UNECE, s.a.) The final energy demand is calculated pro-

Construction |0 ¢ Q1 "GEurostat, 2025b) portionally based on the national GVA of
GVA share of Germany (UNECE, s.a.) |Germany shares to the GVA at local level
0¢ Qi "QdEnergieatlas.NRW,s.a.) (region of South Westphalia) for the sectors
"Ow 0 (Statistisches Landesamt Baden agriculture and construction.
Wirttemberg,2023)

Mining "Owd  (Statistisches Landesamt Ba{The final energy demand is calculated pro-

den-Wirttemberg,2023)

"Ow 0 (Statistisches Landesamt Badery
Wirttemberg,2023)

0& Qi "Qu  (IT.NRW, 2024)

portionally based on the regional GVA of
North- Rhine Westphalia (NRW) to the GVA
at local level (region of South Westphalia).

Manufacturin

"Ow 0  (Statistisches Landesamt Ba-
den-Wirttemberg,2023)

"Ow 0 (Statistisches Landesamt Baden
Wirttemberg,2023)

‘0¢ Qi "QdEnergieatlas.NRW, s.a.)
0& Qi "Q® i (IT.NRW
, 2024)

Number of employees (IT.NRW, 2025)

The final energy demand is calculated pro-
portionally based on GVA at the regional
level (NRW) to the GVA at local level (South
Westphalia). The methodology of the calcu-
lation relies on official GVA data for the man-
ufacturing sector of NRW and SWF; detailed
employment data for SWF by manufacturing
subsector and official energy consumption
data by manufacturing subsector in NRW.
Iron and Steel Production dominates em-
ployment in SWF, accounting for the largest
single share of t he

workforce, far higher than its share in NRW.
Non-Ferrous Metals, Mechanical Engineer-
ing, and Vehicle Manufacturing are also
more pronounced in SWF compared to
NRW, reflecting a strong metals-to-machin-
ery industrial value chain in the region.

Service

"Ow 0  (Statistisches Landesamt Baj
den-Wirttemberg,2023)

"Ow 0 (Statistisches Landesamt Baden
Wirttemberg,2023)

O¢ Qi "QdEnergieatlas.NRW, s.a.)
‘O¢ Qi "(GEurostat, 2025b)

06 & (UNECE, s.a.)

The final energy demand is calculated pro-
portionally based on GVA at the regional
level (NRW)to the GVA at local level (South
Westphalia). Additionally, the motor fuel con-
sumption (Stationary engines) in the service
sector was based on GVA at national level
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(Germany) and broken down by the GVA at
local level (South Westphalia).

Household |0O¢ Qi "QdEnergieatlas.NRW, s.a.) The final energy demand of the household

Number of population (NRW) based or sector in SWF is calculated based onthe en-
(IT.NRW, 2020) ergy demand of NRW, broken down by cap-
ita.

Transport Road- based traffic model (see chapter| The energy demand of the road -based

5.5) passenger and freight transport is calcu-
lated by the data from the transport model-
Airplane- passenger intercity transporta-|ling framework (ABM light & PTV Visum)
tion; (see chapter 5.5). The airplane- passenger

1 ©O¢& Qi "QRurostat, 2025b) intercity transportation was calculated by the

1 0o0an®iQéodnadod Q& gnational energy balance, broken down by
"QEOQ1 a W(Statistisches Lan4the number of capita. The freight transporta-
desamt Baden-Wirttemberg,| tion over barges and trains are calculated by
2023) the modal split of the national freight trans-
06anIE O acod Q¢ ¢portation statistics of Germany and addition-
"QEY ® "MUNV 2024); (Industrie |ally 20% more tonne-kilometres for both
und Handelskammer Siegen,|transport modes (train and barges) com-
2022) pared to the national level, because of the
high importance of ships and trains for the
freight transportation in SWF and NRW (re-
gional level). An exemplary project of shifting
from road to rail and waterway freight trans-
portation projects to solidifying the assump-
tion, that the modal split of the waterway and
rail freight transportation is higher compared
to the national level, is the LOGANRW pro-
ject (RailTarget.eu, 2023).

=a =

Freight transportation over trains (modal
split based on national German data
(DLR, 2022)

Freight transportation over barges
(modal split based on national German
data) (DLR, 2022)

The number of references used for the data collection for the reconstruction of the base year 2019.in
SWF is more than 30. The main references for the construction of the base year are:

il

ABM (activity-based Model) light and PTV Visum for the freight and intercity and intercity pas-
senger transport sector (see chapter 5.5)

Number of population, potential, participating and active labour force: Landesverkehrsmodel
Nordrhein-Westfalen 2024 (MUNV 2024); Sudwestfalen in Zahlen 2022 (Industrie und Han-
delskammer Siegen, 2022)

Data for GDP and GVA by secta: Volkswirtschaftliche Gesamtrechnungen der Léander: Reihe 2,
Kr ei s er ge b n(btatistisches Baadesarht Baden-Wirttemberg, 2023)

National per-capita-final energy demand-values by sector (Eurostat, 2025b)

National per-capita-final energy demand-values by end-use categories (Space heating, water
heating, el. Appliances, etc.) for the household sector: EUROSTAT(Eurostat, 2025a)

Energy demand data by sector and fuel of North Rhine-Westphalia (regional level) (Energieat-
las.NRW, s.a.)

Energy demand data of the mining sector and the manufacturing sector (total and by
subsectors) of North Rhine-Westphalia (IT.NRW, 2024)
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5.3.2.2. Results of reconstruction of the base year and of the energy balance of the region of
South Westphalia (SWF)

In South Westphalia the energy demand per capita is about 35.7 MWh/capita, which is higher than the
average energy demand per capita value of the region NRW with 33.3 MWh/capita (own calculation
based on (Energieatlas.NRW, s.a), (IT.NRW, 2024) and of the national value of Germany with 28.1
MWh/capita (Eurostat, 2025b). This is due to the high share of GDP (36.8%)of the manufacturing sector
in SWF (IT.NRW, 2024) compared to the NRW region (share of 19.1% in the total GDP (Statistisches
Landesamt Baden-Wirttemberg, 2023)) and shows that high industrial activity in a region also leads to
a higher increase in the total final energy consumption. The impact of the manufacturing (Industries)
sector and the other sectors on the energy demand per capita of South Westphalia compared to NRW
and Germany is shown in Figure 17.

Final Energy Demand per Capita by Sector

e 7—»,,@ustries
il R Germany
Transport //// \\ DY
assenger a cig ey X SWF
(passenger and fru;,llt/)/, 5 / %
/ K | %

| \ \ | ACM

———— Service

Figure 17 Final energy demand per capita by sectors for Germany, NRW and SWF for 2019.

Figure 17 shows very well that NRW and SWFhas a higher energy demand in manufacturing sector
compared to Germany. This reflects NRW and SWF's industrial specialization, particularly in energy-
intensive industries like iron, steel, and machinery. Furthermore, Figure 17 illustrates that SWF has a
high energy demand per capita in the passenger and freight transportation sector compared to NRW
and Germany, which shows the importance of energy efficiency measures in this sector (e.g. switch from
fossil-fuel-driven transport modes to electric transport modes).

The energy balance and the reconstruction of the base year of the region of South Westphalia refer to
the main consuming sectors: agriculture, construction, mining, manufacturing, household, service and
transportation (passenger and freight).

In 2019, the total final energy consumption in South Westphalia reached approximately 49.3 TWh, dis-
tributed to 34.0% for the transport sector (freight 4.3% and passenger transportation 29.7%), 30.6% for
the manufacturing industry, 23.0% for households, 9.9% for the service sector, 1.2% for agriculture and
forestry, 1.0 % for the mining sector and 0.3% for the construction sector (see Figure 18). The total final
energy demand breakdown by fuel highlights the dominance of fossil fuels for thermal use, which ac-
count for 40.6%, mainly consumed by the manufacturing and the household sector. Electricity makes up
16.2% of the total final energy demand of SWF, mainly consumed by manufacturing and the household
sector. The motor fuels account for 36.4% of the total final energy demand, which is mainly consumed
in the transport sector, and with more than 96%, it is dominated by fossil motor fuels (e.g. Diesel,
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gasoline, CNG, etc.). The smallest amount of the total energy demand of SWF (6,6%) covers the district
heating, biofuel and firewood, which is illustrated in Figure 18.

Final energy consumption by fuel,
SWEF, 2019 (49.33 TWh)

Biodiesel/-ethanol Firew;ad
W2 1A% ,"0'1 ) __ Biofuel
00% |/ _— 2.1%

Electricity
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Figure 18 Final energy demand by fuel (left figure) and by sectors (right figure) in SWF in 2019

The resulting direct CO2-emissions of SWF reached in the base year 2019 around 9,340 kilo-tons CO2
caused by fossil motor fuels, followed by gas (hatural gas and LPG), coal and heating oil as depicted in
Figure 19. Electricity and district heating is due to the energy production outside of the boundaries of
SWF, not included in this CO: calculation.

CO, emissions by fuel, SWF, 2019 (9,340 kt CO,)

Heating oil
11.04%

Motor fuel (LFO)
49.11%

Gas: NG +LPG
27.08%

Figure 19 Total CO2- emissions by fuel of SWF in the base year 2019

As shown in Figure 18, the significant share of emissions from fossil motor fuels in the base year 2019
highlights the critical importance of implementing effective mitigation strategies in the transport sector.
Also, the high dependency to natural gas, coal and heating oil for covering the thermal energy demand,
illustrates, that a decarbonization strategy, especially in the building (household and service sector) and
manufacturing sectors, is necessary to reach the climate neutrality goals of SWF.

To summarize the results of Figure 18 in atable, an overall validated energy balance of South Westpahlia

is constructed and is shown in Table 9.
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Table 9: Energy balance of South Westphalia (SWF )
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Fossil fuel (for thermal use) and fossil motor fuel

Renewable energies

ergy demand

. Share
Fossil Electric- Com- in the
Natural Heat- waste and District ity (incl Solar | bustible final
Sectors gas & . . Coal other fos- Diesel | Gasoline | CNG Jet fuel heat- y ’ ther- bio- Biofuel Total
ing oil : . heat . energy
LPG sil energy ing mal genic
. pumps) de-
carrier s waste
mand
Agriculture and 75.6 0.0 0.0 0.0 300.3 9.1 0.0 0.0 0.0 71.2 0.2 0.0 123.9 | 580.3 1.2%
forestry
Construction 18.4 0.2 13.1 0.2 106.2 0.0 0.0 0.0 0.9 29.2 0.0 0.0 1.0 169.0 0.3%
Mining 157.8 0.0 0.0 0.0 317.7 18.4 0.0 0.0 0.0 20.3 0.0 0.0 2.5 516.6 1.0%
Manufacturing (MAN) 5,278.2 847.2 3,548.1 0.0 201.6 0.0 0.0 0.0 1,142.5 3,890.7 0.0 35.6 141.3 15,085.3 30.6%
Transport sector
(freight and passen- 0.0 0.0 0.0 0.0 5,749.7 | 9,836.9 147.6 139.7 0.0 178.3 0.0 0.0 703.5 16,755.7 | 34.0%
| __ger transportation)
Household 5,673.2 1,982.2 24.6 0.0 0.0 0.0 0.0 0.0 450.1 2,517.5 67.1 0.0 618.1 11,332.8 23.0%
Service 1,409.9 989.6 0.7 0.0 431.5 16.5 0.0 0.0 596.0 1,298.8 2.2 0.0 143.6 4,888.8 9.9%
Total 12,613.1 | 3,819.2 | 3,586.5 0.2 7,107.1 9,881.0 147.6 139.7 2,189.5 8,005.9 69.4 35.6 1,733.9 | 49,328.6 -
share in'the final en- 256% | 77% | 7.3% 0.0% 14.4% | 20.0% | 03% | 0.3% 4.4% 162% | 01% | 01% | 35% - 100.0%
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5.3.3. Results of the BAU and CETS and key measures/interventions

5.3.3.1. Methodology of the construction of the scenarios: BAU and CETS

Based on the reconstructed base year, the future development scenarios are formulated according to
the anticipated long-term development of demographic, socio-economic, and technological drivers in
the region of South Westphalia up to 2050. The expected future trends for these drivers are introduced
exogenously, drawing on official references (e.g. local future development strategy and plans, local,
regional and nation energy and climate goals) and supplemented by expert judgment. Each scenario
starts with a storyline describing the future vision of the perceived development path. The key aspect in
the scenario development is to ensure internal consistency among the different assumptions of the key
drivers, considering that the resulting future energy demand is just a reflection of these assumptions.

In course of the KNOWING project, the following two scenarios over the period 2019-2050 were con-
structed for South Westphalia:

1 BAU (Business -as-Usual) Scenario: The BAU scenario follows historical trends and enacted
policy measures characterised by low moderate socio-economic and technological changes and
limited decarbonisation measures concerning energy savings and efficiency improvements,
electrification, digitalization, and the transition to clean fuels across all consumption sectors
(Household, service, transport, etc.). BAU scenario serves as a benchmark to assess the effec-
tiveness of the forthcoming CET scenario, which aims to demonstrate a decarbonization path-
way towards climate-neutrality of South Westphalia by 2050.

1 CETS (Clean Energy Transition Scenario): The CETS aligns with South Westphalia®,sNorth
Rhine-We st p hantl Geansy® s ener gy and cl i mate goal s
the results of BAU employing significant enhancements in energy efficiency, electrification of
end-uses and a shift to clean fuels across all sectors beside increasing the share of localrenew-
able energy systems to decarbonize power and heat supply. As a result, significant shifts will
occur in the local final energy demand and supply structure, the technological landscape of
energy production and consumption, and the changes in related socio-economic and techno-
logical determinants.

Because of the limited local (South Westphalia) and regional (North RhineWestphalia) energy strategies,
the CETS of South Westphalia was mainly constructed by the clean energy targets of the national
(Germany) strategies. Additionally, the CETS of the region of SWF was build up on other models, which
are used in course of the KNOWING project. The most important strategies, given in Table 1010 and the
used models to construct the decarbonization pathway of each sector in the CETS are the following:

1 ABM (activity-based Model) light and PTV Visum for the freight and intercity and intrcity passen-
ger transport sector (see chapter 5.5)

1 Trend of the HDD and CDD based on the WRF/Palm 4U model

9 Decarbonisation pathways for the manufacturing industry (AIT & Montanuniversitaet Leoben,
2022)

1 Bundes-Klimaschutzgesetz (KSG) (Bundesministerium der Justiz und fur Verbraucherschutz,
2024)

1  Fortschrittsmonitor 2025 Energiewende (EY BDEW (EY Consulting und BDEW Bundesver-
band der Energie - und Wasserwirtschaft e. V.), 2025)

1 Refurbishment Roadmap 2050 (Federal Ministry for Economic Affairs and Energy, 2024)

T Agora &tudwapnfutrales Deutschland: Von (d&Nes-Zi el set

selhauf et al., 2024)
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- Wie Deutschland seine Klimaziele schon
vor 2050 erreichen kann ~ (M. Weil3, M. Wiinsch and I. Ziegenhagen, 2021)

" (Jugel etal., 2021)

1 Law for the expansion of renewable energy systems™ EE G 2(Budd&Sministerium der Justiz

und fur Verbraucherschutz , 2025)

Table 10: National clean energy targets

NATIONAL ‘ 2030 2040 2045 2050
GHG Emissionseference year is 1990) -65% -88% Carbon neutrg  Carbon negative
(values are calculated based(@undes-
ministerium der Justiz und fur Verbrau-
cherschutz2024), (EY BDEW, 2025)
Buildings
Transport -68% -
Industry -48% -
Agriculture -57% -
Energy -34% <35Mt
-T7% -
FEDProjection(TWh)(Jugekt al,, 2021) 1963 1477
Goal 63 0 (phaseebut)
Gas 417 113
(0]] 540 158
Electricity 617 724
Hydrogen 38 226
Biomass 141 145
District Heating 108( 96
Other 38 15
Buildings
Refurbishment Raf€ederal Ministry fq 2-3% 2-3% 2-3% 2-3%
Economic Affairs and Energy, 2024)
Heat Demand from climateeutral 32 TWh 120 TWh
fuelqJugekt al., 2021)
Heat Demand from HP (Mio.
Pieceq)ugekt al, 2021) 4.1 9
Final Energy Demand (FED) projectic
(TWh) 700.3(Lea 593(M. WeiR, M.
NeTseIhauét Winsch and I. Zie
. al,, 2024) genhagen, 2021)
Environmental heat
Bi 134
iomass 295 8
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NATIONAL ‘ 2030 2040 2045 2050
Electricity 51.9 96
Hydrogen and PtX 282.5 218
District heating 4.3 -
Solar thermal systems 123.3 113
Fossil fuels 11.9 31

0.6 1

Industry

Final Energy Demand projection (TW, 617(Lea Nes{ 580(M. Weil3, M.
selhaufet al., | Winsch and I. Zie
2024) genhagen, 2021)
3
Motor Fuels
- 179
Biomass
71.5 304
Electricity
322.9 45
Hydrogen
ydrog 65.3 -
PtX
103 22
District heating
215 27
Waste
9.9 -
Fossil fuels

Final Energy ConsumptiofTWh)(Bun- 1,867

desministerium der Justiz und fifter-

braucherschutz, 2023)

Share of RE in gross final energy con-

sumption(Bundesministerium fiir Wirt- 41%

schaft und Klimaschutz (BMWK), 2024

By sector (TWh) projectiddugekt al.,

2021)

1,963 1,477
Building
Industry (energetic)
. ) 789 571
ranspor
638 578
| - 536 328
FinalEnergy demand (TWh) projec-
tion(Jugeket al,, 2021)
1,476.9
Electricity 1,900 1,413
Biomass
724
District Heating 617 712
144.7
Gas (methandased) 141 138
108 95.8 89

Hydrogen
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NATIONAL ‘ 2030 2040 2045 2050
Fossil fuels 417 112.9 76
Other 38 225.9 246

541 158.5 138
38 15.1 14

Electricity
Penetration of RBundesministerium 80% 100%(BMUB,

der Justiz und fur Verbraucherschutz, 2016)

2025)

, i 115 GW 160 GW
Onshore wind turbines
215 GW 400 GW
Solar systems
. 8,400 MW
Biomass plants
. 600 TWh
RE EIl. Generation (TWh)
. - 729.45 1,266.94

Electricity demand (TWh) projectighea

Nesselhauét al., 2024)

2211

Transport 95.02
PHH 114.28 167.26
GDH 125.28 1346
448.08

Industry 269.83
37.17

District heating 10.56
118.87

Electrolyse 16.27
. 139.86

Other conversions (network losses, | 68.21

etc.)

5.3.3.2. Results of the BAU Scenario

As in chapter 5.3.3.1 mentioned, follows the BAU (Business-as-usual) scenario the historical trends and
enacted policy measures characterized by low moderate socio-economic and technological changes
and limited decarbonization measures concerning energy savings and efficiency improvements,
electrification, digitalization, and the transition to clean fuels across all consumption sectors.

Figure 20 illustrates the projected development of final energy demand by fuel type and sector in South
Westphalia under the Business-as-Usual (BAU) scenario. The total final energy demand is expected to
increase at an average annual rate of 0.06%, rising from 49.3TWh in 2019 to 50.2 TWh in 2050. Among
the different energy carriers, biomass (firewood) shows the highest annual growth rate, averaging 0.74%
per year, followed by electricity with 0.63% per year. The final energy demand structure will continue to
be dominated by fossil fuels used for thermal applications, whose share will only slightly decline from
40.6% in 2019 to 40.4% in 2050. Fossil motor fuels will see a more notable reduction in their share from
35.0% (2019) to 32.0% (2050), while electricity will increase its contribution from 16.2% in 2019 to 19.4%
by 2050.
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Final energy demand by fuel, Final energy demand by sector,
SWF, BAU Scenario SWF, BAU Scenario
60000
35.7 MWh/cap 39.7 MWh/cap 60000 35.7 MWh/cap 39.7 MWH
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20000 a0% 40% 40%
L 0% g w000 220 2K 20% 19%
10000 _ L] _ — — f—
16% 7% 17% 18% 19% 19% 10000
0
2019 2022 2030 2040 2046 2050 0
¥ Firewood Electricity ® Biofuel 2019 2022 2030 2046
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Figure20:Sout h Westphalia®s final energy demand projection by f
for the BAU

The results presented in Figure 20 illustrate a trend of limited implementation of energy efficiency
measures and restricted adoption of clean fuels in South Westphalia under the BAU scenario. This effect
is particularly evident in the manufacturing and passenger transport sectors, where only a minor shift
from fossil fuels to renewable energy sources is observed, along with fewer efficiency improvements
compared to the CET scenario. As a consequence, the final energy demand of the manufacturing sector
is projected to increase from 15.1 TWh/a in 2019 to 18.8 TWh/a in 2050, while that of the passenger
transport sector is expected to decrease slightly from 14.6 TWh/a (2019) to 12.6 TWh/a (2050). These
two sectors will remain the dominant contributors to the total final energy demand of South We stphalia
by 2050. In 2050, the manufacturing sector will account for 37% of the total final energy demand,
followed by the building sector (households and services) with 29%, and the passenger transport sector
with 25%, as shown inFigure 20. The corresponding annual final energy demand per capita will increase
from 35.7 MWh to 39.7 MWh over the study period.

Based on the projected sectoral final energy demand under the Business-as-Usual (BAU) scenario, the
development of energy-related COF emissions within the regional boundaries of South Westphalia has
been calculated, as illustrated in Figure 21. The results show the dominant role of motor fuels, which
accounted for 49.1% of total emissions in 2019 and are projected to increase to 51.2% by 2050.This
trend is mainly driven by the continued use of fossil motor fuels in the transportation, agriculture, and
construction sectors. These findings emphasize that, in order to achieve climate neutrality by 2050,
South Westphalia must adopt effective decarbonization measures particularly within the transportation
sector. Recommended strategies include the transition from fossil-fueled to electric vehicles, promoting
a modal shift from private to public transportation, and encouraging active mobility options such as
cycling and walking across the region.
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CO2-emissions, SWF (BAU Scenario)
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Figure 21: Projection of the CO2- emissions for the region of SWF until 2050 in the BAU scenario

In the BAU scenario, the total CO;- emissions in South Westphalia decrease by- 0.36% p.a. from 9340
kt CO: in the base year 2019 to 8347 kt CO2 by 2050.The CO: emissions per capita will also decrease
from 6.76 in 2019 to 6.49 t CO:2 per capita in 2050.

5.3.3.3. Results of the CET Scenario

As in chapter 5.3.3.1 mentioned, follows the CET (Clean Energy Transition) scenarioa transformation
pathway towards efficient, sustainable and climate- neutral energy systems. Aligned to the considered
local (South Westphalia) and national (Germany) future vision, CETS seeks to contribute to achieve
inclusive, safe, resilient and sustainable urban development by promoting the efficient use of energy
resources and reducing related CO 2 emissions while achieving a long-term clean energy transition strat-

egy.

Based on the above mentioned strategies the Clean Energy Transition Scenario of South Westphalia
was constructed. I n this regard, especiall-gwth
targets of each sector (Building, Industry, etc.) were considered, which are shown in Table 10.

Figure 22 demonstrates the future final energy demand projection of the CET (Clean- Energy- Transition)
scenario by fuel and consumption sector of South Westphalia, that shows a decrease from 49.3TWh in
2019 to 29.8 TWh in 2050 corresponding to an annual decrease rate of about - 1.61%. This evolution
which highlights the effectiveness of the employed energy efficiency measures. Because of the ambi-
tious national climate- neutrality goal of Germany until 2045, also in South Westphalia that target was
set in the Clean Energy Transition of South- Westphalia. But also following the scenarios of the AGORA
studies (M. Weil3, M. Wiinsch and I. Ziegenhagen, 202);(Lea Nesselhauf et al., 2024) and the DENA
study (Jugel et al., 2021) a rest amount of fossil fuel will remain until 2045 or 2050, which was taken into
account for the CETS in South-Westphalia. This is shown especially in the projection of the final energy
demand by fuel for SWF (see Figure 22), where in 2045 and 2050 a small amount of fossil motor fuel,
especially in the freight and passenger transport sector, is illustrated. The total share of fossil motor fuel
(mainly diesel and gasoline) will decrease due to electrification and the use of biodiesel/-ethanol and
Hydrogen (H2), from 35% (2019) to 3% until 2050. On the other hand, the share of biodiesel/-ethanol
will increase from 1% to 3% and hydrogen (H2) from 1% (2019) to 6% (2050). Hydrogen will not only be
used for the freight and passenger transport sectors, but also for the Manufacturing sector.

The future development trend illustrates a significant decrease of fossil fuel share for thermal use from
41% to a phase-out until 2050, resulting among other from the increased use of heat pumps

ehhatic
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(electrification) and district heating for space and water heating in the building sector and the electrifi-
cation process in the Manufacturing sector. The impact of the electrification measures is shown in all
consumption sectors in South- Westphalia resulting in a significant increase of electricity share from
16% (2019) to 57% by 2050 (compared to 19% by 2050 in BAU). Biofuel also has a high increase from
around 2% (2019) to 19% (2050), mainly used in the manufacturing sector (share of 29% of the manu-
facturing final energy demand in 2050), in the service sector (share of 25% of the service final energy
demand in 2050) and in the household sector (share of 20% of the household final energy demand in
2050). The share of the district heating in the total final energy demand of SWF also increases from 4%
(2019) to 11% (2050), mainly used in the manufacturing sector (share of 12% of the manufacturing final
energy demand in 2050), in the household sector (share of 21% of the household final energy demand
in 2050) and in the service sector (share of 17% of the service final energy demand in 2050).

The right of Figure 22 illustrates, that the Manufacturing sector (46% of the final energy demand) will
have the highest share in the final energy demand of South Westphalia in 2050, followed by the house-
hold (17%) and service sector (15%). It is also remarkable, that the shareof final energy demand of the
passenger transport sector due the substitution of fossil motor fuel by electricity, biodiesel/ -ethanol and
hydrogen (H2), will decrease from 30% to 11%.

Final energy demand by fuel, Final energy demand by sector,
SWF, CET Scenario SWF, CET Scenario
60000 35.7 MWh/ 23.6 MWh/\ 60000
. — : @ap 35.7 MWh/cap 23.6 MWh
50000 grrmy 4% so000 —
46000 - -1.61 % p.a. - ] 161 % p.a.
35% 35% o 40000 e -
- i .
= 30000 2 a% > —_— ~—s
[ 14% 1% S5 30000 p— -
14% % Ry 3%
20000 41% 40% 30% .
13% 20000 22 23%
16% | 22%
10000 Logge 2% la3% 53% 57% ”
16% 17% ReX 10000 I 19% 7
° A
2019 2022 2030 2040 2046 2050 0 - L
W Firewood Electricity W Biofuel 2019 2022 2030 2040 2046 20
Fossil fuels m Solar thermal W Fossil motor fuels  Tr. passenger mTr. Freight Household M Service sect
W District heat mH2 ® Biodiesel/Ethanol  Manufacturing Ind. ~ Construction W Agriculture
Figure22: Sout h Westphalia®s final energy demand projection

for the CETS

Figure 23 shows the results of the COz-emission per capita for the CET scenario for South Westphalia
(SWF). Compared to the projection of the BAU- scenario (see Figure 21), the sustainable development
trajectory of the CET scenario with significant energy efficiency improvement, increased electrification

and increased contribution of clean fuel (biofuel, hydrogen, district heating, etc.) in all consumption

sectors will result in significant mitigation of annual CO. emission from 6.76 tCO2/cap in 2019 to

0.20 tCO2/cap in 2050. The remaining CO2 emissions are due to the transportation sector, as a complete
decarbonization of this sector in South Westphalia is not possible until 2050. The CET scenario shows a
COz-reduction of -59.8% in 2030 and -83.2% in 2050, compared to the reference year 1990. For the
calculation of the COz-reduction the regional value of North Rhine-Westphalia (15.0 tCOz/cap (IT.NRW,
s.a)) was chosen. Compared to the national targets (see Table 10), the CO: reduction in the CET
scenario is in average 7% lower as the national target value. Considering that the target values are based
on GHG emissions, which are higher than CQO, emissions, and considering the high dominance of
industry in South Westphalia, the emission trajectory of the CET scenario is realistic and aligned with the
national targets. The projection of the CO2 emissions in Figure 23 is without the consideration of elec-

tricity and district heating, because of fact, that most of the power plants and most of the heating plants
areoutsideof Sout h We s regiohahbounda®.s
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Figure 23: Development of the direct CO2-emission of South Westphalia (SWF) in the CET scenario

5.3.3.4. Key measures/interventions of the CET SceliaSWF

This section presents the key measures/ interventions in the different energy consumption sectors
(household, service, freight and passenger transportation, etc.), which were extracted from the CET
Scenario of the region of South Westphalia. The key measures are illustrated in Figure 24 qualitatively
and in quantitative values.

* Electrification of the
transport modes: cars,
busses, ferries and trucks

= Switch from cars to public

- transport systems
freight * More use of hydrogen (H2)
and biofuel instead of

Diesel & gasoline

* Therm. refurbishment

* Highly electrification of
the end-use-categories and
use of heat pumps

* More biofuel &

district heating

* Partially electrification of
Service the stationary engines and

substitution of the rest
fossil motor fuel by
biodiesel and H2

» Slight electrification of the
thermal energy demand
until 2050 and more use of

v biofuel
Agriculture -~

Household Passenger & =

transport

Manufacturing = Highly electrification of
the stationary engines &

thermal energy demand)

* Expansion of the district
heating system
* More Installation of PV

Local energy
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+ Process & energy system
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Construction
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the stationary engines and
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* More use of biofuel
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Figure 24: Key measures/interventions by sector in the region of South Westphalia until 2050

on the buildings
* Expansion of the electricity
grid and decentralization

Figure 24 illustrates that energy efficiency improvements, electrification of end-use categories, and the

transi ti

on t o

renewabl

energy

sour ces

represent

decarbonization strategy. For example, in case of the building sector (household and service sector),
central measures include increasing the thermal refurbishment rate of buildings, advancing the electri-
fication of end uses, and expanding the use of heat pumps, biofuels, and district heating. These actions

ar e

fundament al

c 0 mp o n e nohiztiomw pathwiay B the pagsenger @nsl frethletc ar b

transport sectors, the decarbonization strategy focuses on the electrification of transport modes (such

as cars, buses, and trucks), a modal shift from private vehicles to public transport, and a greater use of
hydrogen (HF) and biofuels as substitutes for diesel and gasoline. These measures play a significant role
in reducing transport-related emissions.
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accounted

base year 2019, key measures include the electrification of stationary engines and thermal processes,
the replacement of fossil fuels with biofuels, solid biomass, and district heating, as well as the optimiza-
tion of industrial processes and energy systems. Further key measures for the remaining sectors of
South Westphalia are also presentedin Figure 24 and quantitatively in Table 11.

for

Table 11: Selected key measures/interventions for the BAU and CET scenarios of South West-
phalia (SWF)
. . Growth rate
Key Measures/interventions EEEOVEEN || [BANSERIED | (G (20192050)
2019 2050 2050
- CETS
Number of populatior(-) 1,381,751 1,264,822 1,264,822 -0.28% p.a.
GDP Kird. US$ 60.0 90.3 90.3 1.33% p.a.
Share of GDP Service sector 55.0% 57.2% 60.5% 0.31% p.a.
Share of GDE’t(C):ronstructlorsec— 4.9% 5 9% 6.3% 0.34% p.a.
Useful energy intensitynanu- 0
facturing ind (KWh/US$) 057 054 0.48 0.57% p.a.
Manufacturing ind-electricity in 0 0 0 0
the thermal energy demand (% 8.8% 8.8% 41.8% 5.16% p.a.
Manufacturing ind-biofuel in the 0 0 0 0
thermal energy demand (%) 1.1% 1.1% 31.2% 11.40% p.a.
Manufacturing ind- fossil fuel in 0 0 0 i 0
the thermal energy demand (% 77.6% 77.2% 0.0% 7.48% p.a.
Manufacturing ind- electrifica- i 0 0 0
tion of the stationary engines (% 0.5% 100% 6.79% p.a.
Agricultureelectricity in the 0 0 0 0
thermal energy demand (%) 24.2% 25.4% 48.3% 2.26% p.a.
Agrr'g::tg::‘:‘e?g‘(‘j‘zn'q”a;h > (22‘)”' 46.1% 45.2% 51.6% 0.36% p.a.
Constructiorelectricity in the 0 0 0 0
thermal energy demand (%) 10.3% 10.8% 70.1% 6.40% p.a.
CO”?;TSLZ’:Z’;E;’:H;;S?%”’ 2.6% 2.5% 26.0% 7.71% p.a.
Construction electrification of
- 0 0, 0
the stationary engines (%) 0.5% 19% 0.68% p.a.
Household electricity consump. 0
for appliancegkWh/dwelling) 1,447.4 1,490.9 1,418.5 0.07% p.a.
Househo'dsroi‘;? of ACsofthe) 4 g104 7.41% 9.38% 2.18% p.a.
Household specific cooling re- 0
quirement (kWh/dwelling) 614.3 748.2 591.1 -0.12% p.a.
Household specific space heat- -2.21% p.a. (re-
ingrequirement (kWh/m?2a) 1098 82.1 54.2 furb. rate)
Household electricity in the 0 0 0 0
space heating demand (%) 4.9% 6.6% 60.3% 8.43% p.a.
Household el. heat pumps in the
space heating demand (%) 2.5% 3.6% 60.3% 10.88% p.a.
Household district heating in 6.7% 7 0% 26.1% 4.49% p.a.

the space heating demand (%)
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. . Growth rate
Key Measures/interventions Bazsgl)éear BAUZS(;:Se(? ane CEngggarle (20192050)
-CETS
Household energy efficiency of
biofuel space heating systems 71.0% 73.1% 79.5% 0.37% p.a.
(%)
Household electricity in the hot 48.3% 52 1% 60.4% 0.72% p.a.
water demand (%)
Household district heating in 0 0 0 0
the hot water demand (%) 0.5% 0.5% 12.5% 10.94% p.a.
Useful energy intensityservice i 0
(KWh/US$) 0.134 0.097 0.084 1.51% p.a.
Service specific cooling require- 0
ment (kWh/mza) 10.0 13.3 105 0.16% p.a.
Service specific space heating -2.21% p.a. (re-
requirement (kWh/mz2a) 165.0 1320 82.5 furb. rate)
Service electricity in the space 0 0 0 0
heating demand (%) 16.7% 18.4% 33.4% 2.26% p.a.
Serviceel. heat pumps in the 0
space heating demand (%) 0.8% 0.% 33.4% 12.90%p.a.
Service biofuel in the space 0 0
heating demand (%) 3.6% 3,6% 26.9% 6.73% p.a.
Servicedistrict heating in the 0 0 0 0
space heating demand (%) 31.7% 32.3% 39.6% 0.72% p.a.
SEMESENETEY Y olf o R 77.7% 85.1% 0.45% p.a.
fuel space heating systems (%
Annual distance travelled intrac
ity passenger transp. (km/per- 6,359 6,507 5,532 -0.45% p.a.
s0n)
Load factorg cars 1.13 1.15 1.23 0.27% p.a.
S_hare Qf gasoline and diesel ca 70.0% 68.8% 6.2% 7.54% p.a,
intracity passenger transp. (%)
Share of Ears-intracity passen- 0.2% 0.2% 62.8% 20.26% p.a.
ger transp. (%)
Share of BBussesintracity pas- 0.0% 0.0% 8.3% 7.25% p.a.
senger transp. (%)
Ann. distance travelled intercity 17,036 17,117 14,941 0.42% p.a.
passenger transp. (km/person)
Car kilometers intercity passen- 16,465 16,066 13217 0.71% p.a.
ger transp. (km/cars)
e e 35.0% 83.8% 7.4% -7.56% p.a.
intercity passenger transp. (%)
Share of Ears-intercity passen- 0.3% 0.2% 75.9% 20.24% p.a.
ger transp. (%)
Share of Hrain -intercity passen-| 3.1% 3.4% 539 173% p.a.
ger transp. (%)
SIEE O AUBlIE Sl pa it 13.9% 15.20% 16.5% 0.54% p.a.
city passenger transg%)
Freight kilometersfreight 0
transp.(10°9 tkm) 1.987 1.987 3.808 2.12% p.a.
Share of diesel londistance 49.1% 49.1% 1.8% -10.05% p.a.

trucks freight transportation (%)
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. . Growth rate
Key Measures/interventions RIS EASSEE LD G Sl (20192050)
2019 2050 2050
-CETS
Share of diesel local trucks
0, 0, 0 _ 0,
freight transpartation (%) 17.9% 17.9% 0.9% 9.09% p.a.
Share of electric lordistance 0 0 0 0
trucks freight transportation (%) 0.2% 0.2% 56.0% 20.58% pa.

In Table 11 the most important key measures/interventions per sector of the South Westphalia are sum-
marized. The annual growth rate from 2019 to 2050 is an indicator, how quickly the various measures
should be implemented per sector. The larger the annual growth rate, the sooner this measure should
be implemented in SWF.

5.3.3.5. KPI based monitoring concept of the CET Sce{aEdS)

This section compares the key development performance indicators (KPIs) for South Westphalia under
the Clean Energy Transition scenario (CETS), based on projected future final energy demand. Focusing
on sustainable energy development, the implemented energy efficiency measures are expected to re-
duce the annual final energy demand per capita from approximately 35.7 MWh in 2019 to 23.6 MWh in
2050. This reduction is primarily the result of building refurbishment measures, applied at an annual rate
of 2.2% in both the household and service sectors, which significantly lower the specific space heating
demand in the total building stock from around 108.4 kWh/mz2a (2019) to 56.2 kWh/mz2a (2050). Conse-
qguently, the final energy intensity, representing the overall system efficiency, will decline from 0.82
kWh/US$ in 2019 to 0.33 kWh/US$ in 2050. Simultaneously, the accelerated electrification across all
sectors will drive the electricity demand per capita upward, from 5.8 MWh in 2019 to 13.4 MWh in 2050.
This shift is reflected in the increasing share of electricity in total final energy demand, which is projected
to be 3.5 times higher in 2050 than in 2019, rising from 16% to 57% in South Westphalia. The growing
electrification of all consumption sectors will be supported by the decarbonization of electricity supply,

relying heavily on renewable energy sources for both local generation and the public grid (se e chapter
5.4). In addition to the rise of renewables in electricity production, renewable energy will increasingly

cover heat and motor fuel demands, resulting in a renewable energy share of 96.8% in final energy
demand by 2050. The remaining use of fossil fuels will be confined mainly to the transport sector (see
chapter 5.3.3.3).

Overall, this sustainable development pathway driven by energy efficiency improvements, electrification,
and the substitution of fossil fuels with renewable energy systems, will yield a substantial reduction in
COF emissions within South Westphalia. Between 2019 and 2050, the per capita CCF emissions (ex-
cluding those from electricity and district heating supply, see chapter 5.3.3.3) are projected to decrease
from 6.76 t COFto 0.20 t COR

All those mentioned trends in case of the key development performance indicators (KPIs) of the CETS
in the SWF are shown and summarized in Table 12.

Table 12: Key development performance indicators (KPIs) of the CET scenario of South West-
phalia

million 1.382 1.331 1.308 1.287 1.276 1.265
MWh/cap 35.70 31.36 28.76 26.45 24.52 23.60
MWh/cap 5.79 8.19 9.78 11.38 12.97 13.35
MWh/cap 8.20 7.01 6.30 5.60 4.60 4.13
MWh/cap 1.82 231 2.44 2.50 2.54 2.39
kUS$/cap 38.7 45.5 49.0 53.7 59.6 63.8
kWh/US$ 0.82 0.62 0.52 0.44 0.37 0.33
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SH demand 2

S il KWh/m 108.4 90.3 83.0 75.5 66:3 56.2
Sha}:]elfé EL % 16.2%  26.1% 34.0%  43.0% 52.9%  56.6%
Sh"’}:]elfé e % 17.3%  33.0% 48.5% 69.5% 90.7%  96.8%

tCO2/cap 6.76 4.46 3.06 1.74 0.50 0.20
SRS gcoskwh 1893 1422 106.5 65.9 20.6 8.5

sity of FE

(FE: Final energy demand, EL: electricity demand, HH: household, SH: space heating, SS: Service sector; RE:
Renewable energy systems; GDP: Gross domestic product)

In Figure 25 are the normalized KPIs (GDP per capita, electricity demand per capita, final energy demand
per capita and CO2 emission per capita) illustrated. Those KPIs showsthe effect of the sustainable de-
velopment pathway of the CETS in case of South Westphalia.Due to the expected decline in population
and consequently in the active labor force, the regional GDP of SWF is projected to increase only slightly
by 2050. This slight increase in GDP per capita also affects the final energy demand, particularly in the
manufacturing and service sectors, which are largely driven by economic activity. Despite the increasing
GDP, the projected total energy demand decreases as a result of energy efficiency measures and elec-
trification measures across all sectors. This trend is also illustrated inFigure 25, which shows a significant
increase in electricity demand per capita. Consequently, COFemissions per capita decline as well, con-
firming the sustainable development pathway of the CETS in the SWF region.

Normalized KPIs (per capita), SWF, CETS
25

2 ~@-GDP/Capita
Electricity
15 / Demand/Capita

=#=Final Energy
Demand/Capita
1 -8-C02
Emissions/Capita
0.5

0 T T T T T T :
2019 2022 2025 2028 2031 2034 2037 2040 2043 2046 2049

relative to base year 2019

Figure 25: Normalized KPIs (per capita) in the CETS of South Westphalia

5.3.4. HeatWaveScenario

In the KNOWING project, a Heat-Wave- Scenario, for 2050 (CETS-HW) was developed for the South
Westphalia (SWF) region. This scenario wasbased on the reference year with the highest number of the
Cooling Degree Days (CDD) in the period between 2019 and 2050. For SWF,the model reference year
selected for heat wave is 2046. In this scenario, the heat wave is modelled for the building (household
sector, encompassing both residential and service) sector, where it has the highest buildings, due to its
anticipated significant impact on these sectors. The modelling is based on the CETS (2050), which
serves as the basis for modelling the heat wave scenario.
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The following input parameter of the energy demand model are changed:
Cooling Degree Days (CDD)

Heating Degree Days (HDD)

Share of ACs of the total dwellings (household sector)

Specific cooling requirement per dwelling (household sector)

= = =/ =2 =

Air-conditioned floor area (service sector)
1  Specific cooling requirement (service sector)

In Table 13, the above-mentioned input parameters are shown for the base year, for 2050 in the CETS
scenario and for 2050 in the Heat-Wave-Scenario (CETS- HW (2050)

Table 13: Input parameters in the base year, in 2050 for the CETS and the CETS - HW scenario of
SWF

Input Parameters BY (2019) CETS (2050) CETSHW (2050)
Cooling Degree Days (CB[days°C] 21 37 74
Heating Degree Days (HD[2)ays°C] 2,881 2,600 2,975
Household 4.8% 9.4% 10.8%

Share of ACs of the total dwellings [%0]

Household Specific cooling

: . 614.3 591.1 830.5
requirement per dwelling [kWh/dw/year]

Service Air-conditioned floor area [%] 2.8% 4.2% 5.8%

Service Specific cooling requirement 10.0 105 14.6

[kWh/m?/year]

Table 13 illustrates that the Cooling Degree Days (CDD) in South Westphaliain the CETS-HW 2050
scenario are projected to increase compared to both the base year 2019 and the CETS (2050). The
increase of the CDD leads to higher shares of air-conditioned (AC) households and increased specific
cooling energy demand per dwelling in the household sector. Similarly, the service sector is expected
to experience growth in air-conditioned floor area and higher specific cooling energy requirements per
building. Although the impact of the heat wave on the installation of ACs and on the specific cooling
requirement in the service and household sector is minor compared to CETS, it still shows the need for
adaptation strategies in both sectors. This argument is also supported by Figure 26, which shows that
the electricity consumption for cooling in the CETS-HW (2050) increases by 65% due to the higher
demand compared to CETS (2050).
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Figure 26: Impact of the heat wave on the cooling demand in the building sector of South Westphalia

However, an interesting fact is that the HDDheating degree days also increase in this heat wave year,
reflecting the fact, which shows that the heat waves arewave is a seasonal, and that model year 2046
had an anomalously warm summer but not an anomalously warm winterphenomenon in case of South
Westphalia. Figure 27 shows, the impact of the heat wave on the space heating and on the specific total
energy demand of the building (service and household) sector of South Westphalia is shown.

160
F +3.93%
b 140 P
£
= 120
P
=~
- 100
R
c
g 80
]
2 60
@ +12.61%
2 40
@ +12.61%
5 +12.61% >
* 7 mm W
- mm B
Electricity- space District heating- Space heating Total final energy
heating space heating demand demand
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Figure 27: Impact of the heat wave on the space heating demand (by fuel and total) and on the total final energy
demand of the region of SWF

Figure 27 illustrates that the CETS-HW scenario has, in the heatwave year 2046 for South Westphalia,
the heatwave exhibits a seasonal effect. However, due to the increase in Heating Degree Days (HDD)
compared to the CETS scenario, (see Table 13), the heating demand rises by 12.6%, leading to a 3.9%
increase in total energy demand within the building sector. To better illustrate the effect of the CETS

HW scenarioheat wave on the end-use-categories of the building sector, the annual specific energy

consumption (kWh/mz2/year) is? a) was shown in Figure 26 and in Figure 27.

In the CETS-HW scenario the total final energy demand across all sectors in South Westphalia (SWF),
as well as the demand for biofuels, electricity, and district heating, are higher compared to the CETS
(2050) (see Figure 28). This increase is primarily attributed to the elevated final energy demand in the
building sector due the expected high number of CDD and HDD in course of the heatwave year. Notably,
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the increase of the number of HDD exerts the most significant impact on district heating, leading to a
4.82%rise in the final energy demand, and on biofuel consumption, which increases by 1.61%. Overall,
the final energy demand in the heatwave scenario is approximately 1.3% higher than in the CETS (2050)
scenario. This is explained by the fact that SWF currently has such a low CDD compared to the high
number of HDD, and also the predicted number of CDD in a heat year is very low.

35000
+1.32%

30000 —
o
= 25000
2
0
= 20000
2 +0.69%
M
£ 15000
Q
=
& 10000
@ +1.61%
c 4 +4.82%

0 Total final
Biofuel Electricity District heat oLl finatencrgy
demand
W CETS 5647 16888 3353 29845
B CETS- HW 5740 17004 3523 30242

Figure 28: Impact of the heat wave on the final energy demand (total, biofuel, electricity and district heating con-
sumption) in South Westphalia. GWh/a means GWh per year

5.3.5. Conclusion, limitationsConclusion and recommendations

In the context of the KNOWING project, the energy demand modelling framework provides the South
Westphalia region with its first validated energy balance by sector and fuel for the base year 2019 (see
Table 13). This energy balance reveals a significant reliance on fossil energy carriers, with fossil motor
fuels accounting for 35% and fossil energy carriers for heating comprising 41% of the region's final
energy demand. This shows a high decarbonization potential for South Westphalia. The main energy
consumers are the building sector (23% in households and 10% in services), followed by the manufac-
turing industry sector (31%), and the passenger transport sector (30%).

Moreover, three scenarios were constructed to describe the future development pathways. In addition
to the BAU (Business as Usual) scenario, which describes the historical trend development; a Clean
Energy Transition Scenario (CETS) was created until 2050,where key measures/interventions were for-
mulated in the individual fields of action (e.g. thermal refurbishment of residential and service buildings)
to reach the region® decarbonization targets by sector and by fuel and to inform decision makers by the
list of actions. Furthermore, a KPkbased monitoring concept for the CETS was designed to track the
sustainable pathway of SWF. To model the impact of a year with a summer heat wave in South West-
phalia, a Heat-Wave-scenario (CETS-HW scenario) was also designedby selecting the year (reference
year 2046) with the highest value of the cooling degree days (CDD) in the period between 2019 and
2050.

The decarbonization measures /interventions implemented to enable a climate-neutral transformation
focus primarily on improving energy efficiency in all sectors, increasing the share of local renewa-

ble energy, switching to clean fuels in the transport sector (e.g. hydrogen) and the electrification

of the end -use-categories in all the sectors . This includes additional measures such asdigitalization
and decarbonization of the electric and of the district heating grid.
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The Business -As-Usual (BAU) scenario projects an increase in specific final energy demand per capita
in South Westphalia (SWF) from 35.7 MWh in 2019 to 39.7 MWh by 2050. Concurrently, CCFemissions
per capita decrease in the BAU slightly from 6.76 t-COFto 6.49 t-COF In contrast, the decarbonization
pathway outlined in the CETS demonstrates a significant reduction in COF emissions to 0.20 t+-COF per
capita by 2050, achieving an average annual decarbonization rate of approximately-11.0%. The remain-
ing CO2 emission is caused by fossil fuel usein the freight and passenger transport system. Under the
CETS, the final energy demand per capita is projected to decline to 23.6 MWh, which is 41% lower than
in the BAU scenario. The electrification rate (the share of the electricity demand in the total energy
demand) is anticipated to reach about 57%, up from 19% in the BAU scenario, while the share of renew-
able energy in the energy mix is expected to increase to 97%, compared to 28% in the BAU scenario.

The results of the CETS-HW- scenario show that due the increase of the HDD (Heating degree days)
and CDD (Cooling degree days), the total energy demand rises of all sectors in South Westphalia by
1.3%. The space heating demand in the building sector increases compared to the CETS (2050), due to
the rise in HDD, by 12.61%. Although the electricity demand for cooling increases by 65%, it is much
less than the increase in the heating demand of the building sector, which is a speciality of the reference
year 2046 because of the high increase of the HDD in the reference year 2046 compared to the base
year. .

As arecommendation of the energy demand modelling framework for South Westphalia (SWF), the
key implementation measures derived from the CETS in the fields of action were classified by sector
and evaluated according to their impact on the regio
toward climate neutrality (see Chapter 5.3.3.4). In the building sector (household and service sec-
tors ), the most effective measures include increasing the thermal refurbishment rate to 2.2% per year,
accelerating the electrification of end-use categories (e.g., space heating, hot water, and other energy
demands), and substituting fossil fuelbased systems with heat pumps, biofuel-based heating systems,
and a higher connection rate to district heating grid. In the manufacturing sector, the greatest contri-
bution to decarbonization can be achieved through a higher electrification rate of stationary engines and
thermal energy processes (such as space heating and steam generation), replacing fossitbased heating
systems with biofuels, solid biomass, and district heating, as well as improving processrelated energy
efficiency. For the freight and passenger transportation sector , the key measures focus on the elec-
trification of transport modes (trucks, cars, buses, ferries, etc.), encouraging modal shifts from private
vehicles to public transport systems, and increasing the use of hydrogen and biofuels (such as biodiesel
and bioethanol) as substitutes for diesel and gasolinein the different transport modes.

The implementation of the clean-energy transition strategy for the South Westphalia region depends on
regional stakeholders consistently advancing the development of socio-economic and technological key
drivers, while simultaneously addressing the attendant challenges. These challenges lie in the areas of
technological innovation, regulatory and financing systems, and consumer behaviour, for instance
through public-awareness events. A particularly critical challenge is that infrastructure change (espe-
cially in the energy system) is both costly and characterised by high inertia, due to long equipment
lifetimes, lengthy replacement cycles, and the associated high investment costs.

5.4. Energy supply model ( IESopt)

5.4.1. Introduction and Modelling Framework

This section presents the assessment of mitigation and adaptation measures in South Westphalia's en-
ergy supply sector under the Clean Energy Transition Scenario (CETS) by 2050. The main objectives

are to eval ua tside canthiBu@ss tslaca pnid pational decarbonization targets by 2050

and to identify optimal technology mixes for electricity, district heating (DH), and hydrogen (H2) supply.

The study also examines the impact of extreme weather conditions with heatwaves (HW), on the energy
system to assess system needs for a resilient and sustainable energy supply.
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To account for future climate change, the high-impact climate scenario SSP5-8.585 is considered. This
approach ensures robustness and reliability i
most extreme potential climate impacts. Based on that, the analysis evaluates two representative
weather years for 2050: one reflecting average climate conditions and another illustrating potential stress
factors under extreme summer heat wave conditions.

n

The assessment was carried out using the MAED-City demand model (see Section 5.3) and the WRF
climate model (see Section XX). The MAED-City model provides energy demand projections for future
CETS pathway. The WRF model supplies time series of key meteorological variablestemperature, solar
radiation, and wind speed- for 2050 under the climate change scenario. These inputs are essential for
capturing future energy supply dynamics under changing climate conditions.

The energy supply sector was incorporated into the IESopt optimisation modelling framework. This en-
abled integrated scenario analysis, capturing interactions between generation technologies, energy de-
mand, and climatic variability.

5.4.2. IESopt model description

Energy system analysis requires modelling tools that allow for in-depth analyses of the energy system
and the corresponding infrastructure, following an integrated and holistic approach that reflects the

growing complexity in energy demand, supply, and storage. During past years AIT has successfully
launched the development of such a modelling framework: IESopt (Integrated Energy System Optimisa-
tion) (AIT, 2025). The model is used to assess future electricity, district heating and hydrogen supply of
SWEF for the clean energy transition pathway. It shows the least cost achievement of clean energy tran-
sition by 2050 considering local constraints. Figure 29 shows the main input data and output information
provided by the IESopt modelling tool.

~
[ INPUTS [ OUTPUTS ]
J
(Pilots ) ( R
* Energy and decarbonization
targets . = Investment costs
* Techno-economic data = Electricity and DH prices
* Transmission grid capacity = Installed capacity by
* Local technology potential technology
= Fuel c?sts = Power & DH production by
CO02-prices o technology
Taxes and Subsidies =  Utilization of flexible
MAED options
» Electricity demand = Power exchange
= District heating demand = Fuel consumption
* Hydrogen demand = Emissions (e.g. €02)
WRF
Climate data
- J . S

Figure 29: Schematic of the model workflow of IESopt

The most relevant input data for the model can be described as follows. On the demand side, the analysis
considers the annual demand for electricity, district heating, and hydrogen as projected by the MAED-
City model for the demonstrators in 2050.

On the supply side, it includes a range of energy generation and storage technologies, together with
their techno-economic parameters. Weather data are used to generate hourly time series of both de-
mand and supply profiles, ensuring temporal variability in the modelling. In addition, economic and policy
parameters such as electricity prices, fuel costs and CO:-prices are incorporated to assess the compet-
itiveness of different technologies. Finally, the model applies local constraints that define the maximum
releasable potential of renewable energy sources (RES) and storage technologies within the demonstra-
tor ®s boundari es.
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The moauplt @wvides the least-cost optimal technology mix under various scenarios to meet
projected electricity, district heating and hydrogen demand by 2050. This includes detailed system re-
quirements in terms of total installed capacities for generation and storage within the demonstrator area.
Furthermore, it offers insights into the utilization of technologies through hourly time series, capturing
the operation of generation assets, storage systems, and flexibility measures such as power exchang.
These outputs support the evaluation of local energy system configurations that relies on economic
efficiency (least-cost assessment), reliability, and decarbonization goals.

In order to capture the main input data specific to demonstrators like SWF, five key steps are undertaken.
These steps ensure that the model reflects local conditions, resource availability, and policy frameworks,
thereby enabling a realistic and robust assessment of future energy scenarios for the region.

1 Processing Meteorological Data for Energy System Modelling: Meteorological data, includ-
ing temperature, wind speed, and solar radiation, for selected weather years were processed to
reflect weather conditions and generate suitable inputs for energy system modelling.

1 Assessment of the Status Quo: A detailed inventory of the current electricity and district heat-
ing (DH) infrastructure was compiled. Already existing local decarbonization targets and plans
along the CETS pathway were identified and incorporated.

1  Scenario Definition and Overall Assumptions:  Realistic storylines and assumptions were de-
veloped for integrated electricity, district heating, and hydrogen supply.

1 Core demand projections and load profiles:  Core demand, as derived from MAED-City and
representing end-use energy demand for electricity, district heating, and hydrogen, was consid-
ered as the default. These demand values were combined with load profiles for the selected
weather years to capture temporal variations in consumption.

i1 Identification of Key Measures -Technologies and Their Potential: Key supply technologies
expected to play a critical role in achieving CETS were identified. The maximum realizable po-
tential of various clean energy generation technologies (i.e. PV, wind, batteries) by 2050 was
assessed to define feasible capacity expandon scenarios.

5.4.3. Processing Meteorological Data for Energy System Modelling

Meteorological data is a fundamental input for energy supply models because weather conditions have
a direct impact on the generation potential of RES as well as on energy demand. Variables such as wind
speed, solar radiation, and temperature determine the output of weather-dependent technologies like
wind and PV systems. Incorporating meteorological data specific to the demonstration regions allows
the model to capture the temporal variability of RES and weather-dependent demand, such as heating
and cooling, as well as the effects of extreme weather events and changing climate conditions.

The meteorological variables are derived from the WRF climate model, based on which the years con-
sidered for the simulations are identified. Table 14 shows the selected years that can be used to repre-
sent a normal climate condition and a heat wave around 2050, for all demonstration regions. Accordingly,
the corresponding variables for these years are used to generate time-series data for the IESOpt mod-
elling tool.

Table 14: Weather years identified for the representative climate conditions (NY) and heat wave
(HW) for demonstrators SSP5 -8.5.

Normal year Heat Wave
(NY) (HW)
Tallinn 2029 2040
Granollers 2031 2048
Naples 2042 2033
South Westphalia (SWF) 2032 2046
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PV generation profiles: The generated PV power was calculated using the time series of global hori-
zontal irradiation (GHI) and diffuse horizontal irradiation (DHI) provided by the WRF model. The direct
normal irradiation (DNI) was derived using the relation;

GHI=DNicos(Z)+DHI

where Z is the solar zenith angle. The zenith angle is computed based on the day, hour, latitude, and
longitude of the demonstrators. Temperature-dependent efficiency losses of the PV modules were also
considered. Accordingly, the time series of the power output was calculated; the implemented approach
is described in more detail in (Schoéniger et.al, 2024) .

Onshore Wind: Wind speed at 150 m above the ground, to account for the hub height of wind power
plants, was provided by the WRF model. This wind speed was then used with the power curve of a
selected onshore wind turbine with a capacity of approximately 6.5 MW.

Hydro run -of-river and hydro -reservoir : The WRF model does not generate the hydrological inflow
data required for the assessment of hydroelectric power plants. To overcome this limitation, inflow da-

tasets for hydro run-of-river and hydro-reservoir from the Distributed Energy (DE) 2050 scenarios (con-

sidering the weather year 2009) developed by ENTSO-E and ENTSOG (ENTSQE and ENTSOG, 2025)
are utilized. These datasets are at the national level; therefore, the data for Germany are normalized and
used as a proxy for the hydrological input for SWF.

5.4.4. Heating and cooling demaipdofilesin residential and service sectors

Demand profiles were derived based on the Hotmaps database, which provides generic temperature-
dependent heating and cooling profiles for EU countries at the NUTS2 level (Pezzutto et al., 2019) and
(Fallahnejad, 2019).These profiles were adjusted based onthe temperature data provided by the WRF
model. Accordingly, the annual heating and cooling demands obtained from MAED-City were translated
into hourly time series for the weather years under consideration, reflecting the hourly variations in de-
mand patterns throughout the year Assessment of the status quo.

Table 15 summarizes the installed capacities and energy production for electricity and district heating
in SWF in the base year 2019. Local electricity generation supplies approximately 67% of the annual
demand, necessitating imports of about 2,621 GWh from the national grid. The interconnection with the
national energy system, with an estimated installed capacity of roughly 10,750 MW, ensures reliable
supply while providing a flexible and robust infrastructure. This infrastructure is capable of supporting a
substantial future expansion of renewable energy sources (RES) at the local level.The estimation of the
grid capacity is based on the available information in Open Infrastructure Map (Open Infrastructure map,
2025)

The electricity generation mix in the southern part of the SWF region is highly diversified, with a notable
predominance of renewable technologies. Within this sector, wind power constitutes the leading source,
generating approximately 2,230 GWh annually, followed by PV generation, which contributes around

930 GWh. Collectively, these two technologies accoun
production. Given their significant generation potential and scalability, wind and solar PV are expected
to play a pivot al role in the region®s future decarbo

Following these technologies, a substantial share of local electricity generation is supplied by combined
heat and power plants (CHP) plants, which use a range of primary fuels including biofuels, municipal
waste, and fossil fuels. Among these, biomass and biomethane- CHP facilities play a particularly critical
role, producing approximately 1,031 GWh of electricity, equivalent to 28% of total electricity generation,
and around 1,493 GWh of heat, which represents 68% of total DH output annually.

Nevertheless, a portion of the CHP system continues to depend on fossil fuels, primarily natural gas and
fuel oil. Non-renewable energy plants collectively contribute approximately 16% of total electricity pro-
duction and 18% of district heating generation. The progressive replacement of these fossil-based
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Table 15: Installed capacity and energy production by technologies in SWF for base year (2019)
(Energy generation capacity in MW, energy storage capacities in MWh and CHP plant in

MWhe/MWhth)

Electricity supply

and storage

Technology Capacity Generation
PV-Roof 931 873
PV-Facade 6 6

PV-Land field 55 51

Wind Onshore 893 2230
Hydro reservoirs 37.9 64.2

Hypro run -of-river 43.9 169
Batteries (in MWh) 538.8 (MWh)

CHP 2 Ext 2 Gas

10 MWe / 5 MWth

375 GWhe / 18 GWhth

CHP- EXT- Coal/Peat

21 MWe / 21 MWth

64 GWhe / 64 GWhth

CHP-EXT 2 Fuel Oil

District heating

212 MWe / 159
MWth

413 GWhe / 309 GWhth

supply and stor-

age

CHP 2 BP 2 Municipal Waste

13 MWe /37 MWth

108 GWhe/ 305 GWhth

CHP 2 EXT 2 Biomethane

13,9 MWe / 5 MWth

333 GWhe / 13 GWhth

CHP 2 EXT 2 Biomass

110 MWe / 233
MWth

698 GWhe / 1480 GWhth

Energy transmis-
sion networks

Transmission capacity to the out-
2 Electric-

side of the city/region
ity

10 750

2621

5.4.5. Scenario definitioand overall assumptions
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The CETS 2050 scenario for SWF is therefore designed to capture both local energy dynamics and

al

i gnment

wi t h

for climate neutrality by 2050.
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In order to reflect future climate change, this scenario considers the strongest climate change scenario
(SSP5-8.5). This would help that the worst-case climate impacts are taken into account when planning
SWF's energy transition. Two distinct weather conditions are considered (cf. Table 14):

1 Normal year (NY): Reflects typical climate conditions expected around 2050, with the weather

year 2032 serving as a representative year.

1 Heat wave year (HW): Captures extreme summer heat wave conditions under future climate

change, with the weather year 2046 illustrating such conditions.

These two weather conditions are combined CETS2 0 5 0

“Cor e

demand

MAED-City (cf. chapter 5.3.3); NY 2050 with the linear demand assumptions of Clean Energy Transitions
Scenario (CETS) and HW 2050 with the combinations of the projections with selected heat wave weather

year 2040.

The energy supply model encompasses electricity and other coupled sectors, specifically district heating
(Power-to-Heat; P2H) and hydrogen (Powerto-Gas; P2G). The key assumptions for these sectors are
summarized as follows:

t h
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SWEF is interconnected through transmission lines with the rest of Germany, enabling efficient power
exchange and system balancing.

Electricity (ELC)

1 Electricity exchange with outside regions: Influenced by country-level price signals, allowing
SWEF to import or export electricity based on national market conditions.

The uptake of renewable electricity (RES) in SWF is determined by the following factors:
T Minimum local targets: Ensuring SWF meets its share of local RES plan and targets.

1 Maximum local potential: Reflecting technical and spatial constraints for local RES generation.
District Heating (DH)

DH represents an i mportant component of SWF®s
tricity through electrification and cogeneration technologies. Key aspects include:

1 Integration with electricity:  Heat pumps and electric boilers are considered key technologies
within DH networks. Their utilization is linked to national electricity prices and additionally in-
creases the projected core electricity demand (cf. Table 16)

1 Combined Heat and Power (CHP): CHP plants contribute to both heat and electricity genera-
tion, enhancing system flexibility and overall efficiency.
Hydrogen (H B

It is assumed that hydrogen will play a vital role in SWF’s future clean energy mix. Key aspects include:
1 Local production: Hydrogen demand is expected to be met through on-site electrolysis.

T I mpact on ~core°® e Electralyser aperdtion increases cokk :electricity de-
mand, requiring sufficient renewable generation and grid capacity to meet local needs.

1 Hydrogen storage: Provides balancing between hydrogen supply and demand, supporting
overall system reliability.

5.4.6. Demand projections and load profiles

This section presents the annual electricity, district heating, and hydrogen demand, as derived from
MAED-City, for the assessment of the supply sector in SWF under the NY 2050 and HW 2050 scenarios,
together with their corresponding hourly profiles.

5.4.6.1. Electricity

Table 1616 presents the core electricity demand for SWF in the base year, as well as projected demand
for the clean energy transition scenario by 2050 in case of NY and HW weather conditions as provided
by MAED-City. Thi s demand cose demardi telk covesed byhthe supply model; how-
ever, additional electricity demand may arise due to model-driven technology decisions, such as the
use of heat pumps for district heating or electricity consumption for hydrogen production. The electricity

demand is disaggregated into components influenced by climate conditions (weather-dependent) and
those independent of climate (non-weather-dependent).

Overall, electricity demand in SWF is projected to more than doubling with an increase by approximately
111% by 2050 in NY and 112% in HW scenarios. This substantial growth implies the need for significant
expansion of local renewable energy generation capacity, as well as strong interconnection with the
national grid.

In the building sector, electricity demand for both heating and cooling shows notable growth toward

2050, with significant weather sensitivity in the HW scenario. Interestingly, the HW scenario does not
only lead to higher cooling demand -as one might intuitively expect- but also to increased heating de-
mand. This indicates that the selected HW representative year does not necessarily correspond to a

futur e
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mild or warm winter. Instead, it reflects a climatic condition with more extreme temperature variations,
where cold winter periods still occur alongside hotter summers. Consequently, the HW scenario drives
higher overall electricity demand for both heating and cooling, emphasizing the importance of robust
system planning to handle seasonal extremes rather than average temperature shifts alone.Both resi-
dential and tertiary space heating electricity use rises by approx. 14 % in HW compared to NY. Cooling
shows a large relative increase (around 67% in residential sector and 83 % in tertiary sector), although
from a smaller base, driven by hotter summers.

Industry remains the largest consumer, rising from 3,890 GWh/a to over 7,200 GWh/a, accounting for
nearly 43% of total demand in 2050. Electrification of transport (E-Vehicle) sees the most dramatic
growth, from 15 GWh/a to 2,153 GWh/a, reflecting widespread EV adoption by 2050.

Table 16: Core electricity demand projections for SWF for base year and 2050 for assessed sce-
narios (NY and HW)

Category Base year NY 2050 HW 2050
[GWh/a] [GWh/a] [GWh/a]
E-Demand - weather dependent
E-heating residential space heating 220 686 785
E-heating tertiary space heating 260 63 72
E-cooling residential 7.9 12 20
E-cooling tertiary 14 12 2.2
E-Demand 2 non-weather dependent
E-heating residential sanitary hot water 749 784 784
E-heating tertiary sanitary hot water 172 1290 1290
E-Industry 3890 7213 7213
E-vehicle 15 2153 2153
E-Rest 2690 4685 4685
E-Total demand 8005 16888 17004

Figure 30 presents the hourly electricity demand profile for SWF under both NY and HW scenarios. This
profile is created by the aggregation of the specific electricity demand profiles. The weather -dependent
demand profiles are primarily determined by hourly temperature conditions, which are derived from the
climate data specific for each scenario. Meanwhile, the non-weather dependent profiles are from stand-
ardized profiles.

The profiles demonstrate similar overall seasonal patterns; however, the HW scenario exhibits a higher
and more prolonged summer electricity demand compared to the NY. Despite summer peak demand
being approximately 20% higher in the peak hours (around 300 MW) in the HW scenario, this will not
place significant stress on the local electricity system, due to the expected local production capacity and
strong grid interconnections.
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Figure 30: Hourly electricity demand profile in SWF for NY and HW scenarios
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Table 17 presents the district heating demand for SWF in the base year, as well as under the NY and
HW scenarios, as estimated by the MAEDCity model. As in the electricity sector, these demands are
also categorized into weather-dependent components, which are influenced by climatic conditions, and
non-weather-dependent components. Overall district heating demand is projected to increase by 53%
in the NY scenario and by 60% in the HW scenario.

5.4.6.2. District Heating

The anticipated rise in demand for DH predominantly stems from increasing space-heating needs asso-
ciated with the integration of additional buildings3 particularly within the residential sector? into existing
district heating networks. Specifically, this space heating demand is expected to rise by 147% under the
NY scenario and by 176% under the HW scenario, relative to the base year.

Despite these sectoral variations, di strict heating
central role in meeting future energy needs. Indeed, DH consumption under this category is projected

to account for approximately 44% and 42% of the total final heat demand under the NY and HW scenar-

ios, respectively, underscoring its continued relevance in the regional heat demand mix.

Table 17: Core district heating demand projections for SWF for Base year and 2050 for assessed
scenarios (NY and HW)

Category Base year NY 2050 HW 2050
[GWh/a] [GWh/a] [GWh/a]
DH-Demand - weather dependent
DH-heating residential space heating 442 915 1047
DH-heating tertiary space heating 8 195 195
DH-Demand 2 non-weather dependent
DH-heating residential sanitary hot water 510 263 300
DH-heating tertiary sanitary hot water 86 514 514
DH-Others 1143 1467 1467
DH-Total demand 2190 3353 3523

Figure 31 presents the hourly district heating demand profiles for SWF under the NY and HW scenarios.
The total annual district heating demand is higher in the HW scenario. However, although a hot summer,
this scenario is also characterized by a colder winter, resulting in higher peak demand during the early
months of the year. This elevated demand in winter is not offset during the remainder of the year alt-
hough, the spring and summer periods are comparatively warmer.
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Figure 31 : Hourly district heating demand profile in SWF for NY and HW scenarios

5.4.6.3. Hydrogen

Table 18 summarises the estimated annual hydrogen demand using the MAED-City model for the base
year, as well as for the NY and HW scenarios. Currently, there is no significant hydrogen demand in
SWEF. However, future demand is projected to reach 1,662 GWh, with industry accounting for around
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63% of this. This demand is expected to be met by local electrolysers, eliminating the need for imports
into the region. As hydrogen demand is not weather-dependent, the projected values are identical for
the NY and HW scenarios.

Table 18: Default Hydrogen demand projections for SWF for Base year and 2050 for assessed
scenarios (NY and HW)

Category Base year NY 2050 HW 2050
[GWh/a] [GWh/a] [GWh/a]
H2-Demand
H2-Industry 0 1048 1048
H2-Mobility 0 217 217
H2-Others 0 397 397
H2-Total demand 0 1662 1662

Figure 32 presents the hourly hydrogen demand profile considered in SWF under the NY and HW sce-
narios. As hydrogen demand is not weather-dependent, the profiles are considered as identical to those
in Germany and correspond to the projected future demand outlined in the (ENTSO-E and ENTSOG,
2025).
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Figure 32: Hourly hydrogen demand profile in SWF for NY and HW scenarios

5.4.7. Key MeasuresTechnologies and Lodabtential

This section presents the local potential for the generation technology as well as hourly profiles for PV,
Wind, Hydro Run-of-River and Hydro Reservoir inflows and national electricity prices for Germany to be
considered in the assessment NY 2050 and HW 2060 scenarios.

5.4.7.1. Local Potential for Generation technologies

Table 19 presents the projected ranges of technological penetration for the region of SWF by 2050.

These ranges are expressed through minimum and maximum values. The minimum values consider the

local plans on capacity expansion expected to be achieved on the way to clean energy transition,

whereas the maximum values reflect the upper limits of the realizable potential capacity by 2050. The

defined boundaries have been established in consulta
straints related to space availability, existing energy strategies, and environmental development plans.

PV generation is identified as a key contributor to local electricity production, with an estimated potential
installed capacity of up to 12,505 MW. Correspondingly, the potential for battery storage expansion as
a complementary backup resource is projected to reach approximately 8,211 MWh. Similarly, the re-
gional planning authority and regional council have established a set of spatial distance and exclusion
criteria- such as proximity to residential areas, nature conservation zones, and tourism sites-which de-
fine an estimated 14,000 ha of land available for wind energy development. This area could accommo-
date the installation of approximately 300 to 500 wind turbines across the SWF region, corresponding
to a total installed capacity ranging from 1,950 MW to 3,250 MW. Finally, hydropower generation is
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expected to remain at its current operational level, with the potential for a modest expansion of up to 2
MW in the existing run-of-river hydropower plants.

DH system in the SWF region is projected to become increasingly diversified, with a high likelihood of
integrating heat pumps alongside the existing biomass, biomethane, and municipal waste CHP plants.
Simulation assumptions indicate that the future installed capacity of biomass CHP is expected to range
between 7% and 40% of its current level, while the capacity of waste-based CHP plants could increase
by up to 54%. Conversely, no future expansion of biomethane CHP plants is anticipated, as this tecmol-
ogy is assumed to have already reached its maximum potential.

Furthermore, no constraints are imposed on the expansion of heat pumps, district heating electric boil-
ers, or district heating biomass boilers, reflecting an assumption of a high degree of electrification in
SWF and substantial regional biofuel production capacity. Finally, DH boilers are expected to serve pri-
marily as backup systems, reinforcing the assumption that their potential deployment is not subject to
limitation.

To meet future local hydrogen demand, new hydrogen infrastructure -including electrolysers and stor-
age facilities- will need to be deployed. Since the projected hydrogen demand is expected to be fully
covered locally, the model assumes no constraints on the installation of electrolyser and storage capacity
to be able to cover the future hydrogen demand. Hydrogen storage is also expected to play a significant
role as a flexibility option, taking advantage of the future pronounced fluctuations in future electricity
prices.

Finally, considering the current high levels of electrification, SWF connection capacity to the national
grid is assumed to be remain to 10,750 MW, high enough to ensure the ability to cover peak demand in
the future.

Table 19: Minimum target and maximum potential of the supply technologies for SWF by 2050
(Energy generation capacity in MW, energy storage capacities in MWh and CHP capacities in
MWe)

Minimum Maximum realisable
Type Technology target potential
2050 2050
PV-Roof 931 6431
PV-Facade 6 9
PV-Land field 55 6 065
Wind Onshore 1950 3250
Electricity supply Hydro reservoirs 38 38
and storage
Hypro run -of-river 44 46
Batteries (in MWh) 539 8211
CHP-EXT 2 Biomass 118 154
CHP-BP - Municipal Waste 13 20
CHP-EXT 2 Biomethane 14 14
District heating Fuel Cell 0 Inf
supply and storag e
Boiler 2 Biomass 0 Inf
Boiler - Electric 0 Inf
DH Heat Pump 0 Inf
H2 Electrolyser
H2 supply and 0 Inf
storage H2 Storage 0 Inf
E_nergy transmis- Tran§m|sspn capacity t_o_the outside of 10,750 10,750
sion network the city/region - Electricity
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5.4.7.2. Solar profile

Figure 33 illustrates the hourly power production profiles of PV panels in SWF under the NY and HW
scenarios. The photovoltaic (PV) generation profiles were developed based on a crystalline silicon PV
module, normalized to a nominal installed capacity of 1 kWp. For the PMVRoof and PV-Landfill configu-
rations, an optimal panel tilt angle was adopted to maximize annual energy yield. In contrast, the PV
Facade configuration was modelled with a fixed inclination of 90° relative to the horizontal plane. The
generation time series were derived using representative meteorological years that capture both typical
and heatwave climatic conditions, thereby accounting for the influence of solar irradiance and ambient
temperature on PV electrical performance. (see 5.4.3).
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Figure 33: The annual hourly electricity production profile for PV panels in SWF (normalized to 1 kWp)

5.4.7.3. Wind profile

Figure 34 illustrates the hourly power production profiles of wind turbine production normalized to 1
KWpin SWF under the NY and HW scenarios.The generation profiles are developed based on selected
representative weather years that capture both normal and heatwave climatic conditions. These profiles
incorporate wind speed data measured at 150 m above ground level, corresponding to the hub height
of modern onshore wind turbines. The wind energy output is subsequently derived using the power
curve of a representative onshore wind turbine with an approximate rated capacity of 4.5 MW, ensuring
a realistic characterization of generation patterns under varying meteorological conditions. (see 5.4.3).
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Figure 34: The annual hourly electricity production profile for Wind Onshore turbine in SWF (normalized to 1 kWp)

5.4.7.4. Hydro Rurof-River & Reservoir profiles

Figure 35 illustrates the normalized annual inflows profiles for Hydro Run-of-River and Hydro Reservoir
in SWF. For both scenarios, identical hydropower generation profiles are assumed. These profiles are
derived through the normalization of available inflow datasets for run-of-river and reservoir hydropower,
based on the Distributed Energy 2050 scenarios developed by ENTSO-E and ENTSOG(ENTSO-E and
ENTSOG, 2025) at the national level.
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Figure 35: The normalized hourly inflows profiles for Hydro Run-of-River and Hydro Reservoir in SWF

5.4.7.5. Electricity price profile

Figure 36 presents the duration curves (left) and hourly profiles (right) of electricity prices for the base

year, as well as for the scenarios NY and HW by 2050. Countrylevel electricity prices are derived from

the ~Distributed Ener gy -Y2ad Nedvork Bevetoprremnt PlangTYNDP) 2024,e T e n
published by the European Transmission System Operators for Electricity (ENTSO-E) and for Gas (EN-

TSOG) (ENTSG-E and ENTSOG, 2025). Electricity prices of these scenarios; for the balanced years

(weather year 2008) and the heat year (weather year 1995) are considered. Assuming the relationship

between electricity prices and the residual load (calculated as load minus wind and PV generation), the

TYNDP prices are reordered through a matching procedure based on the projected residual load under

the climate conditions considered in this study.

Compared to the current (2019) annual averagepr i ce of 37. 67 [/ MWh, future el
many are expected to increase significantly, with ave
and 45. 24 [/ MWh under the HW scenario. I n adtition, a

pated, primarily driven by the higher penetration of renewable energy sources (RES) in the electricity
mix.

The projected average electricity prices, combined with increased variability, is expected to act as a
major driver of the energy transition in SWF. This is particularly relevant given the high degree of elec-
trification anticipated for the region and the strong coupling among the electricity, district heating, and
hydrogen sectors. Moreover, the evolution of national electricity prices, together with available
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transmission capacity, wildl play a decisive role in
namics with the wider regional system.
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Figure 36: Electricity prices profile of Germany for Base Year, NY and HW scenarios

5.4.8. Results

This section analyses theresults for the region of SWF across the electricity, district heating, and hydro-
gen sectors for both NY 2050 and HW 2050 scenarios. The results highlight projected future installed
capacities, energy generation outputs, and the interactions among the different technologies.

5.4.8.1. Electricity sector

Figure 37 illustrates the annual electricity demand, generation, and installed generation capacities for

the base year, as well as for the NY and HW scenarios. The corresponding values are shown also in
Table 20. Both scenarios exhibit broadly similar seasonal behaviour. The impact of heat waves on elec-

tricity demand in the NY 2050 and HW 2050 cases remains limited, resulting in only marginal adjust-
ments in the summer demand profile. Conversely, colder winter conditions in the HW 2050 scenario led

to a modest increase in total demand compared with the NY 2050 case.

The additional electricity demand arising from the operation of district heating (DH) heat pumps, DH
electric boilers, electrolysers for hydrogen production, and battery charging reaches approximately
3,401 GWh in NY 2050 and 3454 GWh in HW 2050. These values correspond to around 20% of the
core electricity demand (16,888 GWh in NY 2050 and 17,004 GWh in HW 2050), indicating a much
| arger electrification i mpact compared to ~core deman

For both scenarios, a continued and substantial reliance on the national electricity grid remains a central

strategy. SWF is projected to import 4,202 GWh in the NY 2050 scenario and 5399 GWh in the HW

2050 scenario, while exporting 4,423 GWh and 3,516 GWh, respectively. This indicates that under NY

2050, SWF acts as a net electricity exporter, whereas in the HW 2050 scenario, it becomes a net im-

porter, reflecting the increased electric ity demand associated with colder conditions. This pattern un-

derscores SWF®s strong integration with the national grid
capacity of 10,750 MW. The overall trend highlights t
and the strategic use of interconnections to ensure system flexibility, balance generation variability, and

optimize economic performance.

PV power exhibits a substantial expansion, with installed capacity reaching 7,003 MW in both scenarios
and generation of 6,719 GWh (NY 2050) and 6,496 GWh (HW 2050). This positions PV as the largest
single source of local electricity generation, surpassing wind and fully displacing biomass from its previ-
ous role. Wind power is developed to its upper realizable potential in both scenarios, achieving genera-
tion levels of 12,999 GWh (NY 2050) and 11,228 GWh (HW 2050), which underscores its pivotal role
within the renewable energy mix.
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By contrast, biomass and waste CHP plants make relatively small contributions to electricity generation.
Biomass CHP produces 49 GWh in NY 2050 and 106 GWh in HW 2050, while waste CHP contributes
148 GWh and 144 GWh, respectively. These units remain primaily dedicated to district heat production,
supplying only a marginal share of electricity. Additional minor contributions are provided by biomethane
CHP (7210 GWh) and hydropower, which remains stable at approximately 444 GWh in total across both
run-of-river and reservoir plants.

Battery deployment remains moderate, with an installed capacity of 269 MW, representing a balanced
approach between enhancing local system flexibility and leveraging national grid interconnections.
Given the scale of grid access, large-scale storage remains less economically attractive than grid-based
flexibility solutions.
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Figure 37: Electricity demand, generation and capacity for base year, NY 2050 and HW 2050 scenarios

Table 20: Electricity demand, generation and installed capacity per components in SWF for NY
2050 and HW 2050 scenarios

[GWh] Demand [GWh] Generation [MW_e] Capacity
Base NY HW Base NY HW Base NY HW
Year 2050 2050 Year 2050 2050 Year 2050 2050
Elec. 0 4423 3516 | ElECIm- 3560 4202 5399 | CMACON 6750 10750 10750
Export port nection
Core
Elec. 8306 16888 17004 | PV 930 6719 6496 PV 992 7003 7003
Demand
gﬁgfé‘é 0 155 159 | Wind 2230 12999 11228 | Wind 893 3250 3250
DH Hydro Hydro
Electric 0 236 220 Run-Of- 169 245 245 Run-Of- 44 46 46
Boiler River River
Electro- 0 2621 2626 | Ydo 64 199 199 | Hydro 38 38 38
lyser Reservoir Reservoir
DH Heat Biomass Biomass
Pump 0 389 449 CHP 698 49 106 CHP 110 118 154
Waste Waste
CHP 108 148 144 CHP 13 20 20
Bio- Bio-
methane 33 7 10 methane 14 14 14
CHP CHP
Battery 0 143 146 | Battery 260 269 269
Discharge
Fuel Oil Fuel Oil
CHP 413 0 0 CHP 212 0 0
Natural Natural
Gas CHP 38 0 0 Gas CHP 10 0 0
Peat CHP 64 0 0 Peat CHP 21 0 0
Total 8306 20289 20458 | TotalGen. 4747 20509 18574 | [O@CA  oe16 10758 10794
Dem. pacity
Total Total Gen Total ca
Dem. & 8306 24712 23974 * 8306 24712 23974 . P 13366 21508 21544
Export & Imp. & grid
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Figure 38 illustrates the hourly electricity supply (top) and demand (bottom) in SWF during a selected
summer and winter week for both the NY 2050 and HW 2050 scenarios. Overall, the systembehaviour
remains similar across both scenarios, with only minor differences in the magnitude of demand and the
contribution of certain generation sources.

As expected, PV generation dominates during the summer period, leading to a marked reduction in grid

imports and a corresponding decrease in electricity prices during daylight hours. In both scenarios,

electricity prices closely follow PV output patterns, dropping when PV generation peaks. This effect is
particularly visible in the summer NY 2050 case, were higher PV output results in frequent low-price
hours. During the winter weeks, PV generation is minimal, and the system increasingly relies on imports
from the national grid, wind generation, and CHP units, resulting in higher and more variable electricity
prices.

On the demand side, the daily pattern is strongly influenced by the core electricity demand, with addi-
tional contributions from DH heat pumps, DH electric boilers, and electrolysers.
While electrolyser operation remains relatively constant and has only a minor impact on the overall load
profile, DH-related electricity consumption becomes more prominent in winter. In particular, under the
HW 2050 scenario, colder conditions increase the operation of DH electric boilers and DH heat pumps,
by roughly 23% compared with NY 2050.

Overall, PV and wind act as the primary local renewable sources, supported by grid imports for balanc-
ing. The integration of flexible demand components and strong interconnection capacity ensures that
the electricity system remains stable under both climatic scenarios

Elec. Supply in 2050 - Summer Week (NY) Elec. Supply in 2050 - Winter Week (NY) Elec. Supply in 2050 - Summer Week (HW) Elec. Supply in 2050 - Winter Week (HW)

Elec. Demand in 2050 - Summer Week (NY) Elec. Demand in 2050 - Winter Week (NY) Elec. Demand in 2050 - Summer Week (HW) Elec. Demand in 2050 - Winter Week (HW)

Figure 38: Electricity demand and supply in SWF: Winter vs. Summer week for NY and HW scenarios

5.4.8.2. District heating sector

Figure 39 presents the annual district heating demand, generation, and technology capacities for the
base year, as well as for the NY and HW scenarios. The corresponding values are shown in

Table 21. Both scenarios indicate that decarbonization of the district heating sector primarily relies on
the substitution of fossil-fuel-based district heating systems with electricity-driven technologies, namely
DH heat pumps and DH electric boilers.

The installed capacity of biomass and waste-based CHP plants demonstrates a pronounced expansion
relative to the base year. Specifically, the installed capacity of waste CHP increased by 65 MW in both
analysed scenarios, while biomass CHP capacity reached 283 MW in the NY scenario and 265 MW in
the HW scenario. These increments correspond to an average growth of approximately 75% for waste
CHP and 43% for biomass CHP, when compared to the baseline configuration.

Although these increases are considerable in absolute terms, the proportional contribution of biomass
and waste CHP to the overall DH installed capacity remains moderate, representing 23% and 25%
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respectively. Nonetheless, due to their ability to provide reliable base-load heat generation, these tech-
nologies account for a high share of total DH heat output. The combined systems generate approxi-
mately 1,589 GWh and 1,545 GWh of thermal energy in theNY and HW scenarios, equivalent to 48%
and 44% of the total district heating generation.

The remaining heat demand is met by electricity-driven systems. These systems are incentivized by the
|l ow electricity prices, | ocal RES production a
strong interconnection with the national grid and enhances system stability.

The installed capacity of DH boilers remains relatively similar across both scenarios. However, the in-
stalled capacity of DH heat pumps is considerably higher in the HW scenario around 1,069 MW com-
pared to 805 MW in the NY scenario. This difference can be attributed to the increased heating demand
associated with colder winter conditions and higher heating peaks characterizing the HW scenario. De-
spite the higher installed capacities of these technologies, their overall contribution to meeting total heat
demand remains comparatively low. The heat generated by DH boilers and heat pumps amounts to
approximately 1,753 GWh in the NY scenario and 1 969 GWh in the HW scenario, corresponding to
around 52% and 56% of the total district heating demand, respectively.

District Heating Demand District Heating Generation District Heating Capacity

1800

Base Year NY 2050

Core Heat Demand

Figure 39: District heating demand, generation and capacity of SWF for NY and HW scenarios

Table 21: District heating demand, generation and capacity of SWF for NY and HW scenarios

[GWh] Demand [GWh] Generation [MW_th] Capacity
Base NY HW Base NY HW Base NY HW
Year 2050 2050 Year 2050 2050 Year 2050 2050
gg;?a':gat 2190 3353 3523 | Waste CHP 305 495 480 | WasteCHP 37 65 65
DH Electric 0 234 218 DH Electric 0 283 265
Boiler Boiler
Biomass Biomass
CHP 1480 1094 1065 CHP 233 295 386
DH Heat 0 1519 1751 | DH Heat 0 805 1069
Pump Pump
Natural Gas Natural Gas
CHP 18 0 0 CHP 5 0 0
Peat CHP 64 0 0 Peat CHP 21 0 0
Fuel Oil Fuel Oil
CHP 310 0 0 CHP 159 0 0
Biomethane Biomethane
CHP 13 12 9 CHP 5 6 6
2190 3353 3523 2190 3353 3523 460 1455 1792

Figure 40 presents district heating supply (figures on top) and demand (figures at bottom) in SWF during
a selected winter and summer week for the NY and HW scenarios. In both scenarios, the dispatch of
biomass and waste CHP units, DH heat pumps and DH electric boilers is closely modulated by prevailing

n d
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electricity market conditions. In both cases, the operation of technologies is strongly influenced by elec-
tricity price dynamics.

When electricity prices are low, DH heat pumps are activated, with DH boilers providing additional sup-
port when needed to meet peak demand. Conversely, when electricity prices rise, municipal waste CHP
and biomass CHP plants become more competitive and contribute significantly to district heating supply.
Under intermediate market conditions, when electricity prices are neither exceptionally low nor high, the
DH system achieves demand coverage through the least-cost combination of the electric and CHP-
based technologies. For example, in summer weeks waste CHPs may supply the base load while HPs
respond to peak demand. Similarly, during winter weeks, both HPs and waste CHPs can serve as base
load providers, with biomass CHP deployed to accommodate demand peaks.
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Figure 40: District heating demand and supply in SWF: Winter vs. Summer week for NY and HW scenarios

5.4.8.3. Hydrogen sector

Figure 41 illustrates the annual hydrogen demand, generation, and technology capacities for the base

year, as well as for the NY and HW scenarios. The corresponding values are shown inTable 22. In both

scenarios, the evolution of the hydrogen sector is closely interlinked with national electricity price dy-

nami cs, reflecting the sector®s dependence on el ectri
tegic use of hydrogen storage to take advantage of price fluctuations emerges as a critical mechanism

for enhancing both operational flexibility and economic viability.

Both scenarios exhibit comparable performance, with electrolyser and hydrogen storage capacities re-
maining broadly similar across the two cases. The results indicate that the NY scenario features a slightly
lower electrolyser capacity (645 MW) and a marginally higher hydrogen storage capacity (818 MW)

compared to the HW scenario. This difference can be attributed to the reduced frequency of hours with

exceptionally high electricity prices in the NY scenario, which diminishes the need for larger electrolyser

capacities to capitalize on price fluctuations.
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Figure 41: Hydrogen demand, generation and capacity of SWF for NY and HW scenarios

Table 22: Hydrogen demand, generation and capacity of SWF for NY and HW scenarios

[GWh] Demand [GWh] Generation [MW_H2] Capacity
Base NY HW Base NY HW Base NY HW
Year 2050 2050 Year 2050 2050 Year 2050 2050
Core H2 0 1662 1662 | Electrolyser 0 1834 1838 | Electrolyser 0 645 633
Demand
H2 Storage 0 907  gg7 | H2Storage 0 735 751 | H2 Storage 0 818 929
Charge Discharge
Total 0 2569 2589 | Total 0 2569 2589 | Total 0 1463 1554

Figure 42 illustrates hydrogen supply (figures on top) and demand (figures at bottom) in SWF during a
selected winter and summer week for the NY and HW scenarios. In both scenarios, the operation of
hydrogen technologies is closely linked to electricity price dynamics and fluctuations. During periods of

low electricity prices, electrolysers are p rimarily responsible for meeting the core hydrogen demand, as
defined by the MAED-City projections, while also charging hydrogen storage. Conversely, when elec-
tricity prices are elevated, hydrogen storage is discharged, thereby contributing to the coverage of core

hydrogen demand.

This cyclical interaction between electrolysers and
sumer of electricity and as a balancing mechanism within the broader energy system. The effect is par-

ticularly pronounced in the summer months, when electricity price differentials are larger, driven by the

high daytime output of PV generation. Under these conditions, the capacity of hydrogen technologies to

arbitrage between low- and high-price periods becomes increasingly valuable
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Figure 42: Hydrogen demand and supply in SWF: Winter vs. Summer week forNY and HW scenarios

5.4.9. Conclusions, Limitations aR&commendations
The supply modelling allows the following conclusions to be drawn regarding the energy system in SWF:

In general : The analysis of the electricity, district heating, and hydrogen sectors demonstrates that the
clean energy transformation of the SWF region is closely linked to national electricity prices. The region
possesses significant renewable energy potential, particularly for PV and wind power. By 2050, PV ca-
pacity is projected to reach 7,003 MW (56% of estimated potential) and wind 3,250 MW (100% of esti-
mated potential),, making these technologies the primary contributors to local energy generation. Strong
integration with the national grid further strengthens electricity balance and system resilience.

Comparing the two weather year scenarios, higher cooling demand during summer in the HW scenario
does not place significant stress on the local electricity supply system. The increased electricity demand
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does not require additional installed capacity, as it is compensated by electricity imports from outside
the region via the grid.

Electricity sector: SWF is currently highly dependent on the national grid. In the base year (2019), local
electricity generation covered around 57% of local demand. By 2050, core electricity demand is pro-
jected to increase substantially as part of the clean energy transition: by 144% in the NY scenario and
146% in the HW scenario. In addition, overall electricity demand (called as core demand) is expected to
rise further due to the widespread adoption of heat pumps and electric boilers for district heating and
hydrogen production, exceeding core demand projections. The existing grid capacity connecting the
region to external areas remains sufficient to balance fluctuations in renewable generation, primarily
from PV and wind by 2050.

Although installed electricity generation capacity remains similar in both (NY and HW) scenarios, pro-
duction levels are influenced by weather variations. In 2050, the NY scenario exhibits a slightly positive
local energy balance, with local production meeting 101% of demand (indicating a self-sufficiency level
of 101%) exports exceeding imports by 220 GWh. In contrast, in the HW scenario, local generation
accounts for only 91% of demand (self-sufficiency level of 91%) due to reduced PV and wind output.
This shortfall is compensated by higher imports. As a result, the HW scenario shows a negative energy
balance, with imports exceeding exports by 1,883 GWh. Despite summer peak demand being approxi-
mately 20% higher during peak hours (around 300 MW) in the HW scenario, this does not place signifi-
cant stress on the local electricity system thanks to high local production capacity and strong grid inter-

connections.

District Heating Sector: A hot summer does not necessarily imply a hot winter. In fact, in the HW sce-
nario, the assumed weather year includes a cold winter, resulting in higher heating needs in the winter
and necessitating greater installed district heating (DH) capacity, primarily through heat pumps com-
pared to the NY scenario.

By 2050, the DH sector is expected to be highly electrified, relying largely on heat pumps and electric
boilers. Biomass CHP units and heat pumps serve as the main technologies, with electric boilers cover-
ing peak demand and waste CHP units providing the base load. The operation of these technologies is
closely linked to the national electricity prices:

1 Low-price periods: Heat pumps and electric boilers operate to meet demand efficiently.
1 High-price periods: Biomass and waste CHP units are prioritized to optimize cost performance.

1 Moderate prices: Technologies are combined to achieve a least-cost solution. For example,
during summer, waste CHPs may cover base loads while heat pumps handle peak demand. In
winter, heat pumps and waste CHPs may supply base loads, with biomass CHPs meeting peak
heating needs.

Overall, the DH sector demonstrates strong flexibility and adaptability to varying electricity prices and
weather conditions, ensuring a stable and cost-effective heat supply.

Hydrogen Sector: Like district heating sector, the operation of electrolysers and hydrogen (HF) storage
is strongly dependent on electricity price fluctuations. During low electricity price periods, electrolysers
meet core hydrogen demand and store surplus hydrogen in dedicated storage facilities. During high
electricity price periods, stored hydro gen is discharged to meet demand, reducing reliance on electric-
ity-intensive production.

This flexible operational strategy allows the hydrogen sector to support overall system balancing by
shifting production to low-price hours while maintaining supply reliability. By integrating hydrogen stor-
age with variable renewable generation, the system gains an additional layer of flexibility that helps ab-
sorb surplus renewable energy and enhance overall energy security.

Limitations :

In the applied model, the operation of the generation technologies does not incorporate limitations re-
lated to the minimum operation capacity or the dynamic operational constraints associated with start-up
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and shut-down periods. Specifically, the model assumes a temporal resolution of one hour, meaning that
variations occurring within shorter time intervals are not explicitly represented. As a result, the opera-
tional flexibility of the technology units (e.g. CHP) is simplified, focusing on hourly energy balances rather
than detailed transient behaviour.

It should be noted that these results are based on modelling using two single weather years to represent
a strong climate scenario, which may limit the generalizability of the findings. However, they demonstrate
the system requirements needed to establish a robust framework capable of withstanding the impacts
of climate change including extreme weather conditions such as heat wave.

Recommendations

To support the local clean energy transition and ensure system-wide resilience in SWF, the following
general recommendations are proposed:

1 Adoptintegrated planning: Coordinate electricity, heating, and hydrogen strategies to ensure
optimal resource use, operational synergy, and system-wide efficiency.

1 Prepare for climate variability:  In this study, while higher summer cooling demand in the heat
wave (HW) scenario does not currently place significant stress on the energy system, it remains
essential to continuously monitor and account for extreme weather events for the energy system
planning. Energy systems become increasingly reliant on variable renewable generation, such
as wind and solar, it is critical to consider a range of climate change scenarios and diverse
weather conditions, including extreme heat and cold conditions. Incorporating multiple climate
scenarios and representative years will enable the development of a more robust, adaptive, and
resilient energy system capable of withstanding future climate variability.

i1 Strengthen local generation : Continue expanding photovoltaic (PV) and wind capacity to uti-
|l ize the region®s high wind and PV potenti al

1 Enhance grid integration : Reinforce interconnections with the national grid to improve flexibil-
ity, facilitate electricity exchange with the outside of the region.

1 Support system resilience: Invest in energy storage solutions and grid digitalization to effi-
ciently address seasonal and weather-related fluctuations.

1 Promote electrification: Expand the use of heat pumps and electric boilers to further decar-
bonize district heating.

1 Encourage hybrid operation: Support flexible operation strategies that combine biomass,
waste CHPs, and electric technologies based on electricity prices and seasonal conditions.

1 Ensure winter preparedness: Plan for sufficient installed capacity and backup generation to
meet high winter heating demand, particularly under cold -weather scenarios.

1 Encourage local resource use: Continue leveraging locally available biomass and wasteto-
energy sources to ensure sustainability and supply security.

1 Enable flexible operation: Operate electrolysers especially during low-electricity -price periods
to produce and store hydrogen, improving economic efficiency and renewable integration.

1 Expand hydrogen storage capacity : Develop sufficient HF storage to balance production and
demand, and to ensure supply during high-price or low -electricity generation periods.

i1 Integrate with renewables: consider the options for linking hydrogen production directly to PV
and wind generation to absorb surplus electricity and reduce curtailment.
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5.5. Transport modelling (ABM light & PTV Visum)

5.5.1. Introduction and Modelling Framework

This section of the report presents the results of the KNOWING transport modelling framework as ap-
plied to the region of South Westphalia. The study is part of a wider research effort to provide a robust
evidence base for designing sustainable mobility strategies. Its primary goal is to explore how different
combinations of policies and investments might influence travel behaviour, congestion, emissions, and
the overall efficiency of S WF ®ansport system over the coming decades.

The modelling framework employed in this study is a Python-based system specifically designed for
multimodal mobility demand calculation. It is rooted in the classical four-step travel demand model but
expands its scope to capture more detailed aspects of individual mobility patterns. While conventional
four-step models are well-suited for large-scale planning, they often overlook the temporal and behav-
ioural nuances of daily trip-making. To address this limitation, the framework integrates selected features
of activity-based microscopic models (ABM) such as MATSim, while maintaining a computationally effi-
cient macroscopic approach.

This -TABKt ° me Fijued2) alows for a(more realistic representation of how individuals
and households organise their daily travel, including trip chaining, variations across socio-economic
groups, and interactions between different trip purposes. We used the transport planning software PTV
Visum (2025) for network representation, skimming, and routing, allowing for consistent estimation of
traffic volumes, congestion impacts, and associated vehicle emissions.
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Figure 43: Conceptual diagram of the ABM light transport demand modelling framework

Setting up the model, the first step involved calibrating a base year model for 2019, which was chosen
as a representative pre-pandemic year with reliable travel data, in line with other domain models within
the KNOWING framework. Calibration mainly relied on datasets from the regional transport model
Landesverkehrsmodell Nordrhein-Westfalen (MUNV 2024) and from the household travel survey Mobil-
ity in Germany 2017 (Nobis C., Kuhnimhof T. 2018). This ensured that the model provided a faithful
representation of the existing situation before exploring future developments. To ensure consistent
cross-regional comparisons of travel behaviour and policy impacts, we relied on the meta-analysis of
travel time values presented by Wardman et al. (2016).

The geographic focus of the model is on passenger transport within SWF and its wider agglomeration
within North Rhine Westphalia. Additionally, surrounding German states and neighbouring countries are
partially incorporated within the model scope (Figure 43).

KNOWING | Deliverable3.5| WP3 | Final 67



KNg\?V@ﬁNG

O Leeuwarden

O Zwolle
rdam

OArnhem

D Erfurt

elm O Nur

-
‘) O Karlsruhe

Figure 44: Transport model area

Key outputs include estimates of modal split (by trip and passenger-kilometre), traffic loads , direct
COFemissions , and the impact of individual and combined measures . These outputs form the ana-
Iytical foundation for assessing which strategies are most effective in achieving S WF ®@lisnate and mo-
bility goals.

Assumptions and Scenario Inputs

Following calibration, scenario packages were prepared for the years 2030, 2040, and 2050. Two pri-
mary scenarios were developed for each horizon:

1 Reference (Business -as-Usual) Scenario: This projected the continuation of current trends,
including population growth, economic development, and committed infrastructure projects.
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1 Optimized Scenario: This included an ambitious combination of measures aimed at reducing
car dependency, cutting emissions, and improving access to sustainable modes, aligned with
the Mobilitatsstrategie Stidwestfalen (Stidwestfalen Agentur 2023).

A consistent set of assumptions underpins all scenarios to ensure comparability:

Based on the projection datasets for 2035 from the regional transport model Landesverkehrsmodell
Nordrhein-Westfalen (MUNV 2024) assumptions of a declining population within the demonstrator re-
gion coupled with increasing urban density along the surrounding cities were set. This includes age-
specific patterns in employment and mobility trends to reflect changing labour force participation.

External traffic and freight transport was treated using simplified trend extrapolation, scaled to population
and economic growth. While freight fl ows are secondar
are nevertheless included in order to assess their contribution to congestion and emissions.

The cost structure of car use (Figure 44) was updated to account for future changes in fleet composition,
fuel and electricity prices, and taxation, mainly derived from the cost of ownership model from Kraus et
al (2021).

Total running costs private [EUR/km]

0,3

0,25
0,2

0,15

0,1

0,05

2018 2030 2040 2050

e Petrol/Diesel — emHybrid —es—BEV

Figure 45: Development of total running costs private car by fuel type

Vehicle data was sourced from national and EUlevel statistics (ACEA 2023, Eurostat 2025, UBA 2024),
enabling emission modelling through the PTV Visum HBEFA module and capturing streetlevel emission
dynamics (PTV Visum 2025; INFRAS 2023) for passenger cas, light and heavy commercial vehicles.

Committed investments in road, public transport, and cycling infrastructure were included in all scenar-
ios. This ensures that the reference scenario already reflects a future network that incorporates all cur-
rently funded projectasel pmevi diomngpaliegl! icomparibkon.

Finally, policy inputs such as the introduction of central parking zones, road pricing, and other regulatory
measures were derived from the above-mentioned projection datasets for 2035 from the regional
transport model Landesverkehrsmodell Nordrhein-Westfalen and strategy documents. This guarantees
that the optimized scenario reflects plausible political and institutional developments rather than purely
hypothetical interventions (Figure 45).
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Figure 46: Overview of key infrastructure assumptions for the optimized scenarios u Petrol

5.5.2. Modelled Measures

The optimized scenarios integrate a broad range of policy and investment measures, phased in gradually
between 2019 and 2050. These measures include traffic calming, speed reductions, reallocation of street
space, enhanced parking management, and distance-based road pricing. Additional emphasis is placed
on the expansion of cycling infrastructure, improvements in public transport services such as new ex-
press routes and on-demand options, and better integration of first- and last-mile connections. Land use
policies are also considered, particularly the applic at i on ohi rnihtee di5t y° principle
areas, where accessibility to services and jobs is improved through more compact development. Long-
term fleet transformation is included in the model, aligning with EU targets for a complete phase-out of
combustion-engine vehicle sales by 2035 (European Union 2019). The model assumes a progressive
transition toward electric and zero-emission vehicles, combined with carpooling incentives to make bet-
ter use of road capacity. Table 23 provides a summary of the main measures and model indicators. All
measures combined define the optimized scenarios for 2030/40/50.
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Table 23: Summary of measures included in the optimized scenarios, with implementation time-
lines and assumed intensity levels in relation to base year 2019.

Measure Model Indicator 2030 2040 2050

Traffic Calming Overall road capacity Reductior-5% -15% -25%
Walk Bonus* +2.5% +5% +7.5%
Cycling Bonus* +1.25% +2.5% +3.75%
Base Parking CoEUR/h) de- 0.5-2.5 +20% +30%

Parking Management pending on densification

Road Pricing EUR/km 0.05 0.15 0.25

. . cycling plan cycling plan further im-
Overall Resistance Reduction (t 66% 100% OIS

Cycling Optimizati ded network / i i I, :
VST S ipnalr:)c:\I ;rZasc;r* IMPTOVEMENY achieved:  achieved:  -90% /-25%
-25% /-5% -75% /-15%

Rail + Bus +Rail + Bus +furtherim-
: . OnDemand On-Demand provements:
. L Overall Travel Time Reduction
Public Transport Optimization 66% 100% -25%
Infrastructure Improvements . .
achieved: achieved:
-5% -15%

Activity Location Density Increa5% 10% 15%
Increased land use mix (15 min calong Population Corridors (Shc
principle for periurban areas) ping, Leisure, Personal Busines

Work)
2Ff1 . 2ydz o0 Xm+5% +10% +15%
/@0t Ay3 . 2ydza +25% +5% +7.5%
Car Passenger Utility (Cost Rec-5% -15% -25%
Car Occupancy Bonus . 9 ity ( ° ° 0
tion)
Fleet Transformation Zero Emission Vehicle Share 19% 64% 91%

* perceived travel time bonus

5.5.3. Results

The modelling results demonstrate the benefits of implementing an integrated package of measures
across the South Westphalia region. In both the reference and optimized scenarios, the total number of
trips declines slightly toward 2050, largely reflecting demographic contraction within the study area.
However, modal split analysis indicates that noticeable behavioural shifts ae achievable under optimized
conditions. Figures 46 and 47 show that car use® both in trip counts (Figure 46) and passenger-

1 The perceived travel time bonus refers to situations where travelers perceive a certain travel mode or

segment as taking less time than it actually does. This often happens because the comfort, conven-

ience, or productivity of a mode makes time feel shorter. E.g, walking through pleasant environments

may feel shorter than walking through unpleasant ones. In modelling terms, this is represented as a

“"bonus°® (a negative adjustment) to the perceived trav
mode in the mode and route choice procedures.
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kilometres (Figure 47) 3 declines noticeably, while the shares of public transport and active modes in-
crease steadily through 2050. By contrast, the reference scenario exhibits only marginal change, con-
firming that significant policy intervention is required to achieve a meaningful transition toward sustain-
able modes.

Figure 47: Daily trips by mode under reference vs. optimized scenario (201922050).

Figure 48: Daily passenger-kilometres by mode under reference vs. optimized scenarios (20192 2050).

Direct COF emissions decrease sharply under the optimized pathway (Figure 48). This reduction is
driven mainly by the progressive electrification of the vehicle fleet, supported by complementary
measures such as distance-based road pricing, enhanced public transport, and strengthened parking
management.
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