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WP

Work Package

The following table contains the most relevant terms for this Deliverable. The definition of System Dy-
namics-related terms has been taken over from (Ford, 2019).

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 tothe 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 and
structural economic changes. Adaptation can occur autonomously, for example through
market changes, or as a result of intentional adaptation policies and plans atthe Interna-
tional, National or local scale (UNISDR, 2009).

Adaptation
measures

Adaptation measures are technologies, processes, and activities directed at enhancing our
capacity to adapt (building adaptive capacity) and at minimizing, adjusting to and taking
advantage of the consequences of climatic change (delivering adaptation) (Climate-
ADAPT, 2012). They can be separated into Hard and source-oriented measures, Hard and
receptor-oriented measures and Soft measures (CLARITY Project Glossary; CLARITY,
2017).

In the context of EU-GL, the term generally refers to the Actions reducing vulnerability to
climate change and climate variability by preventing negative effects or by enhancing resil-
ience to climate change (ClimWatAdapt 2012) (European Commission, 2013).

Balancing
feedback loop

A feedback loop in which the resulting effect of the causal links over time limits or constrains
the change of variables. Balancing loops seek equilibrium, trying to bring stocks to a desired
state and keep them there. Also called a negative, compensating, goatseeking or control-
ling feedback loop.

Causal

Driving or influencing the relationship between two variables; in contrast to correlations,
when two variables change together in time and/or space, but one does not necessarily
drive or influence the other.

Causal link

An arrow in a Causal Loop diagram or system structure diagram that describes a relation-
ship between two variables with the direction of causality (from cause variable to impacted
variable) and the nature of impact (same direction of change or opposite direction of
change). If there is a significant delay in the influence of the driving variable on the driving
variable, it can be represelm@ased by a | i nk

Causal link
polarity

A positive (+) or negative (1) sign that indicates the direction of impact of the driving vari-
able on the driven variable. Positive polarity indicates that the impacted variable moves in
the same direction (increase or decrease) as the driving variable. Negative polarity indi-
cates that the impacted variable moves in the opposite direction (increase or decrease) to
the driving variable.

Note: Within this report, blue (+) and red (-) colour is used for the arrows to indicate their
polarity. This improves the readability of complex CLDs.
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Causal Loop
Diagram (CLD)

A tool that represents closed loops of cause-effect linkages (causal links) as a diagram
intended to capture how the system variables interrelate and how external variables impact
them. Causal Loop Diagrams identify and label feedback loops to facilitate understanding,
dynamic reasoning and formal modelling.

Climate impacts

The consequences of realized risks on natural and human systems, where risks result from
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 (in
including ecosystem services); and infrastructure (based on IPCC, 2018).

Climate Impact
Contexts (CIC)

Within KNOWING three CICs (Heat & Health, Soil fertility & Agriculture, Flooding & Infra-
structure) are investigated, representing emerging risks for the Demonstrators due to cli-
mate change.

Delay A phenomenon in which the effect of one variable on another does not occur immediately.
A process by which the output lags behind its input in time.

Demonstrators Regions that are part of the KNOWING consortium and for which the mitigation pathways

(DEMO) are developed.

Domain Model
(DM)

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. The term "D o ma irefiers to a specific
discipline or field. This is more generic than usingt h e t e r m which & sametimés
used as a syno njnrhe litevature. InDthisnDelivarable, however, the term
~ Sect onlybisedfar the main economic sectors relevant in the KNOWING context (e.g,
Energy, Transport, and Land Use & Agriculture).

Endogenous
variable / view

Internal, opposite of exogenous. An endogenous view approaches a problem searching for
its causes and solutions within the system boundary. Endogenous variables are affected by
other system variables.

Exogenous
variable / view

External, opposite of endogenous. A rbehavioar
is dominated by the influence of outside forces or factors. An exogenous variable is an

external (input) variable that affects but is not affected by the system.

Exposure

The evaluation of the quantity of the elements at risk (people, infrastructure, housing, pro-
duction capacities and other tangible human assets) exposed to damage in hazard-prone
areas, their quality, sensitivity to the action of one or more hazardous events, and spatial
and temporal distribution.

Exposure can include the number of people or types of assets in an area. These can be
combined with the specific vulnerability and capacity of the exposed elements to any par-
ticular hazard to estimate the quantitative risks associated with that hazard in te area of
interest (UNISDR, 2017).

The Intergovernmental Panel on Climate Change (IPCC) defines "exposure" as "the pres-
ence of people, livelihoods, species or ecosystems, environmental functions, services, and
resources, infrastructure, or economic, social, or cultural assets in places and settings that
could be adversely affected” (IPCC, 2014).

Set of elements at risk located in areas subject to hazardous events. The measurement of
exposure requires the quantification and spatial location of these elements in the area to
be analysed. Exposure estimation is also closely linked to vulnerability andyses; in fact, to
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define the exposure it is necessary to know the quality of these elements that are sensible
to the response to the hazardous action. For this reason, the elements exposed are grouped
into homogeneous classes based on the expected damage following the occurrence of a
particularly dangerous event, in order to "estimate in quantitative terms the risks and/or the
i mpacts associated with a given hazard ir

Feedback

When the effect of a causal impact comes back to influence the original cause of that effect.
A feedback loop is a sequence of variables and causal links that creates a closed ring of
causal influences. See reinforcing feedback loop and balancing feedback loop.

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, absorb and emit
radiation at specific wavelengths within
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),
hydrofluorocarbons (HFCs), chlorofluorocarbons (CFCs) and perfluorocarbons (PFCs).

Hazard

The potential occurrence of a natural or human-induced physical event or trend that may
cause loss of life, injury or other health impacts, as well as damage and loss to property,
infrastructure, livelihoods, service provision, ecosystems and environmental resources. See
also Impacts and Risk AR6; IPCC, 2023).

High -leverage
point / parameter

Part of a system where small changes can have a very large impact on system behaviour
and is therefore effective for focusing system design, management attention and resources.

Human The responses of persons or groups to a particular situation, in this case probably related

behaviour to climate change. Human behaviour covers the range of actions by individuals, communi-
ties, organisations, governments and at the international level AR6; IPCC, 2023.
Note: This is a broad definition of human behaviour including actions of organisations and
governments.

Impact The probable spatial/temporal damage distribution according to a predefined scale of dam-

age expected on the element at risk under consideration.

The impact scenario therefore represents the probabilistic distribution, in a given geograph-
ical area, of the damage caused by a single hazardous event with an assigned probability
of occurrence (assumed as the reference hazard scenario) (Zuccaro et al., 2018).

The impact can be measured in several ways: physical, economic, social, functional etc.
and it can be evaluated asa direct and/or indirect consequence of the event at a given time
(snapshot) or projected in the future.

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

The term “impact® is used primarily to refer to the effects on natural and human systems of
extreme weather and climate events and climate change. Impacts generally refer to effects

on lives, livelihoods, health, ecosystems, economies, societies, cultures, services, and in-
frastructure due to the interaction of climate changes or hazardous climate events occur-

ring 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).

KNOWING | DeliverableZD! (Expandablémpact Interaction Model FrameworkWP2 | Find

Xiii



KNgSV@fNG

Land use

The total of arrangements, activities and inputs applied to a parcel of land. The term land
use is also used in the sense of the social and economic purposes for which land is man-
aged (e.g., grazing, timber extraction, conservation and city dwelling) (AR6; IPCC, 2023.

Measure

Measures here refer to technologies, processes or practices that directly affect climate re-
silience and/or emissions and may have subsequent impacts on the dynamics of social and
economic systems, rather than supporting policies. Also, see definitions of adaptation
measures and mitigation measures.

Mitigation

In climate change 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.

More in general is the lessening or minimizing of the adverse impacts of a hazardous event
(UNISDR, 2017), through actions that reduce hazard, exposure, and vulnerability (IPCC,
2014).

Annotation: The adverse impacts of hazards, especially natural hazards, cannot be com-
pletely prevented, but their scale or severity can be substantially reduced by various strat-
egies and actions. Mitigation measures include engineering techniques and hazardre-
sistant construction as well as improved environmental and social policies and public
awareness.

Mitigation
measures

In climate policy, mitigation measures are technologies, processes or practices that con-
tribute to mitigation, for example, renewable energy technologies, waste minimisation pro-
cesses and public transport commuting practices (AR6; IPCC, 2023.

Negative
feedback

Feedback that works against deviations from a goal. In isolation or if dominant, negative
feedback generates goal-seeking behaviour.

Positive
feedback

A structure that produces exponential growth or collapse. Change in one direction results
in more and faster change in the same direction.

Reinforcing
feedback loop

A feedback loop in which the sum effect of the causal links tends to strengthen (reinforce)
the movement of variable values in a given direction due to positive feedback.

Response Actions or behaviours (including inaction) by individuals, groups, organisations, companies,

(in climate institutions or governments related to climate adaptation and mitigation. This includes ac-

adaptation and tions related directytor educing the i mpacts of <cli mat

mitigation) aptation measures® and -mitigation meas.\
duce/ capitalize on the intended and wunin
sponse risksas®i anes®p)pport

Response Same as response risk (see below), but referring to co-benefits, or positive side effects.

opportunity

Response risk

Result from the potential for such responses not achieving the intended objective(s), or
from potential trade-offs with, or negative side-effects on, other societal objectives, such as
the Sustainable Development Goals (SDGs) AR6; IPCC, 2023.

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

Risk

Result of the interaction between hazard (H), exposure (E) and vulnerability (V), defined as
the product (in terms of probabilistic convolution) of the three factors, according to the well -
known relationship R=HXx Ex V (IPCC, 2014). The risk therefore represents the probability
that a given level of damage (for example on people, buildings, infrastructures, etc.), due to
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a hazard, will be reached in a given time, in a specific geographical area. Therefore, the risk
must be understood as a cumulative assessment that considers the total potential damage
that can be induced in the same area by several dangerous events (with dfferent intensity
or return periods) in a pre-set time window.

Side effect

An unplanned and typically undesirable side effect of well-meaning intentions and actions,
often occurring after a time delay and across an organizational boundary from the intended
action.

Stock (level)

An accumulation of quantities in specific locations or conditions in a system. A component
of a system that accumulates or drains over time. Stocks are the memory of a system and
can only be changed by flows.

Stock and flow
diagram

A visual depiction of the stock, flow and auxiliary (converter) variables in a system and how
they are connected.

System
Dynamics (SD)
model

Systems Dynamics models are continuous simulation models using hypothesized relations
across activities and processes. Systems dynamics was developed by Forester in 1961 and
was initially applied to dealing with the complexity of industrial economic systems and world
environmental and population problems. These models are very closely related to the gen-
eral systems approach and allow modellers to insert qualitative relationships (expressed in
general quantitative forms).

System structure

How system elements are organized or interrelated. The totality of feedback loops, stocks,
flows and time delays in the system. The building blocks and connections of a system.

Systems thinking

The use of conceptual system models and other tools to improve the understanding of how
the feedback, delays and decisionr-ma ki ng pol icies in a sys
system®s behaviour Sy st ems Sysh
tems thinking involves (i) seeing interrelationships and feedback loops instead of linear
cause-effect chains, and (i) seeking processes of change over time rather than

over ti me.

events/snapshots. Systems thinking helps people see things on three levels: events, pat-
terns of behaviour and system structure.

Urban Heat The relative warmth of a city compared with surrounding rural areas is associated with heat-

Island trapping due to land use, the configuration and design of the built environment, including
street layout and building size, the heat-absorbing properties of urban building materials,
reduced ventilation, reduced greenery and water features, and domestic and industrial heat
emissions generated directly from human activities (AR6; IPCC, 2023).

View In System Dynamics modelling, Views can be thought of as similar to chapters of a book,
or different photos of a complex artefact, each of them telling a portion of the whole story.

Vulnerability The propensity or predisposition to be adversely affected. Vulnerability encompasses a va-

riety of concepts and elements including sensitivity or susceptibility to harm and lack of
capacity to cope and adapt (ARG6; IPCC, 2023).
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EXECUTIVE SUMMARY

Deliverable D2.42 Expandable Impact Interaction Model Framework 2 documents the further develop-
ment, calibration, and application of the quantitative System Dynamics (SD) modelling framework devel-
oped within the KNOWING project. Building on the conceptual foundations established in Deliverables
D2.1, D2.2 and D2.3, this deliverable presents a consolidated, tested, and extensible model framework
that enables the integrated assessment of climate impacts, adaptation strategies, and mitigation path-
ways across different Climate Impact Contexts (CICs).

At the core of D2.4 is a central, open-source SD model that is coupled via clearly defined interfaces with
a range of high-resolution domain models (DMs) covering key sectors / domains such as transport,
energy demand and supply, microclimate, health, land use, and flooding. This hybrid modelling approach
combines the strengths of detailed, process-based simulations with the system-wide perspective of SD
models, allowing the representation of cross-sectoral interactions, feedback loops, time delays, and in-
direct or unintended effects of interventions that cannot be captured by sectoral models alone.

A key contribution of this deliverable is the implementation and documentation of an iterative calibration
framework. SD sub-models are calibrated stepwise against outputs from the corresponding domain
models, which serve as reference baselines in the absence of empirical observations for future climate
impacts and the effectiveness of adaptation and mitigation measures. This cross-calibration approach is
applied both at the level of individual sub-models and at the level of integrated, CIC-specific SD model
configurations. Multiple scenarios and pathways, representing different combinations, intensities and
timings of adaptation and mitigation measures, are used to ensure robust model behaviour across a
range of plausible futures.

D2.4 provides a detailed description of the structure of the SD sub-models, their key variables and cali-

bration parameters, and the interfaces to the respective domain models used for the calibration. For

each of the three Climate Impact Contexts addressed in KNOWING?2 Heatwave & Health, Flooding &

Infrastructure and Soil Fertility & Agriculture 2 the deliverable demonstrates how the relevant sub-mod-

els are combined into coherent system representations. In addition, demonstrator-specific model con-

figurations and pathways are defined by a combination of mitigation and adaptation interventions, and

illustrated for Tallinn, Granollers, Naples, and South Westphalia Selected simulation results shown in
thisdeliverablehi ghl i ght t he model ®s a b ioffsj andco-bepefiteacrpss sec-e sy ner
tors.

Beyond the technical description, the deliverable also provides practical guidance on the use of the SD
models, including instructions for downloading and running the models (Vensim and Simile), modifying
intervention parameters and pathway assumptions, and assessing the transferability of model structures
and pathways to other regions. In this way, D2.4 serves both as a technical reference and as a method-
ological guide for future applications and extensions of the KNOWING modelling framework, supporting
policymakers, researchers, and other stakeholders in evaluating and comparing the impacts of climate-
related strategies across different regional contexts.

Overall, Deliverable D2.4 represents a major step in the KNOWING project by moving from conceptual
model design to an operational, expandable Impact Interaction Model Framework. It lays the foundation
for subsequent further pathway analyses and refinement, and for transferability assessments in the fol-
lowing work packages and deliverables, thereby supporting integrated, systemic climate mitigation and
adaptation planning at the regional level.
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1. 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-neutralc ont i nent in the worl d°®. This includes not onl
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 t o t he EU®s C| iEun@gpear Cofnnhiasppr, 2020) o n S tnrpatoevg yn g
knowl edge and managi ntgrealismg the visian of d dinfiate-nesitralkaedyclimate-
resilient Union, as Climate change is having such a
systemic®° . Thugent needifae anantegrated approach for enhanced understanding

of the interaction, complementarity and trade  -offs between adaptation and mitigation measures, es-

pecially regarding the expected increase in regional mean temperature, changing precipitation pattern

and soil moisture (AR6 WGIPCC, 2021). Furthermore, this understanding and knowledge needs to

be provided to a broad audience to support local authorities in EU countries in 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 hip between public and private adaptation and mitiga-
tion strategies in order to identify mitigation pathways along optimised combinations of interven-

tions in different sectors (e.g. energy, mobility, land use, construction, agriculture). The framework will
focus on thre e main Climate Impact Contexts (CICs): (1) Heatwave & Health, (2) Soil fertility & Agri-
culture, and (3) Flooding & Infrastructure (including river and coastal flooding). It will be applied in four
Demonstrator (DEMO) and five Follower Regions by involving authorities, stakeholders and citi-
zens to develop enhanced activation and empowerment services, providing target -group -specific
awareness, education and decision support tools  to improve the comprehensibility of complex inter-
relationship and support 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
Working Groups I, Il & It

KER2 an Impact Interaction Model Framework  consisting of a System Dynamics (SD) model, cli-
mate 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 (citi-
zens, businesses, authorities) to enhance climate literacy, provide playfultraining and support
decision-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.
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2. Object ives of the Deliverable

This report, as part of Deliverable 2.4 2 "Expandable Impact Interaction Model Framework®, summarises
the KNOWING concept for developing and calibrating quantitative system dynamics models with the
help of domain models. It builds upon the results of T2.1 and T2.2, summarizes the outcomes of Task
2.3 - "Model Calibration & Validation® and consolidates the findings of Task 2.3-~ Mo d e | Cal
Val i d,extanding the preliminary deliverable of that task, D2.3. By doing so, it bridges the efforts of
WP2 with those of WP3, ensuring continuity between model development, calibration, and validation.

The framework presented here is designed to allow for scalability and adaptability, enabling the contin-
uous integration of new insights and refinements based on demonstrator results and stakeholder feed-
back.

To achieve these goals, this deliverable addresses the following key objectives:

i) Development of the KNOWING Calibration Concept :

1 A comprehensive description of the calibration methodology to be applied for each de-
monstrator region.

1 Explanation of the underlying principles and rationale for aligning SD models with do-
main models through a structured calibration process.

i) Analysis of Key Input and Output Variables for each Domain Model (DM):

1 A detailed examination of the input and output variables for each DM, identifying their
roles in the calibration process.

1 Specification of the calibration parameters required to align the SD sub-models with the
respective DM outputs, ensuring consistency and reliability.

iii) Conceptual Diagrams for each Climate Impact Context (CIC)

1 Development of visual representations (conceptual diagrams) for each CIC, illustrating
the interactions between domain models and SD sub-models.

T Provision of a structured "~ recipe® for
sub-model, facilitating reproducibility and application across different demonstrator re-
gions.

iv) Defining pathways for the KNOWING Demonstrators
1 Applying the CICs to specific regions facing one or various climate hazards.

1 Demonstrator specific sub-model configuration and definition of specific mitigation and
adaptation interventions implemented in the SD model.

v) Highlighting key results obtained with the SD Model (s):

9 llustration of what kind of results can be obtained, and how these can be understood in
the context of pathways.
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1 Providing examples of connecting domains and combining interventions

vi) Guidance for using the SD Model(s) :

i Practical guide for downloading and running models developed in Vensim and Simile
(Flooding sub-model only).

1 \Variations of the pathways 2 by changing interventions intensity or timing
1 Transferability of the modelled pathways to other regions

This deliverable serves as a critical step toward integrating diverse modeling approaches within the
KNOWING framework, supporting a systematic calibration process that enhances the accuracy and ap-
plicability of SD models in assessing adaptation and mitigation strategies.
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3. Introduction and Scope

The increasing complexity of climate change and its multifaceted impacts on socio-economic and envi-
ronmental systems necessitate advanced modelling approaches to inform effective decision-making.
System dynamics (SD) models are instrumental in analysing feedback loops, time delays, and non
linear interactions within these complex systems (Andrew, 2010; Juhola et al., 2022). However, the pre-
cision and predictive capability of SD models heavily rely on accurately calibrated parameters , in-
tended as values that define the relationships and dynamics within the model, while the key dynamics
are generated endogenously through feedback structures in the system rather than being data driven.
These are often challenging to derive from empirical data alone and it is important to ensure that the
outcome of a calibrated SD model aligns with observed data and theoretical expectations. The integra-
tion of SD models with domain models (DMs) through the translation of specialized knowledge from
domain-specific fields (such as climate science, mobility, and energy systems) into SD structures en-
hances the representation of real-world interactions, thereby improving the reliability of simulations and
scenario analyses (Goosse, 2015). This combined approach is particularly vital in addressing climate
change, as it facilitates a comprehensive understanding of long-term systemic transformations, supports
robust policy development, and aids in evaluating the effectiveness of mitigation and adaptation strate-
gies (Pruyt et al., 2011). By leveraging both system dynamics and domain-specific insights, stakeholders
can better capture the interdependencies among technological, economic, and behavioural factors,
leading to more effective and sustainable climate resilience strategies (Redivo, 2021).

Within KNOWING,an Impact Interaction Model Framework has been developed, which aims to integrate

system dynamics and domain models at the scale of demonstrator regions for different Climate

Impact Contexts (CICs) . The overarching goal is to create a flexible and adaptive framework that incor-
porates insights from both, Demonstrator and Follower modeling activities, as well as input from stake-
holder groups. This approach allows for the exploration of different pathways 2 such as how the expan-
sion of green areas and tree-lined streets, by reducing outdoor heat conditions and improving walkabil-
ity, can increase the attractiveness of public transport and contribute to reducing greenhouse gas emis-
sions in a specific region - without necessitating new simulation runs from all involved domain models.
To achieve this, a calibration framework for the SD (sub-)models defined earlier in the project is re-
quired, providing a structured, step-by-step approach for calibrating complex systems. This ensures that
models can accurately describe multi-dimensional impacts, such as the effect of heat waves on hospi-
talizations, energy demand, and supply.

3.1. The KNOWING Modelling Framework

System dynamics (SD) models are based on causal relationships between system elements and varia-
bles and are composed of balancing, reinforcing and extenuating feedback loops. They allow for study-
ing the dynamic behaviour of complex dynamic systems over long time scales, including the influences
and cross-dependencies between different sectors that are usually not connected in sector-specific
models. So, delayed impacts of interventions and rebound effects can be estimated to provide a more
integrated and longer-term assessment of the impact of changing system elements and conditions.

While systems thinking and system dynamics methodologies have already a long tradition in addressing
the fundamental challenges of our time including climate change, most of these approaches stay on high
abstraction level and deal with aggregated (averaged) quantities only. Regional and/orspecific impacts
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of climate change, as well as corresponding adaptation and mitigation measures are therefore difficult
to address on the level of these approaches.

KNOWING aims to combine the benefits of system dynamics models with the strength of mature and
accurate domain models, which include the full set of specific parameters in the complex system of
climate impacts. Such a combined modelling framework allows to incorporate and quantitatively assess
very specific measures identified during the participatory stakeholder processes in WP1 and then later
in WP3, and at the same time predict a wide range of indirect and longer-term impacts which cannot be
foreseen during the decision-making process in the absence of an integrated modelling framework.

Objective 2 of KNOWING!? has been addressed by initially designing a qualitative set of causal loop
diagrams (CLDs) based on the identified interrelations of sectoral effects; afterwards collected in the
Impact Interaction Knowledge Base (KER1). Ina next step, these CLDs were used to develop a system
dynamics (stock and flow) model, stepwise quantifying the relationships. Input and output variables of
detailed and proven domain models (e.g. regional climate model, transport model, behaviour model,
energy model, land use model) have been defined in Deliverable D2.2 to design interfaces for linking
these models with the overall SD model 2. The basic structure of this model framewaork is shown in Figure
1.

Global
Climate Mode

Mitigation

Climate
(global)

Land Use
Mode

Economic &
other
Sectors

Climate
(regional
flocaly

Regiona
Climate Mode

Population &
Human
Behaviour

Climate
Risks
(Impacts)

Climate
Hazards

Figure 1: High-level overview of the KNOWING Model Frameworkwith classification of domain models (rectangu-
lar boxes), as developed in Deliverable D2.1

1 Objective 2 (from Grant Agreemenfjo develop a model framework comprising of a system dynamics model

and coupled sectoral models for quantifying causal interrelations between different sectorgdagport, en-

ergy construction, land use, agriculture) and (local to regional) climate to allow quantitative estimation of im-

pacts, cebenefits and rebound effects of different adaptation and mitigation measures on various, context
specific scales (urbamggional, global)

2 Note that models are not dynamicallpupled, but the domain models provide their result datasets for cali-
bration of the SD model.
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The resulting Impact Interaction Model Framework (KER2) composed of the central SD model and the
coupled domain models has been applied to the specific Climate Impact Contexts of the Demonstrator
Regions in WP3 to model the synergies and conflicts between combined adaptation and mitigation
measures, and to identify pathways based on optimised intervention strategies (KER3).

3.2. Calibration Concept

The concept of calibration originates from the field of engineering and measurement science, where
technical devices must be adjusted to ensure their output aligns with known reference values. This pro-
cess is essential for maintaining accuracy and reliability in various applications, from laboratory instru-
ments to industrial machinery. In the context of SD modeling, calibration serves a similar purpose: it
ensures that model outputs accurately reflect real-world dynamics by systematically aligning them with
empirical data and expert knowledge.

In system dynamics, model calibration is understood as an integral part of model testing and validation
(Barlas, Y.1996) aimed at ensuring that the model reproduces observed historical behaviour and re-
mains structurally and behaviourally plausible under policy experimentation. In contrast to purely statis-
tical fitting, state-of-the-art SD calibration prioritises structural realism, endogenous explanation of dy-
namics, and robustness of policy conclusions.

Current best practice combines:

1 Selective parameter estimation, where only empirically identifiable parameters are calibrated
against time-series data, while others are fixed based on literature or expert knowledge.

1 Behaviour- and pattern-oriented calibration, focusing on reproducing trends, turning points, de-
lays, elasticities, and nonlinear responses rather than point-by-point datamatching.;

1 Bayesian calibration approaches, which integrate prior knowledge with empirical data and ex-
plicitly represent parameter and outcome uncertainty.

1 Optimization-supported calibration, used as a diagnostic tool and always complemented by
structural tests, sensitivity analysis, and extreme-condition testing.

These approaches are typically applied iteratively and embedded in a broader validation framework,
ensuring that model behaviour is credible across a range of scenarios and suitable for policy pathway
analysis rather than short-term prediction.

As in any calibration process, we need to identify the target variables and compare them against a ref-
erence baseline, adjusting the calibration parameters to minimize discrepancies with respect to real

measurements. In KNOWING, our goal is to calibrate the SD models developed in Task T2.2 and docu-
mented in D2.2 to estimate the effects of adaptation and mitigation measures across domains. However,
the calibration process faces several challenges, including the limitation of DM runs to local or regional

scales, which may not fully capture broader systemic interactions. Additionally, geographical biases and

missing spatial information can hinder the accurate representation of climate impact dynamics, affecting

the reliability of model outputs in describing real-world adaptation and mitigation effects.
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To address this, and in the absence of real-world measurements for future climate impacts, we adopt a
cross-calibration approach. Assuming that the DMs produce reliable results in their simulations, we use
their outputs as a reference for SD model calibration. In this process, SD model target variables are
systematically compared to the corresponding DM output variables, ensuring alignment between the
two modeling approaches. Figure 1 illustrates the cross-calibration concept for two key output variables.

NOW Calibration point
=P Epemmmn-- - DM output
e T N SDM |
/ v~ e = output P
Key output variable 1 lx
Calibration |
Key output variable 2 time

Calibration _ Cross-calibration O Calibration point
L - —  Pathway 1
Historical data Future data —.— Pathway?2
Real measurements Simulated in the domain models e Pathway 3

Figure 2 - Calibration approach used in KNOWING,

Given the different temporal and spatial resolutions provided by the DMs, we follow an initial point-cali-
bration approach, represented with small squares in Figure 2, where we define, together with the SD
modelers, the SD resolution that we should use for calibrating the system.

Moreover, to ensure a proper model dynamics, the calibration process involves multiple cross calibra-
tion scenarios , each defined by the different adaptation and mitigation measures incorporated into both
the DM and SD models. As illustrated in Figure 2, these scenarios are represented using different line
formats. In the following, we refer to these calibration scenarios ascross calibration pathways , aligning
with the terminology used throughout the KNOWING project. This approach enables us to account for
the sensitivities of key output variables in response to various interventions, ensuring a more compre-
hensive and robust calibration process.

Due to the complex nature of this calibration task, our approach is applied iteratively at each calibration
point and starts at the level of the domain models (as illustrated in the calibration point box in Figure 3).
The common ground for the calibration is the assumption that at each point in time the corresponding
key output variable of each SD sub-model should be equal to the output variable of the corresponding
DM. It is therefore crucial to have the data corresponding to the output variables of the DMs. Once this
is established, calibration can start, and the calibration parameters can be tuned.

3.3. Further organisation of this deliverable

In Chapter 4, we describe the modelling framework and the calibration process in more detail (first
calibrating on the level of sub-models and then combining the calibrated sub-models on CIC level). Then,
Chapter 5 applies the SD models for each CIC to the KNOWING demonstrator regions, defining the
specific pathways by means of the modelled policy interventions across the relevant sectors. Selected
results from corresponding simulation runs of these demonstrator specific models are then presented
in Chapter 6, followed by Chapter 7, which summarizes practical guidance for the application of the SD
model(s).
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4. The SD Model Framework

This chapter intends to give a compact yet comprehensive specification of the model structure , the basic
design of the various SD sub-models, the interfaces between the SD sub-models and the domain mod-
els, and the process applied for calibration of the SD sub-models. Within the scope of each of the three
Climate Impact Contexts (CICs), i provides an updated version of how these sub-models are connected
to each other and considers specific pathways for the demonstrator regions. This chapter can be con-
sidered as an extended documentation of the KNOWING calibration framework described in Deliverable
D2.3. For better readability, we kept the same structure but provided substantial extensions 2 most no-
tably for the flooding SD sub-modal - and added a new subsection for the behavioural SD sub-model.

4.1. KNOWING Calibration Approach

4.1.1. lterative Calibration Workflow

The different CICs identified in KNOWING are meant to be simulated using a system dynamic modelling
approach. Given the complexity of all dependencies in each CIC, the SD model is broken down into
several SD sub-models. The SD sub-models can be understood as modules that “replicate® in a simpli-
fied way the input-output structure of the DMs in an SD modelling environment, and that are linked
together to achieve the full SD model configuration. We base our calibration approach on these modules
and define an iterative calibration process, as depicted in Figure 3.

| STEP 4 » (" h )
SD model STEP 3 SD model - CIC Heatwave & Health

CIC Heatwave & Health

DEMO: Tallinn /_\

k . < SIEER SD sub-model 1

SD model £ SD sub-model 1
CIC Flooding & Infrastructure

G I . SD sub-model 2
DEMOs: Crancllers (rivers)

\ . Maples (coastal) ) \ : STEP 2 CghbratioD

4 3

SD model SD sub-model n
CIC Soil fertility & Agriculture DM associated to
DEMO: South Westphalia \ S~ — | sSDsubmodelt /

\ J

k//

Figure 3 - KNOWING iterative calibration workflow: STEP 1: Identification of all SD submodels; STEP 2: Calibra-
tion of single SD sub-model against its associated DM; STEP 3: Full SD modécalibration; STEP 4: Calibration of
all SD models representing the different CICs. Refer to text for further explanations.

The steps defined in the iterative calibration process are:

1. SDsub-model s ® i d eg®ettionf4i2)crantSD madel is defined per CIC, in this first step,
all SD sub-models are defined and assigned to the CIC where they are used. Then, one sub-
model is selected to begin with the calibration.

2. Sub-model calibration (Section 4.2): All calibration elements are identified for each SD sub-
model. We start with a single SD sub-model calibration. A first set of parameters is selected, and
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an initial calibration is performed. Then we add new (sets of) calibration parameters in each
calibration iteration until the SD sub-model is fully calibrated. Once one sub-model is calibrated,
we continue with the next one until we have calibrated all SD sub-models identified in step 1.
The iterative process in this step focuses on the parameter tuning, the coupling between SD
sub-model and its associated DM is static.

3. Full SD model integration (Section 4.3): We integrate all calibrated SD sub-models and adjust,
when necessary,the calibration of the full SD model.®

4. Calibration of all models : we go back the levels of the CICs and start over with another SD
model.

In Section 4.2 we focus on steps 1 and 2, and in Section 4.3 we continue with steps 3 and 4.

4.1.2. Variabled.andscape

A clear overview of all relevant variables from both the Domain Models (DMs) and the System Dynamics
(SD) sub-models is essential for effective calibration. The KNOWING variables landscape distinguishes
three layers: the DM layer, the SD model layer, and an intermediate calibration, which represents the

calibration process and variable selection rather than an additional computational model.. This calibra-

tion layer integrates elements from both DMs and SD sub-models. Key components include common

output variables, which are overlapping DM outputs that can be mapped to SD key outputs and used for

comparison during calibration, with the objective that the calibrated SD model reproduces these outputs

as accurately as possible. In addition, the calibration layeridentifies and references common adaptation

and mitigation measures, which act as shared exogenous inputs representing equivalent pathways or

scenarios in both model types, acknowledging that these measures may differ in structure or level of

aggregation. Finally, the SD calibration parameters comprise tunable SD input parameters, which may
be specific to the SD models or represent aggregated or simplified versions of variables used in the

DMs.

The term | ayer®° i s cosceptual lewels ef modellingland dalibmtigruactivities,
rather than to imply dataflows or additional model execution levels.

3In practice it turned outhat this step can be reduced to a few minor adjustmeintsnodel parameters, since
the input/output data of domain models have alreabtigen alignedor the simulations in WP3.
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Figure 4 - KNOWING variables landscape

In the KNOWING DMs layer, we distinguish between three different types of variables:

1 Input variables 2 from external data sources or other DMs
9 Output variables 2 the output produced by each DM
1 Adaptation and mitigation variables 2 exogenous

In the KNOWING SD modellayer, five different types of variables have been identified in D2.2:

1 Key input variables 2 endogenous, provided by other DMs / submodels (as their output varia-
bles)

Key input variables 2 exogenous, data driven, provided by external drivers

Adaptation and mitigation variables 2 exogenous

Other (intermediate) variables within a specific sub-model 2 endogenous

1 Key output variables 2 the output produced in each SD model

= —a -9

In the KNOWING calibration layer, we select the relevant variables and parameters to calibrate the dif-
ferent SD sub-models for each CIC:

1 Common output variables
1 Common mitigation and adaptation measures
1 SD calibration parameters

Since each domain model uses its own input and output variables, in order to identify the key output
variables used for the calibration, we asked the DM owners to complement the tables already outlined
in D3.2. and listed in Annex C.

Mitigation and adaptation variables are input to DMs and SD sub-models. However, because calibration
is performed by comparing model behaviour under equivalent mitigation and adaptation pathways, these
variables are explicitly considered within the calibration layer.

It is worth mentioning that some of the input variables will be common for both, the DMs and the SD

models, and provided by external sources (e.g. population). It is important to check before starting the
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calibration that the same sources have been used in the DM runs as well as in the SD model runsin
order to have a trustful calibration.

4.2. The SD sub-model s and their calibration

Each CIC is modelled using a combination of SD sulbbmodels, as described in D2.2 and D2.3. Following
the iterative stepwise KNOWING calibration approach presented in the previous section, we focus on
the calibration of the different sub-models individually. Some sub-models are common to all CICs, others
are CIC specific, as listed in Table 1. Despite the fact that there are sub-models common to all CICs, we
calibrate them within the different CICs separately, as the calibration parameters might differ de pending
on their application region and the data provided for calibration. In the next sections we will analyse all
the elements needed for the calibration of the different SD sub-models (the output variables and the
calibration parameters for each SD sub-model per CIC). And in Chapter 5, the full CIC SD models will
be configurated using the needed SD sub-models, and defining the pathways by means of mitigation
and adaptation interventions.

Table 1 - CICs and their SD sub -models .

cic . ; »
SD sub-model Related DM Heatiwave & Health Ini::s)tdrl:]citie S:g:i::l:zllllt:‘;&
Transport Mobility X X X
Energy Demand MAED-City X X X
Energy Supply IES-Opt X X X
Microclimate PALM4U, HWLEM X X
Health D-MERF X
Land Use CLUMondo X
Flooding ICM-Infoworks X
(coastal/pluvial) SFINCS

Important for calibration are the key output variables of the different SD sub-models and all DM related
output variables (sometimes aggregation might be needed), since calibration relies on output-based
comparison under consistent input assumptions. These will be discussed in the following subsections,
where for some of the sub-models this will also be illustrated by diagrams (e.g. Vensim Views).

4.2.1. Transport SD sub-model

The calibration of the transport sub-model will be used to discuss and illustrate some of the concepts of
the calibration approach in KNOWING in more detalil. It is also important to mention, however, that details
of the calibration vary significantly across the different SD sub-models (due to the different nature of the
domain models), and therefore different strategies have been selected.

Similar to other domain models applied in KNOWING, the transport DM (a macroscopic transport model
2 PTV Visum*) relies on and produces data on a fine-grained spatial granularity. While microscopic or
agent-based modelswoul d even simul ate each entity (car,
in a macroscopic model the description of reality is already shifted from individuals to "more aggregated"

4 https:/iwww.ptvgroup.com/en/products/ptwvisum

KNOWING | Deliverable BR2(Expandablémpact Interaction Model Framewoyk WP2 | Final
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variables like flow and density, which is a first step towards the aggregation level targeted in the system
dynamics approach. Spatial granularity, however, is on small cells (traffic zones) connected by network
links where the traffic flows (network loads) are an output of the simulation.

So, one of the main questions for designing and cross-calibrating an SD model against these datais the
following: Which level of segmentation of traffic flows (trips) should the SD model include, in order to
reproduce the main dynamics of the transport system, but avoiding too much segmentation (level of
spatial detail) that would not support to give additional insights but makes the overall model too complex
and slow to simulate?

In KNOWING, based on experiencein previous applications of SD modelling in the transport domain
(Zach et al., 2022) and analysing preliminary results of the macroscopic transport model outputs for
Tallinn, it was decided to distinguish (and segment) trips by following two criteria:

1. Trip Length: short (0-2km), medium (2-10km), and long (>10km) 2 because the mode choice
will obviously significantly depend on that

2. Traffic type: internal (within city / region boundaries), origin 2 destination (to and from the city /
region, from / to outside) 2 representing a high-level segmentation into two zones (an example
how this has been implemented for Tallinn is given in Figure 5.

Tsoonid elukonnaga_zone
] Tallin

[7] Agglomeration
| Cordon

Figure 5: lllustration of spatial aggregation in the domain model and in the SD model: The small cells shown in the
map of Tallin areathat are used for the macroscopic transport model are aggregated into two zones for the SD
Model (Tallinn, Agglomeration). Cordon (as imaginary boundary around the area) is also shown.

Before documenting the calibration process on the level of individual variables used, | e bri@fty sum-
marize the main categories of these variables that are relevant from a calibration perspective:

Common input variables: These are taken over directly from the domain model simulations and
therefored on ®t need any f uworinghtlecalivation procdse.r at i on

9 Calibration parameters: These are alsoinput variables to the SD sub-model (usually constants,
i.e. exogenous variables that do not change over time), but in contrast to the above category

KNOWING | Deliverable DRExpandablémpact Interaction Model Framewoyk WP2 | Final
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the values of these variables cannot be taken directly from the domain model runs but shall be
determined in the calibration process (by variation).

1 (Common) key output variables that are used for the calibration: The calibrated SD sub-model
shall reproduce these key outputs as precisely as possible 2 these are the common output var-
iables as described in section 4.1. For the transport sub-model these are

0 The number of trips (per mode, trip length and traffic type) 2 which also implies the
modal split as a key output of the model (note that the trips are also the only (sub-
scripted) stock variables which are changed over time throught he ~fl ows° Demal
ChangeRate and ModeChangeRate

0 The average speed (also per mode, trip length and traffic type) 2 also translating into
the travel time which should be reflected in the SD model

This overview can also be seen in the visualisation(main view) of the transport sub-model in Vensim in
Figure 6.

TR TowziDistanceT raveledFarlCT
CopingTypesDistribuion = ~..._______1

TR ModzlSplitReeCT

TR
StrestMetworklosd

TR
AverageTravelTime

TR TotalTis

TR
/Da’na rdChangeR==

™
e S,

TR usTimeSep
GenemlisedCost
N, <TIME STEP=
TR Attractiveness
"..,___“
TR Cost TRTmeTme TR AttractivenessPijk
4
. r .
TotalT 5peed

1
o1
T
P
&

TR
AverageSpeed

TR ValueOfTimePriie

Figure 6: Main view of the transport sub-model, showing common input variables (green), calibration parameters
(orange) and key output variables used for calibration (red).

The mitigation and adaptation measures, or more precisely, the variables in the SD model that are used
to represent these measures, have not explicitly been discussed within the categories described above.
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As explained for the overall calibration approach in section 4.1, in general common adaptation and mit-
igation measures (i.e., common definition in SD sub-model and domain model) can be assumed 2 which
means that variables representing them can be directly taken over from the input data for domain model
runs and therefore fall into the first category described above 2 the common input variables. In some
cases, however, further aggregation or representing a bundle of single interventions by one proxy pa-
rameter® is more feasible in the SD model. This means introducing an additional calibration parameter
in the SD model (second category) that can be easily determined by an additional calibration run. Ex-
amples are discussed below; a comprehensive summary of the key adaptation and mitigation measures
implemented in all SD sub-models and for the four demonstrators is presented in chapter 5.

Finally, a note on the aspect of time dependency for the calibration of the SD sub-model: The macro-
scopic transport domain model (like most of other domain models in KNOWING) always provides a
“ s nap ¢ detatledl figures of network load (outputs) depending on the specific population and net-
work characteristics along with any interventions applied (inputs) at one point in time. In contrast, SD
models always describe the evolution of a system over time 2 this would include the gradual change of
exogeneous system variables (e.g. population increase, but also ramp-up of policy interventions over
time), as well asthe corresponding change of key output variables like the modal split. For the calibration
this suggeststostartwi tehgui | i br i um° where thelealiatidn parametarsraie determined
separately for each of the domain model runs available. These have then to be checked for consistency,
and a final set of calibration parameter values is determined in a run that considers all the results from
domain model runs for multiple points in time.

5> A proxy parameter is representing a set of other paramevenich aredefined in more detail, or with higher
granularity.

KNOWING | Deliverable BR2(Expandablémpact Interaction Model Framewoyk WP2 | Final
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Table 2 - Variables for the Transport SD sub-model .

Transport sub -model
Related DM Variable

SDM Vari abl e Type Related DM Comment s
Name
TR_Modal Spfi gﬁé’?m_ DM: Mobility Modal split Calculated from Trips
TR_Tot al Di s- KeyOut DM: Mobility Tot. Distance travelled Calculated from Trips
tanceTravell endo per transport mode
TR_Total Tr av KeyOut- . . Tot. Time travelled per | Calculated from Total
DM: Mobility
[ mode] endo transport mode Travel Speed
TR _Total Trip Keyout- py. Mobility obtained by post-pro- Used for calibration
endo cessing
TR _Total Trav Keyout- ;. Mobility obtained by post-pro- Used for calibration
endo cessing

List of calibration parameters for transport sub  -model

Range of possible

Par amet er Na Type Related SDM Comments
values
TR_DemandEl a (ez)?cI)Par- SDM: Transport = 0.012 0.1
_T R_ModeChang CalPar- | SDM: Transport 001201
ity exo
TR_FreeCar ve K& SDMiTransport o4 gomm
- exoDM
KeylIn- . .
TR_NonCar Vel exoDM SDM: Transport = 32 30 km/h Depending on modes
TR _NetworkCa Keyln- SDM: Transport = 600000 - 2000000
exoDM cars?
TR_AccessTim Keyln- SDM: Transport 0205h Depending on modes
exoDM
TR_BaseAttra Keyln- SDM: Transport 5210 Depending on modes
exoDM
TR_Attracti v Keyln SDM: Transport
L 0.123
tion exoDM
TR _BaseVal ue K& SDMTransport o, o4 pyrin
exoDM
TR_Val ueOf Ti Keyln SDM: Transport
. 0.123
tion exoDM

Brief discussion of example calibration parameters:

1 TR_DemandElasticity, TR_ModeChangeElasticity These parameters specify how fast humans
will adapt the number of travels and their mode choice to changes (or shifts) in the generalised
costs for their trips (using a specific mode of transport). Note that these two parameters cannot
be determined by means of single (shap-shot) domain model runs, since they take into account
the development over time

1 TR_FreeCarVelocity, TR_NonCarVelocity, TR_NetworkCapacityThese parameters correspond
to aggregated (average) values present in the SD model that cannot obtained directly from the
domain model runs but which clearly are depending on the specific transport infrastructure of a
city / region (topology, street network, public transport system etc.)

1 TR_BaseAttractiveness, TR_AttractivenessDistinction: The attractiveness is introduced as part
of the generalised costs of trips (contributing negatively) in addition to the pure costs and the
consumed time multiplied by the value of time, to account for a specific offset for each mode of

¢ The notationused here ([mode]jefers to the use of subscriptd Y 2R SO y  fblloWirgvaiide’S & O NE =
G Ol NJ LJ, & BI&y 8 5 QE b MaOEOUIZNIIL ¢ €
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transport, depending on the specific infrastructure, climate conditions but also the coping typol-
ogy. The amount how this attractiveness differs between coping types is determined by the
parameter TR_AttractivenessDistinction.

9 Calibration parameters related to measures: As mentioned above, for certain measures no direct
take-over from domain model runs is possible, and either some of the (already determined)
calibration parameters have to be used here with modified values, or new calibration parameters
have to be defined, Examples:

o Traffic calming (Speed limit reductions + Capacity reductions): This is represented in
SD model by modifying the existing calibration parameter TR_NetworkCapacity (which
cannot be obtained in this aggregated form from the DM run).

o UVAR (congestion pricing, area toll): This adds extra costs for car trips into the city
which can only be handled on aggregated level in the SD model, however. The amount
of these (average) extra costs therefore requires an additionally introduced calibration
parameter.

0 Cycling optimization (optimization and new infra): This is represented in the SD model
by modifying the existing calibration parameter TR_BaseAttractiveness.

Figure 7 illustrates how the several interventions have been integrated into the Mobility sub-model: Each
intervention is represented by three additional variables (in orange boxes): a variable of type Data (cor-
respondingtot he varying intensity otetermaninieraeatipn on and offsand
finally a calibration parameter as discussed above (which might be =1 if the intervention representation
exactly corresponds to the domain model).

KNOWING | Deliverable BR2(Expandablémpact Interaction Model Framewoyk WP2 | Final
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Figure 7: Main Vensim View dof the mobility sub-model showing the parametrization of several interventions (varia-

bles in orange boxes).

4.2.2. Energy demand SD sub -model

The sub-model for energy demand is one of the most complex sub-models as it is highly connected with
the other sub-models. The calibration of the energy was performed for the different Demonstrators ex-
cept Granollers. The following table shows important output variables from the DM MAED-City and cor-
responding calibration parameters, which are used in the sub-model. The list was updated during the

calibration process.
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Table 3 - Variables for the Energy Demand SD sub-model.

Energy demand sub -model
SDM Variabl e Nam Type Related DM Related DM Variable Name

Tot. final energy demand by fuel
typelyear [MWh/yr]

Sectorial final Energy demand by
fuel typelyear [MWh/yr]

ENGn EtNo t a l[e nfelLrLg y ] « KeyOut-endo DM: MAED-City

EN_Finalpesecgnd

. KeyOut-endo DM: MAED-City
ergy carrier

List of calibration parameters for energy demand sub  -model

Par amet er Name Type Related SDM Range of possible values
ENGn E®eclt or CalPar-endo SDM: Ener-
gyDemand
EN annual r efauareb CalParendo SDM: Ener-
gyDemand
EN di pe@argylpear ) SDM:
Perms o CalPar-endo TransportModel
. SDM:
ENdipsubTr per Per CalParendo TransportModel
A . J SDM: Ener- Defined based on MAED City and
EN GnEN f[reeniegrhgty] ' CalPar-endo gyDemand the Transport Model
E N GlhcEo n v [ceanresr gy CalPar-endo SDM: Ener-
riler gyDemand
N SDM: Ener-
EN GnENNRN gy ]car CalParendo gyDemand
EN GnEdNocdchlhing air CalPar-endo SDM: Ener-
el ectr gyDemand
EN Grl EN hh sfEpace CalPar-endo SDM: Ener-
carfier gyDemand

Brief discussion of example calibration parameters:

1 EN_finEN [sector]: This calibration parameter enables the calibration of the total final Energy
demand. This parameter includes subscripts to calibrate the final energy demand across sec-
tors. As the household, agriculture, construction, manufacturing, service, transport and industry
sectors.

1 EN finEN freight Tr [energy carrier]: This calibration parameter enables the calibration of the
total final Energy needed for freight Transport.

1 ENdistCar [energy carrier] per Person: This calibration parameter enables the calibration of the
total final Energy needed for Car transport.

1 ENfinEN hh [energy carrier]: This calibration parameter enables the calibration of the total final
Energy needed in the household sector.

These main calibration parameters can be used to calibrate the current state of the energy demand
system in the demonstrator regions. For the scenarios with interventions (mitigation and adaptation
measures), additional calibration parameters are used. Some important intervention-related calibration
parameters are mentioned below.

TFTAY9bXCAYLf 9ySNHS
SBKKX K2dzaSK2f R
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1 EN annual refurbishment rate: Thisintervention calibration parameter enables the calibration of
the energy demand of buildings for different scenarios.

Calibration parameters related to measures:

1 EN distCar [energy carrier] per Person: This intervention calibration parameter enables the cal-
ibration of the energy for Car transport for different energy carriers (fossil and electric fuels).

1 EN pubTr per Person: This intervention calibration parameter enables the calibration of public
transport mobility for different scenarios.

1 ENfinEN hh cooling air condition electr: This intervention calibration parameter enables to cali-
brate the household energy demand (electricity) for air condition of different scenarios.

The calibration parameter EN finEN conv cars can be used to calibrate interventions e.g. influencing how
much primary energy is needed for the final Energy in the Transport sector. E.g., a reduction in fossil
fuel consumption per km of passenger transport.

KNOWING | Deliverable DRExpandablémpact Interaction Model Framewoyk WP2 | Final
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Figure 8: Screenshot of the SD- Energy Demand Sub-model
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4.2.3. Energy supply SD sub-model
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The energy supply sub-model developed in KNOWING is less complex than the energy demand model
in terms of the number of parameters, since it comprises a very aggregated view of the electrical power
and district heat production sector. In order to reproduce the main dynamics relevant in the context of
KNOWING pathways,the installed capacity for fossil, hydro, wind and PV, as well as theinstalled capac-
ities for heat production, are modelled as stock variables, with the status quo (initial installed capacity)

as common in put variables.

Table 4 - Variables for the Energy Supply SD sub-model

Energy supply sub -model
SDM Variabl e Nam Type Related DM Related DM Variable Name
Investment costs for electricity and
EN_Totall nvest me KeyOutendo DM: IES-opt DH (Use to be confirmed during cal-
ibration)
ES Install edCapa: . .
dro / wind / PV) KeyOut-endo DM: IES-opt Installed capacity by technology
ES Power Product i y . Power (& DH) production by tech-
dro / wind / PV) KeyOut-endo DM: IES-opt nology
EN_GHGEMmMi ssi ons KeyOut-endo DM: IES-opt Emissions for the electricity and DH
. . § . Electricity price (Use to be con-
EN_El ectricityPr KeyOutendo DM: IES-opt firmed during calibration)
EN_DHPrice KeyOutendo  DM: IESopt DH price (Use to be confirmed dur-
ing calibration)
List of calibration parameters for energy supply sub  -model
Par ameter Name Type Related SDM Range of possible values
ES CapacityUse (- ) SDM: Ener-
wind I PV) CalPar-endo gySupply
SDM: Ener-
ES ImportedEl ect CaParendo gySupply Defined based on IES-opt results
ES Power Product i .
OnCl i mate (f ossi | CalParendo SDM: Ener-
PV) gySupply

Brief discussion of example calibration parameters:

1 ES CapacityUse (fossile / hydro / wind / PV): The use of capacity (i.e. the power production) for
each technology depends on the installed capacity but also other constraints which should be

reflected by this calibration parameter in a simplified way.

1 ES ImportedElectricityMixFactor (kg CO2 per kWh of imported electrical energy) 2 exogeneous

assumption

1 ES PowerProductionDependencyOnClimate (fossile / hydro / wind / PV): This calibration param-
eter is mainly relevant for renewables (hydro / wind / PV) and specifies how the production
depends on climate variables (e.g. CDD affecting the PV production) 2 as in the SD sub-model
this dependency is only considered on a highly aggregated level.

4.2.4. Microclimate SD su

b-model

The approach taken within the Microclimate SD sub-model for calibration against Palm4U results is
based on trying to understand the correlation between common urban features and the 2m air
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temperature there locally. This has been started for Tallinn where the city area was divided in sub-areas
based on Corine Land Cover Classes (refer to an illustration in Figure 9) where urban features (like
percentage of sealed area, green areas, etc.) are specified for each class. The key output variables (2m
Temp., UTCI) are then calculated (aggregated) for every class from Palm4U results. Both the urban
features (including suitable interventions) and the key output variables are then provided for the SD
Model calibration for all these classes to allow for an aggregated assessment of the impact of relevant
adaptation measures.

Legend X

00: Continuous Urban fabric (S.L. > 80%)
210: Disc:

ontinuous Dense Urban Fabric (S.L.:
edium Density Urban Fat
i Density Urban Fabric
density urban fabr

entinuous M

ontinuous

ontinuous very
300: Isclated Structul
00: Industrial, commercial, public, military and
0: Fast transit roads and ted land
2220: Other roads and a d
2230: Railways and associated land
2300: Port areas
2400: Airports
00: Mineral extraction and dump sites
00: Censtruction sites
200 Land without current use
Green urban areas
Sperts and leisure facilities
Arable land (annual crops)
Pemanent crops
Pasturss
Complex and mixed cultivation pattems

getation associations
litthe or no vegetations

Figure 9: lllustration of the calibration approach for dividing the city area into sub-areas based on Corine Land
Cover Classes (example shown for the city of Tallinn).

Following four criteria have been used a s urban features®:
1 Sealed area (built up + paved)
1 Mean building height
1 Number of young trees
1 Number of mature trees

These (common) input variables for class j (lj) are modelled as stock variables in the SD sub-model; the
adaptation measures (planting new trees, unsealing parking space, etc.) can then be represented as
corresponding in-/out-flows. As previously discussed for other sub-models, common adaptation and mit-
igation measures can be assumed here 2 which means that variables representing them can be directly
taken over from domain model runs.

The dependency of key output variables (per class j) O; on the input variables (meteorological inputs Imet
and urban features lj) can then be expressed in the following way:

Oj = f(lmer) + B "QI),

where f and g are functions that (so far) have been parametrised as linear functions.
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Table 5 - Variables for the Microclimate SD sub-model.

Microclimate sub -model
SDM Variable Name Type Related DM Related DM Variable Name

LST (Land Surface Temperature),
not used for calibration

CL_AirTemper at ur KeyOutendo DM: PALM-4U Ta (Air Temperature)
UTCI (Universal Thermal Climate In-

CL_SurfaceTemper KeyOutendo DM: PALM-4U

CL_Universal Ther KeyOutendo DM: PALM-4U

dex)
CL_Physiological Key Gaurtdo DM: P-ALUM PET (Physiologica
perature peratmuate)used for
List of calibration par ametdeds for microclimate su
Par ameter Name Type Related SDM Range of possible values

Depending on det
satobnfunfahgiomtsr ¢ CalParendo
duced above

SDM: Microcli-

Based on PALM-4U results
mate

4.2.5. Health SD sub-model

As the data analysis and gathering for D-MERF (the DM for Health impacts) and HWLEM (Heatwave local
effect model) has started with some delay, and moreover, no significant statistical signalsregarding the
key output variables defined below could be found for Tallinn, no calibration for this sub-model has been
performed yet. In any case, a relatively straight forwardintegration into the SD Model would be assumed,
utilising the DM data for example in form of a look-up table.

Table 6 - Variables for the Health SD sub-model.

Health sub -model
SDM Variable Name Type Related DM Related DM Variable Name

Minimum mortality temperature
PH_Mini mumMort al KeyOutendo DM: D-MERF (temp level associated to the least N
of death cases)

Excess/Attributable mortality (to cli-
mate change)

Relative risk of mortality (for the
PH_ Rel ati veRi sk KeyOut-endo DM: D-MERF specific cohort, group, compared to
overall population mortality)

CLApparent Temper KeyOutendo DM: HWLEM Tapp (Apparent Temperature)
PH_Hospitalisat i KeyOutendo DM: HWLEM Hospitalization costs

List of calibration parameters for health sub  -model

Par ameter Name Type Related SDM Range of possible values

PH_MortalityRat e KeyOutendo DM: D-MERF

Dependency €onsie:

. CalPar-endo SDM: Health Based on D-MERF results
ple in foum bBba

4.2.6. Land Use SD sub-model

The Land Use SD sub-model calibration was conducted using the domain model CLUMondo for the
demonstrator region SWF. The various scenarios generated by the domain model have been utilised to
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calibrate different land use changes, such as afforestation, reforestation, the conversion of climate-en-
dangered forest land®, and the installation of wind turbines in forest areas.

Table 7 2 Important Variables for the Land use SD sub-model .

Land use sub-model

SDM Variabl e Nam Type Related DM Related DM Variable Name
LUCO2sequestratio ' KeyOut-endo ' DM: CLUMondo  Tot. CO2lyear
LUshafedoategorie keyouendo O CLIMONSE o0 o0 S e ner fand)
LU_Prodfurceomo@ROPI| KeyOut-endo DM: CLUMondo = Crop production
LU_Production f r  KeyOutendo DM: CLUMondo @ Pasture (grassland) production
LU_woodProduct i o KeyOut-endo DM: CLUMondo = Wood yield/production
LU_carbonSequest KeyOutendo DM: CLUMondo @ carbon sequestration rate

List of calibration parameters for

land use sub-model

Source/ related

Par ameter Name Type SDM Range of possible values
LUcar bcRatSedmer ' CalParendo  SDM: Land Use
LU_cropPr_opdeuect i o CalParendo SDM: Land Use
LU_pasureProduct | CalParendo SDM: Land Use i

- ) Defined based on CLUMondo sce-
LU_woodProduct i o CalParendo SDM: Land Use -1 results for SWF and D3.5.
LUUr bamld Uspeer Ca pi CalParendo SDM: Land Use
LU_ForestLandMan, CalPar-endo SDM: Land Use

ment changes

Brief discussion of example calibration parameters:

LU_carbonSegRate_perHa This calibration parameter is used to calibrate the carbon seques-
tration over time. It shows the carbon sequestration per hectare for afforested or reforested
areas. It is important to notice that this carbon sequestration per year differs over time, meaning
that, depending on when the afforestation and reforestation were initialised and how it was done
(fast vs gradual), it defines the specific yearly total sequestration. From the domain model sim-
ulations, fast and gradual afforestation scenarios have been used to illustrate this difference.
Furthermore, specific carbon sequestration rates have been used for the changes from a ca-

LU_cropProduction_perHa: This is a parameter used to calibrate the yearly crop production
over time per hectare of crop land. The climate's influence on crop production could not be
accounted for in the LU SD sub-model, as the CLUMondo domain model did not provide any

1

lamity forest areal®
1

input on this.
1

LU_woodProduction_perHa: This parameter is used to calibrate the annual wood production per
hectare of forest land over time. The direct influence of climate on wood production could not
be included in the LU SD sub-model because the CLUMondo domain model did not provide any
input on this. However, because of the change in tree species®* more climate-adapted species

9 Calamity areas are forest regions already suffering under current climate conditions, and where climate
change will increase stress. These are mainly forest areas populated with sprucie tFA%E:
8dimate-endangered forest areas populated with spruce trees.
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like oak and beech instead of spruce? there will be a change in production, with different types
of forest products?!?, see also D3.5.This different productivity was integrated in the model.

1 LU_UrbanLandUse_perCapita This calibration parameter is used to reflect the needs for Urban
land for the population. Especially, population increase triggers the need for new settlement
(Urban) areas, which influences the areas for crop or wood production. For the demonstrator
region SWF, a change in urban areas due to population change was not indicated by the domain
model CLUMondo.

Calibration parameters related to interventions:

These intervention-related calibration factors reflect changes in forest management practices and the
introduction of wind power plants in forest areas.

1 Ml LU Reforestation: According to the climate change adaptation needs, does this calibration
parameter reflect the changes in tree species to adapt to climate change or a reforestation due
to altered forest management practices.

1 Ml Afforestation from Pasture: This intervention-based factor enables increasing the carbon
(CO2) sequestration due to land change from pasture to climate-adapted mixed forest.

1 Ml Afforestation from Cropland: This intervention-based factor enables increasing the carbon
(CO2) sequestration due to land change from cropland to climate-adapted mixed forest.

1 Ml Wind Power Stations: This intervention-based factor enables increasing the carbon (CO2)
sequestration due to energy production from wind power plants. The amount of Carbon seques-
tration is depending on the emission factor depending on the energy supply system (Energy
supply sub-model).

11 sawlog,veneer, pulp and fuel
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Figure 10: Screenshot of the SD- Land Use Sub-model
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4.2.7. Behaviour SD sub-model

The KNOWING Behaviour (Coping Typobgy) Model differs from the other domain models applied in
KNOWING by the fact that it is not an existing model, but has been developed in the project, based on
the results of a multi-national survey (as documented in Deliverable D1.3). KNOWING aims to establish
a widely applicable Climate Impact Coping Typology (defining six Coping Types) and a related Coping
Behaviour Model for the international research community and expert audience.

The behaviour model is used to model the distribution of reactions to different mitigation and adaptation
interventions. It gives decision makers an idea how different population types will react when measures
are planned and decide on possible accompanying measures like information campaigns. For a detailed
description, how this model was applied in WP3, refer to Deliverable D3.3.

The main result (i.e., the key output variables) of this model is a table with distributions of five different
reactions (compliance, protest, avoidance, workaround, counteraction) to selected interventions for the
six coping types. These distributions are the input for implementing additional dynamics in the SD model,
as illustrated in Figure 11: Whereas the relationships within the dashed rectangle show what is modelled
without considering behavioural aspects, the brown arrows extend this model by considering additional
linked interventions and reactions on those interventions (per Coping Type). This extension allows to
estimate side effects in a more reliable way, leading to more realistic impact assessments of the (main)
interventions, but also to propose a set of accompanying interventions, refining a mitigation-adaptation
pathway.

Main intervention Key output variables

O Side effects
D

SD Model |

Incentive interventions
Accompanying interventions

Reactions
(Options)

Figure 11: Reactions to main intervention, incentive interventions and accompanying interventions can be quanti-
fied by the behaviour model, extending the model structure of the SD model.

Apart for the distribution of reactions per Coping Type (which is not changing over time), also the (hy-
pothesised) change of the distribution of Coping Types over a longer time period can be taken over in
the SD sub-model. To get a better impression how these DM results look for a specific intervention, an
example taken from D3.3 is shown in Figure 12 below.
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Figure 12: Coping Type-specific responses and assumed future development scenario for the adaptation measure
" Parking space reduction for wurban greening?®
Figure 13 exemplifies some cross-sectoral influences of behaviour responses for this example which
can help to anticipate potential cascading responses to set accompanying interventions to increase ef-
fectivity.

_: People welcome the

Protest: (social) media and street protests bli d local
» All sectors: potential spillover effect e l fmeasure, Use pUblic space and loca
3 A “‘ Ef facilities more frequently, give up car
with delay/cancelling of measures f if they still h
» Transport: congestions, more traffic Q‘b (if they still have one)

ACs and transport

» Transport: modal shift, reduction of
travelled distances

» Land use: more attractive for local
businesses (longer term: new uses
for abandoned gas station sites)

» Land use: reduced attractivity ,9
060 d Y
un
_ People rent garage spaces _ People move outside of city

';2_ » Energy: lower energy demand for
>
-

Counteraction: People park illegally —
» Energy: no change
» Transport: risk of congestions due

to blocked spaces and towing

Energy: no change = Compliance Energy: more energy use for transport and
» Transport: no change » Avoidance construction (infrastructure, housing)
» land use: more space needed for Workaraound > Transporf.:: increase of travelled distances,
garages Counteraction modal shift
© Protest » Land use: urban sprawl

Figure 13: Coping Type-specific responses and assumed future development scenario for the adaptation measure
" Parking space reduction for wurban greening?®
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Figure 14: Vensim sketch, showing a template how responses for specific interventions are calculated in the SD
sub-model.

Figure 14 illustrates how the calculation of responses for specific interventions has been implemented
in the SD sub-model. Note that the variable HB ProbabilityMatrix (with the subscripts intervention, coping
type, response type) representsthesetof cal i br at i ¢ which ara datenmined oy she KNOW-
ING behaviour model for each specific intervention considered; HB InitialCopingTypesDistribution[cop-
ing type] 2 and the (hypothesised) change rate of the distribution. HB CopingTypesChangeRate[coping
type] 2 are also taken from the Coping Typologies domain model.

4.2.8. Flooding SD sub -model

This sub-model differs from the other SD models described in this section by the fact that it is based on
physical processes for flooding and covers the short time frame of a single extreme event. In this way, it
is closer to the impact assessment models considered as domain models within the KNOWING modelling
framework, feeding its results into the overall SD modelling framework.

The urban coastal pluvial flood sub-model represents the short-term water balance in a simplified
coastal urban catchment exposed to both intense rainfall and elevated sea levels. It is implemented as
a System Dynamics (SD) stock-and-flow model consistent with the modelling framework introduced in

Deliverable D2.2, and focuses on compound flooding in dense urban areas.

The sub-model is intended to:

1 quantify surface water depth (urban flooding) under alternative land-use, coastal and infrastruc-
ture configurations;
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1 evaluate the effectiveness of adaptation measures such as depaving, increased soil permeabil-
ity, rainwater harvesting, drainage upgrades and simplified coastal protection (changes in effec-
tive coast height);

i1 provide aggregated indicators and time series that can be used as inputs to the overall SD
framework.

Model simulations are run with an hourly time step over single flood events or short sequences of events
(from a few hours up to several days). Rainfall and sealevel time series can be derived from climate and
coastal Domain Models (e.g. WRF, WAVEWATCH I}, design events or historical data. The sub-model
has been calibrated for the city of Naples, using SFINCS as reference model. Calibration has been car-
ried out both for the entire city area (considering pluvial events) and for a smaller coastal sub-area (for
coastal flooding). This two-step calibration allows a better focus on coastal flooding in areas that have
historically been affected by such events The model has been calibrated and tested for Naples. It can
be applied to other cities without additional calibration, but its reliability, especially for quantitative re-
sults, may be substantially reduced.

Conceptual structure: urban water balance under rainfall and coastal flooding

The model follows a process-based water balance approach in a coastal urban context. The simulation
area is decomposed into three main land-use classes:

1 Permeable soil surfaces (e.g. parks, gardens, unsealed areas);
1 Grey surfaces (streets, squares, parking lots);
9 Building footprints (roofs).

The conceptual structure has been implemented in Simile (Simulistics), a visual modelling environment
for complex dynamic systems in the earth, environmental and life sciences. Simile provides a graphical,
System Dynamics? based notation in which models are built as diagrams of compartments (stocks), flows
and influences, and then automatically translated into executable simulation code. This allows the struc-
ture described below to be represented transparently as a stock2flow diagram and exported (e.g. as
C++ code) for integration with other tools and workflows.

—
TV——= )
/ // Buildings g P
e
) 5 ) N
pIN e _fos) - < 7 = -
—— . (/////K/?////////
R”ercmne(,. &/ﬁ i e s /‘/\ et /// et st
Soil surface \ //‘ / // / /
/ Grevsu'facek/ __\/- S // /
/:,<i ( \/ Sea level

Figure 15 - Graphical simplified representation of the sub-model

Two external forcings drive the system:
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1. Rainfallover the simulation area, which is partitioned into:
1 Rain on surfaces (permeable + grey areas), which can
o infiltrate into the surface soil,
o infiltrate from grey areas into deeper soil layers (if partially permeable),
0 remain as surface water, contributing to local flooding,
0 be routed towards the urban drainage system as runoff.
1 Rain on roofs, which is
o0 temporarily stored as water on roofs,

o conveyed through downpi Expandable Impact Interaction Model Framework pes to rain-
water tanks,

o discharged to the drainage system or spilled directly to the surface when roof or tank
capacities are exceeded.

2. Coastal flooding from the sea, represented as an inflow along the coastline. When the local
sea level exceeds a characteristic coastal elevation (for example the mean height of the sea-
front or protective structures), the excess water enters the urban domain as a sea runoff that is
added directly to the surface water stock.

Within the domain, water is redistributed through:

1  Water exchanges within the soil profile, including
o infiltration from surface water into surface soil water,
o downward transfer from surface soil to deep soil water,
0 percolation out of deep soil (e.g. towards the groundwater table),
0 evapotranspiration losses from both soil layers.

i1 Urban drainage system dynamics, where water
0 enters as runoff and tank discharge,
0 is drained at a limited outflow capacity,
o may overflow back to the surface when system capacity is exceeded.

To account for delayed surface response, a simple slow-flow (SF) component represents the fraction of
surface water that is temporarily accumulated and then released more gradually, mimicking storage in
micro-depressions or small urban retention features.

This conceptual structure is implemented in Simile through seven state variables (stocks) and a set of
flows and auxiliary variables, as detailed in the following sections. The overall stock-and-flow structure
implemented in Simile is shown in Figure 16.
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Figure 16 - Stock-and-flow diagram of the SD coastaP pluvial flood model implemented in Simile, influences be-
tween variables have been simplified to improve readability.

Calibration

The coastaPk pluvial sub-model has been calibrated for the city of Naples using SFINCS as reference
hydrodynamic model. An initial trial calibration was carried out against HEC-RAS results, but once
SFINCS was adopted as the common flood model within KNOWING, all subsequent work focused on
reproducing SFINCS outputs and the description below refers to this SFINCS-based calibration.

For pluvial flooding Calibration was performed at the city scale (Figure 17), using three synthetic rainfall
events provided by Vrije Universiteit Amsterdam under current land -use conditions and two correspond-
ing adaptation scenarios with increased permeable/green surfaces. For each event, SFINCS water
depth rasters were post-processed into spatially averaged time series (including dry cells), which were
then compared to the SD model output. Key hydrological and infrastructural parameters (runoff and
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slow-flow coefficients, soil storage and permeability, roof and tank capacities, and, when active, drainage
parameters) were adjusted to match the timing and magnitude of peak water depth and the overall
volume and recession of surface flooding. In a second step, the calibrated parameter set was validated
against the adaptation runs, checking that the SD model correctly reproduced the relative reduction in

surface water depth produced by increased permeability and green infrastructure.

Legend

" Buildings
Not sealed

B sealed

Figure 17 City area in Naples considered for calibration with representation of land use.

For coastal flooding, calibration relies on SFINCS simulations of selected sealevel events over a smaller
coastal sub-area of Naples (Figure 18); parameters controlling the sea-driven inflow (coastline length,
effective coast height and the run-up coefficient) were tuned so that the SD model reproduces the mag-
nitude and timing of SFINCS-simulated coastal inflows and resulting surface water levels.Since SFINCS
does not explicitly simulate the urban drainage network, the drainage structure is retained in the SD
model for scenario analysis, but drainage flows are set to zero in the Naples calibration, ensuring con-
sistency between the two modelling approaches.
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Figure 18 - Coastal sub-area of Naples, used for seaflood calibration.

State variables (Stocks)

The model ®s state variables are summarised in
compartments:

1 Surface water (Surface_water)
Volume of water temporarily ponding on the urban surface (permeable + grey areas). This stock
now collects water originating from both rainfall and coastal inflows. Its conversion to average
water depth provides the main impact indicator for urban flooding.

1 Surface water accumulated (Surface_water_accumulated)
Auxiliary storage representing the SF component: a fraction of surface water that is temporarily
retained and then slowly released back to the surface flow.

1 Water in surface soil (water_in_surface_soil)
Soil moisture in the upper soil layer over permeable surfaces. It controls infiltration capacity and
is the main source for evapotranspiration.

1 Water in deep soil (water_in_deep_soil)
Moisture in the deeper soil layer. This stock receives water from surface soil (deep infiltration)
and grey-area infiltration and loses water through deep percolation and deep evapotranspira-
tion.

1 Water on roofs (water_on_roofs)
Water temporarily stored on building roofs after rainfall or tank overflow, before being conveyed
through downpipes or overflowing.

1 Rainwater building tanks (Rainwater_building_tanks)
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Volume of water stored in building-level rainwater harvesting systems.

KNg\?V@?NG
Water in drainage system (water_in___drainage_system)

Water volume currently stored within the urban drainage and sewer system, subject to outflow
and possible overflow.

Initial conditions for soil stocks are set as fractions of their maximum storage capacities, representing a
moderate pre-event soil moisture, while surface, roof, tank and drainage stocks are typically initialised
at zero for event-based simulations.

Table 8 2 Stocks of the SD coastal 2pluvial flood model.

State variable name Unit Initial value
Surface water m3 0
Surface water accumulated m3 0
Water in surface soil m3 surface_soil_water_retention*0.5
Water in deep soil m3 deep_soil_water_retention*0.5
Water on roofs m3 0
Rainwater building tanks m3 0
Water in drainage system m3 0

Flows and process representation

All hydrological processes are implemented as flows with units [m3/h] that increase or decrease the
stocks over time. The main flows are listed in Table 2. Their mathematical formulations are consistent

with the process descriptions in D2.2 but simplified for the present compound coastal? pluvial configu-

ration.

(i) Coastal flooding

1

Sea runoff (Sea_runoff) represents the inflow of seawater from the coastline into the urban sur-
face. It depends on the time-varying local sea level, the characteristic coastal elevation and the

length of coastline intersecting the simulation area. When sea level is below the coastal eleva-
tion, the flow is zero; as sea level rises above this threshold, sea runoff increases with the ex-
ceedance and coastline length, modulated by a runup coefficient. This flow is added directly to

the surface water stock and captures sea-driven flooding (overtopping or bypassing of coastal

defences).

(i) Rainfall inputs

Two flows represent how rainfall enters the system:

1

Rain on surface (rain_on__surface) describes the volume of rainwater that reaches the ground
over permeable and grey (impervious) surfaces. It depends on the current rainfall intensity, the
total area of the catchment, and the relative share of permeable and grey surfaces.

Rain on buildings (rain_on_buildings) represents rainfall falling directly onto roofs. It is calculated
from the same rainfall intensity and total area but weighted by the fraction of the catchment
covered by buildings.

Together, these flows partition the incoming rainfall between ground surfaces and building roofs.

(iii) Infiltration and percolation

Several flows describe how water moves from the surface into the soil and deeper layers:
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1 Water infiltration (water_infiltration) is the flow from surface water into the upper soil layer over
permeable areas. It increases when more water is ponding on the surface and when the soil is
relatively dry, and it is controlled by surface soil permeability and the fraction of the area that is
permeable.

1 Grey areas infiltration (grey_areas__infiltration) captures infiltration from surface water directly
into the deep soil through permeable portions of grey surfaces (e.g. permeable pavements or
cracks). It depends on surface water availability, the characteristics of grey surfaces, and the
current saturation of the deep soil.

1 Water deep infiltration (water_deep_infiltration) represents the downward movement of water
from the surface soil stock into the deeper soil layer. It is activated when the surface soil ap-
proaches its storage capacity and is larger when the upper layer is relatively wet.

1 Water deep percolation (water_deep_percolation) describes the loss of water from the deep soil
stock towards deeper strata or groundwater. It is typically proportional to the amount of water
stored in the deep soil and reflects long-term drainage.

These flows control how quickly water can leave the surface and be stored in the soil, and how long it
remains there.

(iv) Evapotranspiration
Two flows represent water losses to the atmosphere:

1 Evapotranspiration (evapotranspiration) accounts for the combined effect of evaporation and
plant transpiration from the surface soil layer. It depends on the amount of water stored in sur-
face soil and on an evapotranspiration rate, which is influenced by vegetation type and climatic
conditions.

i1 Deep evapotranspiration (deep_evapotranspiration) represents water losses from the deeper
soil layer. It is usually defined as a fraction of the surface evapotranspiration rate and depends
on the water content in the deep soil.
These flows gradually reduce soil moisture over time, especially between storm events, and influence
the soil ®s capacity t o -daversidlows. f ut ure rainf all and sea

(v) Surface runoff and delayed response
The model distinguishes between fast and slower surface responses:

1 Runoff (runoff) is the fast surface flow that leaves the surface water stock and is routed towards
the drainage system or out of the modelled area. It increases more than proportionally with
surface water (non-linear behaviour) and is modulated by the effective slope and a runoff coef-
ficient. In practice, this means that once a certain level of surface water is exceeded, runoff rises
rapidly.

1 SF accumulation (accumulation) represents the fraction of surface water that does not immedi-
ately contribute to fast runoff but is instead st
face_water_accumulated). This can be interpreted as water temporarily held in micro-depres-
sions, small retention structures, or areas with delayed drainage.
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1 SF deaccumulation (deaccumulation) is the gradual release of this slow component back into
the surface water stock. It is proportional to the amount stored in the slow-flow compartment
and defines the characteristic response time of delayed surface processes.

Together, these flows allow the model to reproduce both rapid runoff during intense forcing and a
slower, more persistent contribution after the peak.

(vi) Roof and tank dynamics

Flows related to roofs and rainwater harvesting tanks describe how water is temporarily stored and
then released:

1 Downpipe flow (downpipe_flow) is the flow of water from roofs into rainwater building tanks via
downpipes. It is limited by the total capacity of downpipes and cannot exceed the amount of
water currently stored on roofs.

1 Roof overflow (roof_overflow) occurs when the volume of water stored on roofs exceeds their
maximum storage capacity and cannot be removed fast enough by downpipes. This excess
water is directly routed to the surface, contributing to surface water and pote ntially to urban
flooding.

1 Rainwater urban discharge (rainwater_urban__discharge) is the controlled release from rainwa-
ter tanks into the urban drainage system. It depends on the volume stored in the tanks and on
operational or structural parameters controlling outflow.

1 Building tanks overflow (building_tanks_overflow) represents the excess water that cannot be
stored in tanks once they have reached their maximum capacity. This overflow is redirected to
the surface, increasing local flooding.

These flows capture the buffering effect of roofs and rainwater tanks and their role in delaying or re-
ducing the pressure on the drainage system.

(vii) Urban drainage system
Finally, several flows describe the behaviour of the urban drainage system:

1 Drainage system inflow (drainage_system_inflow) is the flow entering the drainage system from
surface water. It is influenced by the amount of surface water available, by the extent of grey
surfaces connected to the drainage network, and by the effective operating capacity of the sys-
tem (including a maintenance factor). When the system is already very full, this inflow is reduced.

i1 Drainage system outflow (drainge__system_outflow) is the regular discharge from the drainage
system, for example towards downstream water bodies or treatment plants. It is constrained by
a maximum drainage capacity and cannot exceed the current volume stored in the drainage
system.

1 Drainage system overflow (drainage_system_overflow) occurs when the volume of water in the
drainage system exceeds its maximum storage capacity. In this case, the excess water is re-
turned to the surface water stock, contributing again to urban flooding.

These flows allow the model to represent both the normal functioning of the drainage network and its
possible failure under extreme events, when inflows (from rainfall and sea runoff) exceed the designed
capacity. In the current calibration for Naples, these processes are structurally present but deactivated
to remain consistent with SFINCS outputs.
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Table 9 Flows of the SD coastal 2pluvial flood model

Flow name Unit Equation
SF accumulation m3/h Surface_water*a
Sea runoff m3/h max(0,(Sea_level - Coast_height))*Coastline*s
runoff m3/h (Surface_water™)*r*slope__
rain on surface m3/h  water_from_rain__m3_*(grey__surface__+permeable_soil__surface_ )
SF deetli(;cnumula- m3/h Surface_water_accumulated*b
max(0,(permeable_soil__surface__/(permeable_soil__sur-
water infiltration m3/h face__+grey__surface__))*Surface_water*surface_soil__permeabil-
ity*(1 -water_in_surface_soil/max_surface__soil_capacity))
o max(0,Surface _water*deep_soil__permeability*grey_areas_permea-
grey areas infil- .
tration m3/h bility*(grey___surface__*permeable_grey areas)*(1 -wa-
ter_in_deep_soil/max_deep__soil_capacity))
- max(0,(water_in_surface_soil -surface_soil_water_reten-
water deep infil- . . .
tration m3/h tion)*deep_soil__permeability*(1 -wa-
ter_in_deep_soil/max_deep__soil_capacity))
water deep per- m3/h max(0,(water_in_deep_soil -deep_soil_water_retention)*deep_soil_wa-
colation ter__percolation_rate)
evapottriz:splra- m3/h max(0,water_in_surface_soil* evapotranspiration_rate)
deep gvapotran- m3/h max(0,water_in_deep_soil*deep_evapotranspiration_rate)
spiration
roof overflow m3/h max(0,water_on_roofs -roofs_capacity)
drainage system m3/h  max(0,water _in___drainage_system -drainage_system_max_capacity)
overflow
max(0,(Surface_water*(grey__surface__/(permeable_soil__sur-
drainage system m3/h face__ +grey__surface_ ))*max_drainage_flow*drainage_sys-
inflow tem__maintanance*(1 -water_in___drainage_system/drainage_sys-
tem_max_capacity)))
rain on buildings m3/h water_from_rain__m3_*buildings__
downpipe flow m3/h min(water_on_roofs,max_building_downpipe_flow)
building tanks m3/h max(0,Rainwater_building_tanks -building_tanks_max_capacity)
overflow
rainwater urban m3/h max(0,(Rainwater_building_tanks -building_tanks_max_capac-
discharge ity)*drainage_system__maintanance)
drainage system m3/h min(water_in___drainage_system,max_drainage_flow*drainage_sys-
outflow tem__maintanance)

Auxiliary variables and parameters

A set of auxiliary variables and parameters supports the hydrological calculations and the representa-
tion of adaptation measures. These are summarised in Table 3. Key groups include:

1 Coastal geometry and runup parameters
A Coastline: length of coastline intersecting the simulation area [m].
A Coast_height: characteristic elevation of the coast or protective structures [m].

A s: coefficient converting sea-level exceedance along the coastline into an effective in-
flow volume.

1 Derived storage capacities
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max_surface__ soil_capacity: maximum storage of the surface soil layer [m3], com-
puted from permeable area, soil depth and a water-retention factor.

max_deep__soil_capacity: maximum storage of the deep soil layer [m3].

surface_soil_water_retention, deep_soil_water_retention: reference water contents
used to initialise soil moisture.

1 Roof and drainage capacities

A

roofs_capacity: roof storage capacity [m3], obtained by converting a depth [mm] into
volume over the building area.

max_building_downpipe_flow: maximum volumetric flow rate of all building downpipes
combined [m3/h].

max_drainage_flow: maximum drainage discharge [m?3/h] for the reference grey sur-
face.

drainage_system_max_capacity: effective storage capacity of the drainage system
[m3].

1 Hydrological rate parameters

A

A

A

surface_soil__permeability, deep_soil__permeability: permeabilities controlling infiltra-
tion rates.

evapotranspiration_rate, deep_evapotranspiration_rate: evapotranspiration coeffi-
cients, linked to a baseline parameter (evp) and vegetation type.

deep_soil_water__percolation_rate: percolation coefficient for deep soil.

1 Runoff and slow-flow parameters

A

A

f, r: exponent and coefficient controlling non-linear surface runoff.

a, b: coefficients for SF accumulation and deaccumulation, respectively.

1 Land-use and scenario modifiers

A

Effective permeable fractions, such as permeable_soil__surface__, grey _surface__,
permeable_grey_areas, can be directly modified to represent depaving, introduction of
green infrastructure, or changes in urban form.

Depaving is used as a synthetic scenario parameter that reduces grey surfaces and
increases permeable soil surfaces by the same amount.

These variables provide a clear separation between fixed structural characteristics (e.g. coastline length,
average soil depth, drainage capacity) and calibrated hydrological parameters (e.g. runoff exponent,
infiltration rates).
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Table 10 2 Auxiliary variables of the SD coastal 2pluvial flood model

Equation / Value
Pluvial -flood calibra- Source
tion
permeable_soil__surface__*Simulation_Area*sur-
m3  face_soil__depth*max_surface_soil__water_reten-
tion

Equation / Value

Variable name Unit . .
Sea-flood calibration

max surface soil ca-
pacity

calculated by SD model it-
self

calculated by SD model it-
m3 max_surface__soil_capacity*0.5 self/
calibration parameter
Simulation_Area*deep_soil_depth*deep_soil_wa- calculated by SD model it-

surface soil water re-
tention

max deep soil capacity m3

ter_retention self
. calculated by SD model it-
deep soil water reten- . .
m3 max_deep__ soil_capacity*0.5 self/

tion I
calibration parameter

average_downpipe_flow*buildings__*Simula- calculated by SD model it-

max building downpipe

h
flow m3/ tion_Area self
. re face__*Simulation_Area*average_drain- calculated by SD model it-
max drainage flow m3/h grey__stnace__"simuation._ verage_drai ! y I
age_flow self
drainage svstem max calculated by SD model it-
g y_ m3 max_drainage_flow*10 self
capacity L
calibration parameter
calibration parameter
s / 0.0025 / inactive in pluvial calibra-
tion
Icul D | it-
water from rain m3/h  Rain_intensity___mm_h_*Simulation_Area/1000 calculated bs):j model it

(Surface_water+Surface_water_accumu-
surface water in m m lated)/(Simulation_Area*(grey__surface__+perme-
able_soil__surface_ ))
roofs_capacity__in_mm*buildings__*Simula- calculated by SD model it-

calculated by SD model it-
self

roofs capacit m3 .
pacty tion_Area/1000 self
. . . . calculated by SD model it-
water on roofs in m m water_on_roofs/(Simulation_Area*buildings__) syel ¢
f / 1.35 1.4 calibration parameter
r / 0.23 calibration parameter
a / 0.22 0.01 calibration parameter
b / 0.006 calibration parameter
evp / 0.1 calibration parameter
L . calculated by SD model it-
evapotranspiration rate / evp*Vegetation__type self
deep evapotranspira- - calculated by SD model it-
P . P P / evapotranspiration_rate*0.3 . y
tion rate self/ calibration parameter

Model inputs and external forcing
The exogenous inputs of the sub-model are listed in Table 4. They can be grouped as follows:
1 Climatic and coastal forcing

0 Rain_intensity _mm_h_: time series of rainfall intensity [mm/h], typically derived from
climate models or historical events.
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0 Sea level: time series of local sea surface elevation [m] along the coastline, typically
derived from coastal Domain Models or SFINCS. Coastal inflow is generated when
Sea_level exceeds Coast_height.

Table 11 - Example of input table that can be imported in Simile and used in the model.

index Scenario Date time (h) rain (mm/h) Sea Level (m)
1 1991 17/11/1991 00:00 0 0.8366 111
2 1991 17/11/1991 01:00 1 0.7897 121
3 1991 17/11/1991 02:00 2 0.1282 1.23
4 1991 17/11/1991 03:00 3 0.0018 112
5 1991 17/11/1991 04:00 4 1.5646 114
6 1991 17/11/1991 05:00 5 1.0781 112
7 1991 17/11/1991 06:00 6 0.0058 1.22
8 1991 17/11/1991 07:00 7 0.2549 118

I Spatial and land-use characteristics
0 Simulation_Area: total modelled area[m?].

0 permeable_soil _surface_, grey surface__, buildings__: landise fractions (021) de-
scribing the relative share of permeable, grey and built-up surfaces.

0 Coastline: coastline length [m] within the simulation area.

o0 Coast_height: characteristic coastal elevation [m].
1 Soil properties

o surface_soil__depth, deep_soil_depth [m];
o0 max_surface_soil__water_retention, max_deep_soil_water_retention?];

o surface_soil__permeability, deep_soil__permeability [1/h].
1 Infrastructure parameters

o roofs_capacity__in_mm: maximum roof storage expressed as an equivalent water depth
[mm].

0 building_tanks_max_capacity [m3].
o average_downpipe_flow [m3/m2/h]: characteristic downpipe capacity.
0 average_drainage_flow [m3/m?/h]. characteristic drainage capacity.

0 drainage_system__maintanance: dimensionless factor (@ 1) representing the effective
efficiency of the drainage network. In the current calibrations for Naples, drainage_sys-
tem__maintanance is set to zero, so that drainage flows are effectively disabled andthe
SD model remains consistent with SFINCS outputs

1 Urban form and topography

A slope__: effective surface slope influencing runoff generation.

A Vegetation__type: dimensionless index of vegetation cover, affecting evapotranspira-
tion.
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A Parameters such as Depaving, permeable_grey_areas, changes in Vegetation__type,
and modifications of Coast_height allow the user to represent different adaptation sce-
narios (e.g. increased permeable surface, green infrastructure, improved soil struc-

1 Scenario and adaptation controls

ture, enhanced coastal protection).

All inputs are assumed constant in space (lumped model) but can vary over time where relevant (e.g.
rainfall intensity and sea level series). Different climate and coastal scenarios can be represented by

selecting alternative input time series.
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Table 12 2 Inputs of the SD coastal 2pluvial flood model

Inbut name Unit Value - Sea Value - Pluvial Note Tvpe
P Flood calib. flood calib. yp
Simulation Area m2 73312 119888166 Required
Rain intensity mm/h / scenario dependent Required
Sea Level scenario de- / |nact|v.e in PIuwaI
pendent calibration
Permeable soil sur- % of simulation .
PSUE gy 0.195 0.45 o o simuiatt Required
face area
% of simulation .
Grey surface % 0.56 0.33 Required
area
- % of simulation .
Buildings % 0.255 0.22 ° imuiatl Required
area
% of simulation Auxiliary - Adapt.
Depaving % 0 - grey surface value ° v . P
area scenario
f il -
suriace S.O.I permea / 15 Auxiliary
bility
deep soil permeabil- .
ps |.p ' ! / 1 Auxiliary
ity
surface soil depth m 1 Auxiliary
deep soil depth m 1 Auxiliary
max surface soil wa- .
su S W % 0.5 Auxiliary
ter retention
il
max deep S-OI water % 05 Auxiliary
retention
. 0 (bare soil) to 1 Required -
Vegetation type / 0.5 ( ) g .
(Forest) Adapt. scenario
. inactive in pluvial .
Coastline m 912 / ! IV. I puw Required
calibration
slope % 0.02 0.15 average slope Required
inactive in pluvial  Required 2 Adapt.
Coast height m 0.5 / . p . . P
calibration scenario
Permeable grey ar- Required -
grey % 0 % of grey surface d .
eas Adapt. scenario
rey areas permea- Auxiliary -
grey areas p % 05 vy
bility Adapt. scenario
Auxiliary 2 Adapt.
roofs capacity in mm mm 2 txiary . ap
scenario
building tanks max m3 0 Auxiliary -
capacity Adapt. scenario
average downpipe er square meter of
g pIp m3/h 0.00011 persq Auxiliary
flow roof
drainage system / 0 0 (not working) to 1 Auxiliary -
maintenance (optimal) Adapt. scenario
average drainage er square meter of  Auxiliary -Adapt.
9 9 manm 0.001 persq y-Acap
flow grey area scenario

Outputs, indicators and use in scenario analysis

The model produces complete time series for all state variables and flows, from which a set of synthetic
indicators can be derived. These indicators describe the intensity, duration and spatial implications of
coastal? pluvial flooding, as well as the role of soil, coastal geometry and drainage infrastructure in con-
trolling water dynamics.
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A first group of outputs concerns surface water on urban ground surfaces. The model tracks the total
volume of water temporarily stored on permeable and grey surfaces. This volume can be converted into
an average water depth over the active surface area, which serves as the primary indicator of urban
flooding. From this, several metrics can be extracted, such as the maximum water depth reached during
an event, the duration of conditions exceeding selected depth thresholds, and the cumulative flooded
volume over the entire event. These indicators are directly linked to local flood hazard and can be related
to impacts on mobility, built assets and critical infrastructure.

A second group of outputs describes soil water dynamics. The model provides the temporal evolution
of water stored in the surface soil layer and in the deeper soil compartment. From these time series, one
can derive total volumes of water that infiltrate into the soil, how much is transferred to deeper layers,
and how much is eventually lost through percolation or evapotranspiration. These indicators are partic-
ularly relevant for assessing adaptation measures based on increased infiltration and soil storage such
as depaving, soil restoration, or the introduction of vegetated areas.

A third set of indicators relates to the performance of the urban drainage system. The model records
the volume of water stored in the drainage network, the rate of normal outflow, and the occurrence of
overflow events. From these outputs, it is possible to compute the maximum filling level of the system
during a storm, the frequency and magnitude of overflows, and the share of water that cannot be safely
conveyed through the network. These metrics provide a quantitative picture of how close the system
operates to its design limits and how often it fails under different rainfall, sealevel and maintenance
conditions.

A fourth group of outputs characterises the coastal component of flooding. Time series of sea level and
sea runoff, together with their cumulative volumes, allow users to quantify how much water enters the
urban domain from the sea, when this occurs relative to rainfall peaks, and how important the coastal
contribution is compared to rainfall in driving surface flooding.

In addition, the model can summarise the contribution of roofs and rainwater tanks to the overall water
balance. Time series of water stored on roofs and in tanks, as well as their discharges and overflows,
help quantify the buffering effect of these elements. For example, one can assess how much water is
temporarily retained on roofs, how much is captured in tanks and reused or released gradually, and how
much still spills to the surface or into the drainage system during extreme events.

These outputs are designed to support scenario analysis and adaptation planning. By systematically
varying key input and auxiliary parameters® such as the fraction of permeable surfaces, soil permeabil-
ity, roof and tank storage capacities, coastal elevation, and drainage system capacity or maintenance
level® the model can be used to compare different adaptation options. For each scenario, the indicators
described above can be computed and contrasted, allowing users to evaluate, for example:

1 how much peak surface water depth is reduced by depaving or by adding green infrastructure;

1 whether increasing drainage capacity or improving maintenance is sufficient to reduce or elim-
inate overflows for a given design storm and sea-level scenario;

i1 to what extent rainwater harvesting systems delay or reduce peak loading of the drainage net-
work;

1 how changes in effective coast height (e.g. sea walls or nature-based defences) reduce the

volume and timing of sea-driven inflows;
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1 how combinations of measures perform under different rainfall and sea-level patterns or climate
projections.
In this way, the model does not only reproduce the hydrological behaviour of a coastal urban catch-
ment under intense rainfall and high sea levels, but also provides a transparent and quantitative basis
for exploring urban adaptation strategies and for integrating coastal? pluvial flood dynamics into the
broader KNOWING System Dynamics framework.
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_teference output, run 1
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Figure 19 - Example of model output over a 3 days simulation characterised by continuous precipitations. Upper
plot: comparison between Sfincs output (average water depth - orange line) and SD model output (surface water 2
blue line); Lower plot: temporal distribution of precipitation during the simulation.

Assumptions and limitations

The system dynamics model is designed to reproduce first-order interactions between rainfall, coastal
water levels, land use and urban drainage at the scale of the whole casestudy area. The representation
is spatially lumped: the city is described as a single homogeneous unit characterised by fixed shares of
permeable soil, grey surfaces and buildings, without internal spatial variability within each land-use class.
The urban drainage network is modelled as an aggregated reservoir with a prescribed maximum outflow
capacity; individual pipes, local bottlenecks and backwater effects are not represented explicitly. Since
the reference model SFINCS does not explicitly simulate the drainage system, the structural represen-
tation of drainage is retained in the SD model, but the drainage system dynamics are not used in the
current calibration for Naples. Rainwater tanks are aggregated into single stocks per land-use category,
and their dynamics do not capture the full diversity of tank design and operational rules at building scale.

Forcing conditions (rainfall, sea level) are imposed as external time series. Calibration is performed
against spatially averaged SFINCS outputs for a limited set of synthetic pluvial events and coastal flood
scenarios, so model performance is not guaranteed at very local scales or under boundary conditions
that differ substantially from those explored during calibration. River channels and sewer surcharge
propagation are not explicitly resolved, and the model does not simulate damage, disruption or socio-
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economic impacts, which should be assessed with complementary tools. These assumptions and sim-
plifications should be kept in mind when interpreting the results and when comparing alternative adap-
tation strategies derived from the model.

4.3. Composing CIC specific SD models

The KNOWING project considers three Climate Impact Contexts (CICs): (1) Heatwave & Health, (2)
Flooding & Infrastructure, and (3) Soil fertility & Agriculture, which can be applied to four Demonstrator
regions. Each CIC will be modelled using different configurations of the SD sub-models described in the
previous section, depending on the hazards targeted in each CIC; for instance, the CIC Flooding & In-

frastructure needs to use the flooding SDsub-model , but this won®t bhoathemeeded

other hand, the Land Use SD sub-model is relevant to the CIC Soil Fertility & Agriculture and not used
in the other CICs as they focus more on urbanized regions. Nevertheless, there are three SD sub-models
common to all CICs: the transport SD sub-model, the energy demand SD sub-model, and the energy
supply SD sub-model.

Next, the generalized SD model structure will be presented per CIC. In the following conceptual dia-
grams, the squared elements represent data coming directly from a DM and they are not modelled as a
SD sub-model, but the SD model requires them as input data. Therefore, no calibration is needed for
those elements.

4.3.1. CIC Heatwave & Health

The CIC Heatwave & Health SD model can be simplified into several submodels that will be intercon-
nected, as shown in Figure 20.
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Figure 20 - CIC Heatwave & Health sub-models and their corresponding DM.

Climate input data (on a regional level, 5-km-grid WRF data?? are a main driver for three sub-models:
The microclimate sub-model (modelling the influence of land cover and urban features), the housing
sub-model / energy demand sub-model (AC usage), and the energy supply sub-model (impact of climate
change on renewable energy 2 PV, wind and hydro). From the climate sub-model, there is further link to
the health sub-model (covering the impacts on public health), as well to the transport sub-model (influ-
ences on mode choice, impact of measures like street greening). The transport sub-model further pro-
vides inputs to the energy demand sub-model, which in turn provides input to the supply sub-model.
Finally, the impact of both climatic changes and adaptation / mitigation measures (in the housing and
transport sub-model) is also driven by behaviour input data*®.

12 Since there will no feedback to climate varialdbesmodelledat this leve] this is notconsidered as a sub
model within the KNOWING SD Modelt just as input data

13 Similarto the (regional) climate input datat is assumed here thalhese behaviour datacoping typologyjs
not endogenousn the overall model, i.e. theris nofeedbackio change thisThis assumption is still pending
confirmation.
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The CIC Flooding & Infrastructure SD model can be simplified into several sub-models that will be inter-
connected, as shown in Figure 21.

4.3.2. CIC Flooding & Infrastructure

KNS\%J@?NG 5D sub-model

5D sub-model Behaviour

Microclimate %

sl

Climate
Input Data

@

SD sub-model
Transport

-

SD sub-model
Energy Demand

Q

SD sub-model
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Figure 21 - CIC Flooding & Infrastructure SD Configuration and their corresponding DM.

Similar to the CIC Heatwave & Health Climate input data (on a regional level, 5-km-grid WRF data) are
a main driver for three sub-models. Here the main focus is on the flooding sub-model which covers the
level of impact of (coastal, pluvial and river) flooding events without and with a variety of feasible adap-
tation measures in place. This impact and / or the consequences of adaptation measures should also be
considered as input in the transport model. There might also be direct relationships between the flooding
sub-model and the microclimate sub-model (e.g. when applying Nature Based Solutions against flood-
ing) as well asthe energy supply sub-model (impact on power generation or distribution infrastructure),
although these possible links are not shownin Figure 21. The remaining (CIC-independent) relationships

are as described before.
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4.3.3. CIC Soil Fertility & Agriculture

The CIC Soil Fertility & Agriculture SD model can be simplified into several sub-models that will be
interconnected, as shown in Figure 22.
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Figure 22 - CIC Soil Fertility & Agriculture SD Configuration and their corresponding DM.

On the one hand side there are direct effects of climate changes to the soil-fertility (Climate input data,
crop production) and behaviour changes triggering different land use patterns. Furthermore, from the
energy demand sub-model changes due to mitigation measures might significantly impact agriculture
especially in regions as SWF.
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5. Defining pathways for the KNOW-
ING Demonstrator s

The CICs can be applied to specific regions facing one or various climate hazards. In KNOWING, four
different regions have been identified, and they are used as demonstrators (refer to KNOWING D3.2-
Chap.5.2 2 KNOWING Regions? for detailed information on the demo regions). Table 13 shows the
classification of the different DEMO regions and their associated CICs, note that Naplesis a special case,
as the CIC Flooding & Infrastructure is covered at DEMO level and the CIC Heatwave & Health is con-
sidered as follower.

Table 13 2 KNOWING DEMOs and CICs overview

Region Climate hazard(s) Cic Level
Tallinn Extreme heat CIC Heatwave & Health Demo
Granollers River flood . Demo
CIC Flooding & Infrastructure
Coastal flood Demo
Naples

Extreme precipitation
South Westphalia Drought CIC Saoil Fertility & Agriculture Demo
Extreme temperature

In the rest of this chapter, all KNOWING DEMO regionswill be discussed regarding the SD model con-
figuration, and which domain model results have been used for the calibration of SD sub-models. Par-
ticular emphasis will be given to the specific mitigation and adaptation measures / interventions that
have been implemented in the SD model, since these are driving the KNOWING pathways

Table 14 presents an overview of key interventions across all sectors and CICs / Demonstrators which
have already been implemented in the SD Model (black) or are prepared to be included without major
changes in model structure or adding new sub-models (in grey).
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Table 14 Overview of supported cross -CIC key interventions across SD sub -models (in grey: in-
terventions which are prepared but not yet implemented)

Cross -CIC (Mitigation interventions)

Sn?o?jillj- Intervention SDM Variable(s) affected Linked to 4 Comments
Traffic Calming Urban Greening
TR_NetworkCapacity (planting of Conversion of street
trees, unseal- space
ing)
Active Modes Urban Greening
Optimization (planting of Walking and cycling
TR_Attractiveness trees, unseal- gets safer and more
ing), Traffic attractive
calming
Parking man- TR_Cost Parking costs
agement
Area Toll TR_Cost ﬁi(;)ditional costs per
Transport | Road Pricing TR_Cost ﬁ\:]ditional costs per
Public Travel Time Reduc-
Transport Opti- | TR_Traveltime tion via Infrastructure
mization Improvements
15-Minute City TR_TripLength Less longer & more
shorter trips
Car Occupancy | TR_Attractiveness overall travel cost re-
Bonus duction
Fleet Transfor- TR_EVChange Rate (flow) Financial subsi- | Supported by behav-
mation dies for EVs, iour model, the
Ban on sale change rate to EVs
of combustion can be made endog-
engines cars enous
Energy Refurbishment EN annual refurbishment rate Retrofitting of
Demand buildings
District Heating | EN finEN total DH This is the total DH
demand which com-
prises mainly from
space heating and
Services. The inter-
vention is more on
the energy supply
side as it is assumed
that the final energy
will be produced cli-
mate neutral, in the
near future.
Decarbonisation | EN finEN Industry fossile Agricultural, Manu-
of Industry sec- facturing and Con-
tor struction Sector
Decarbonisation | EN finEN Service fossile
of Service sec-
tor
Gl AY1SR (2¢ YSlIya GKFEG GKS O2yaiRSNBR

intervention(s) listed here.
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Energy PV increase ES PV increase (flow) Rate of new PV in-
Supply stallations
Heat pumps ES new heatpumps (flow) District Heating, | Response to higher
District Cooling | district heating (cool-
ing) demand
Electric Boilers ES new electrboilers (flow) District Heating, | Response to higher
District Cooling | district heating (cool-
ing) demand
Wind power in- Rate of new wind tur-
crease ES new wind (flow) bines (only imple-
mented for SWF)
Behaviour

Financial subsi-
dies for EVs

HB Subsidy Height

Accelerating fleet
transformation (see
above)

Table 15: Overview of supported CIC specific key interventions across SD sub -models (in grey:

KNOWING | Deliverable DRExpandablémpact Interaction Model Framewoyk WP2 | Final

interventions which are prepared but not yet implemented)

53



KNC%SV%NG

CIC Heatwaves & Health (Adaptation and mitigation interventions)

SD
Sub- Intervention SDM Variable(s) affected Linked to Comments
model
Micro- Urban Green-
climate | ing -planting of | PI LU PlantTrees (flow)
trees
Urban Green- PI LU Unseal (flow)
ing - unsealing
Energy | Electr .Cooling | EN finEN hh cooling air con- Supported by behaviour
De- AC dition model, the corresponding
mand energy demand could be
made endogenous (not
yet implemented).
Behav-
iour
CIC Flooding & Infrastructure (Adaptation and  mitigation interventions)
SD
Sub- Intervention SDM Variable(s) affected Linked to Comments
model
Flood- | Depaving and Depaving, permea- Urban Greening Conversion of sealed ar-
ing soil restoration | ble_soil__surface__, (planting of trees, eas into permeable or

(" sponge

grey__surface__,sur-
face_soil__permeability

unsealing), NBS for
pluvial flooding

vegetated soil; higher infil-
tration and reduced sur-
face runoff and peak wa-
ter depths.
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Micro- | Urban Green- PI LU PlantTrees (flow) Depaving Considering NBS
climate | ing -planting of measures as protection
trees against flooding
Urban Green- PI LU Unseal (flow) Depaving Considering NBS
ing - unsealing measures as protection
against flooding
Behav-
iour
CIC Soil Fertility & Agriculture (Adaptation and mitigation interventions)
SD
Sub- Intervention SDM Variable(s) affected Linked to Comments
model
Land LU changes for | LUC_Wind Power Stations Wind power in- This is not explicitly re-
Use energy produc- crease lated to the CIC Soil Fertil-
tion ity & Agriculture
Afforestation AF_Afforestation (Demand of local There are two different
agricultural produc- | pathways for afforestation.
tion) To take land from Pasture
or Cropland.
Reforestation AF_Reforestation (Climate endan- This is done by conver-
gered amount of sion of calamity areas to
forest areas.) climate adapted forest ar-
eas with different tree
species. Or with backlane
reforestation.
Behav-
iour
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5.1. Tallinn

SD sub-model.
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Tallinn demonstrates the CIC Heatwave & Heath This demonstrator uses all SD sub-models specified
in the general SD structure for this CIC (as outlined in 4.3.1). Table 16 shows the available dataused for
calibration (as per submission date of this deliverable) for the scenario runs for each DM related to its

Table 16 - SD modelling for the DEMO region Tallinn and the available data

CIC Heatwave & DEMO: Scenario runs
. Related DM
Health SD sub -models Tallinn Reference 2030 2040 2050
Transport R, Mobility | Vv Y, Y, Y,
Energy Demand \% MAED-City \% \% \% \%
Energy Supply \Y IES-opt \% Not considered  Not considered \Y
. . PALM-4U \% \ \Y \Y
Microclimate Y
Not considered Not considered Not considered Not considered
Health ol Not considered Not considered Not considered Not considered

Theinterventions supported in the SD model for the Tallinn pathwayillrstrated inFigure23 Interven-

tions are shown in the same colour as subdels, provided they have been implemented. Interventions

with a lighter colour have not been implementédonsideredyet (or have been ruled out during the
stakeholder procegs

SD sub-model
Health
=

(-]

SD sub-model . -
Transport Traffic Calming
=

_Url:an Greening
EE—
Optimization

[ 15-Minute City ] [ CarOccupancy Bonus ]

subsidies for EVs

[ AreaToll & Road
Pricing

] [ Fleet Transformation

Ban onsale of

combustion
engines cars

Public Transport 5
Optimization Parking Management
v T

5D sub-model
Microclimate Urban Greening (trees,
unsealing)
wal
imae SD sub-model
- @ Energy Demand

Retrofitting of

Refurbishment buildings

[ District Heating ] [ Electric Cooaling AC ]

= S — = ——— |
Industry sector [ service sector

[ District Cooling ] [ Limitation of AC ]

Financial Subsidies for

Ban on sale of

Hydro power increase

District Cooling

combustion engines
cars

Connection of
houses to district
cooling system

Removal of parking
spaces

I

Limitation of AC sales ]

Limitation of cooling
capacity

I

Retrofitting of
buildings

Figure 23: Key interventions supported in the SD model for the Tallinn pathway.

SD sub-model

15 Not calibrated so far due tmsufficient signals in the DM output dataeverthelessthe SD submodelis part
of the Expandable Impact Interaction Modelling Framework.
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llers
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The climate hazard associated to Granollers is river flood and the flooding SD sub-model will use data
provided by the ICM-Infoworks impact assessment DM (where calibration is still ongoing). In the case of
the DEMO region Granollers, although the SD configuration includes the transport, energy demand and
energy supply SD sub-models, the corresponding domain models were not implemented doe to missing
sufficiently detailed data for the city. So far, only PALM-4U data have been used for calibration; the other

sub-models are planned to be calibrated as part of the transferability work in Task 3.5 (refer also to
section 7.4 for more details).

Table 17 - SD modelling for the DEMO region Granollers and the available data

Reference

Scenario runs

2030

2040

2050

. DEMO:
CIC Flooding & Grano- Related DM
Infrastructure
llers
Transport (V) Mobility
Energy Demand V) MAED-City
Energy Supply (V) IES-opt
) . PALM-4U
Microclimate \
HWLEM
Flooding Planned | ICM-Infoworks

Not considered

Not considered

Not considered

\Y
Not considered

\Y

Not considered

Not considered

Not considered

Not considered

Not considered

Not considered

Not considered

Not considered

Not considered

Not considered

Not considered

Not considered

Not considered
Not considered
Limited
data
\%

Not considered

\Y,

unsealing)

Urhan Greening (trees,

SD sub-model
icroclimate
dall

n=p...mg.nd Soil
re:torItlon

Financial Subsidies for Information
EVs campaign

anonsale of
combustion engines
cars

SD sub-model
Behaviour
LS

Relocation of
residents livingin
restoration areas

Removal of parking
spaces

Retrofitting of
buidlings

Rebuilding of
houses and strests
inrisk areas

SD sub-model
Flundlng

Depwing.ndsuil][ Permeable ]

Climate
Input Data
@ Sea level rise Co
adaption

astal protection
measures

Vegetationbased
measures

J

Urban drainage
infrastructure

I

Drainage system upgrades and
maintenance

Rainwater harvesting and roof-based
retention

Traffic Calming

SD sub-model
Transport

Active Modes
Obtimizat.

District Cooling L
District Heating

Hydro power increase

15-Minute City ] [ CarD:uupunEyBunus
Financial
AreaToll &Road . subsidies for EVs
Fn Fleet Transformation
Pricing
Ban on sale of
[ (EEIEUTRE ][ PnrkingMunugemem] combustion
Optimization engines cars
Retrofitting of
buildings
SD sub-model

Decarbonisation of Decarbonisation of
Industry sector service sector

] [ Limitationof AC ]

[ District Cooling

Figure 24: Key interventions supported in the SD model for the Granollers pathway.

5.3. Naples

SD sub-model

Naples serves as a DEMO region for two CICs, but weonly focus here on the CIC Flooding & Infrastruc-
ture, as CIC Heatwave & Health is considered a follower demonstrator. The climate hazard in the case
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of Naples is caused by both pluvial and coastal flooding and the equivalent DM is SFINCS. Table 18
shows the available data for Naples as DEMO for CIC Flooding & Infrastructure, used for calibration of
the SD sub-models.

Table 18 - SD modelling for the DEMO region Naples and the available data

CIC Flooding & DEMO: Scenario runs
Related DM
Infrastructure Naples Reference 2030 2040 2050
Transport \% Mobility \ \ \ \%
Energy Demand \% MAED-City \% \% \% \
Energy Supply \% IES-opt \% Not considered  Not considered \Y,
PALM-4U V Not considered Not considered V
Microclimate \%
V V Not considered V
Flooding \% SFINCS \Y \Y \Y \%

[ Financial Subsidies for ] [ Information
SD sub-model EVs campaign

Urban Greening (trees, Behaviour anonsale of Relocation of
SD sub-model ] ik combustion engines residents livingin
I e | cars restoration areas
restoration spaces houses and streets

Retrofitting of
buidlings

in risk areas

(trees )
SD sub-model ‘ l
Flocding Depaving and soil P bl b-model
A [ epaving and soil ] [ ermeable ] SD sub-model ) N
@ Sealevel riss Coastal protection | [ Vegetationbased ) (trees, unsealing)
adaption measures measures Optimization
Urban drainage Drainage system upgrades and [ 15-Minute Gity ][ Car OccupancyBonus ]
infrastructure maintenance Financial
(Tetarbiamment ) Rainwater harvesting and roof-based [ e ][ Fleet Transf i i el e o N
retention Pricing Ban on sals of
FAIS T Parking Managsment Sl
Optimization engines cars

Retrofitting of

Refurbishment ottt
buildings
District Cooling | SD sub-model
Energy Demand District Heating |
o) —— o
Industry sector S 5D sub-model
= =

[ District Cooling ] [ Limitation of AC ]

Figure 25: Key interventions supported in the SD model for the Naples pathway

5.3.1. Adaptation measures represented in the SD Flooding model
Adaptation options are represented in the SD coagtaivial flood model by modifying langse, soil, in-

frastructure and coastal parameters, rather than by introducing separate process modules. The main clas-
ses of measures that have already been implemdrdetested in the Naples application, or that can be
readily explored as future extensions, include:

1 Depaving and green infrastructure (implemented in current experimastdocumented in chap-
ter 6)
Depaving and the introduction of green infrastructure are represented by increasing the fraction
of permeable soil surfaces and permeable grey areas while reducing grey surfaces, together with
adjustments in soil permeability. In practice, this is impletedrvia theDepavingparameter and
the permeable_grey areaandgrey areas_permeabilityJ: NI Y S G S NB ¢ -OAKISES adSHiLdR v |
tings have been explicitly tested for Naples by increasing permeable soil surface and soil permea-
bility and decreasing grey surfacader otherwise identical rainfall forcing.
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Soil restoration and enhanced infiltration

Measures that improve soil structure and storage capacity, such as soil restoration or the use of
engineered soils, are captured by changes in surface and deep soil permeability, soil depth and
soilwater retention coefficients (e.gurface_soil__permeabilitdeep_soil_permeability
deep_soil_depth These parameters control how quickly and how much water can infiltrate and
be stored in the soil profile during and after storm events.

Vegetationrbased measures

Changes in th¥egetation__typéndex modify evapotranspiration rates and thus influence both
antecedent soil moisture and pestvent drying. Increasing this parameter allows the model to
represent more vegetated urban areas (e.g. parks, green corridors).

Rainwater harvesting and rotlased storage (available for future extensions)

Roof storage capacityqofs_capacity__in_mirand building tank capacitipild-
ing_tanks_max_capacipcontrol how much rainfall can be temporarily stored on roofs and in the
Water_on_roofsand Rainwater_building_tankstocks before spilling to the surface or to the
drainage network. By increasing these parameters, the model can simulate distributed rainwater
harvesting systems and blue/green roofs that buffer peak inflows tes#veer system.

Drainage system upgrades and maintenance (available for scenario analysis)

The effective capacity and performance of the urban drainage network are controllaagelny
age_drainage_floywdrainage_system_max_capactyd thedrainage_system__maintanance

factor. Although drainage flows are set to zero in the present Naples calibration to remain con-
sistent with SFINCS, the same structure can be used to explore scenarios with increased drainage
capacity, additional storage and improved maintenance, ancuemtjfy their effects on peak wa-

ter depth and overflow frequency.

Coastal protection measures (available for-lead scenarios)

Coastal protection is represented in a simplified way throughGbast_heighparameter and

the run-up coefficient controlling sedriven inflows. IncreasinGoast_heighor reducing the ef-
fective runup can be interpreted as raising or reinforcing sea walls, adding dunes or implement-
ing naturebased coastal defences, thereby reducing the frequency and magnitude of coastal in-
flows into the urban domain.

Combined adaptation scenarios

Because all of the above parameters can be varied jointly, the SD model can represent integrated
sets of measureg the pathway(e.g. depaving + green infrastructure + drainage upgraciasy
evaluatetrade-offs and synergies in terms of peak surface water depth, flooded volume, drainage
overload and the relative contribution of seliiven versus rainfatiiriven flooding.

5.4. South Westphalia

The CIC Soil Fertility and Agriculture is demonstrated in the region of South Westphalia. In addition to
domain model data for transport, energy demand and supply, data for land use changes (from DM
CLUMondo) have been used for calibrating the SD sub-models, as shown in Table 19.
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Table 19 - SD modelling for the DEMO region South Westphalia and the available data .

CIC Sail Fertility DEMO: Scenario runs
. Related DM
& Agriculture SWF Reference 2030 2040 2050
Transport \% Mobility \ \Y \Y \%
Energy Demand \% MAED-City \% A% A% \
Energy Supply \% IES-opt \% Not considered  Not considered \Y,
Land Use Y, CLUMondo \ \ \Y \Y

e W= TUchanges for energy |
pmdu:nn

Refores: n Climate endangered
amount of forest areas

Changs of crop
types
Banon sale of Removal of parking
B Demand of local combustion engines
sD mb—ﬂ ety ] agricultural production | [ cars Spaces

SD sub-model - -
Transpm Traffic Calming _
Climate Aetve Trod

Input Data
@ 15-Minute City Car OccupancyBonus ]

Pricing

Ban on sale of

ATV Parking Management
Optimization engines cars

District Cooling
N Retrofitting of

SD sub-
Enefgy Demand District Heating
|
Hydro power increase Indu:tl_'zse:br service sechr
[ District Cooling ] [ Limitationof AC ] SD sub-model
Interventions

Figure 26: Key interventions supported in the SD model for the South Westphalia pathway

5.5. Summary of benefits of SD Model(s)

After describing the structure and calibration of the SD Model in so much detail, and after discussing
which key interventions can be represented in the model, it might be useful to summarise the key ben-
efits of applying the SD model (in addition to all the domain model runs performed) for the modelling of
mitigation 2 adaptation pathways.

The interventions modelled in each of the domain models and documented in deliverables D3.3, D3.4
and D3.5 for all four demonstrators, definet he =~ ¢ or &° The$Dhmedeldesigned and imple-
mented in WP2 exploits all these results (as has been described in chapter4) andc an ~r eptheoduc e ”®

main characteristics of each pathway (taking an aggregated view). In addition, it offers the following
benefits:

i1 It represents an extremely simplified model due to coarse spatial granularity, which means that
the whole model can run within seconds (or even faster).
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1 In contrast to most of the domain models, it covers the development over the complete time
range (from the presence to 2050), i.e. showing the scenario / pathway in one single model run.

1 The fast execution allows for quick modification of individual interventions (intensity, timing,
o), i . e. it facil i t\aiatoss oftheeathwaya.lThisswillde forther diss mal | )
cussed in section 7.3.

1 Most importantly, the SD model connects the domains and allows to analyse response risks &
synergies. Also, aggregated key output variables like the total GHG emissions can be best shown
in the SD model.

1 Itis therefore possible to apply more sophisticated policy optimisation methods for the overall
model (which is an aspect of the backcasting approach described in D2.5 (Blacow, Zach,
Gebetsroither, & Chopin, 2025), however, out of scope within this deliverable. For further dis-
cussion, please refer also to sections 7.3 and 7.4.

Beyond applying the SD model to the demonstrator regions only, easier transferability to other regions
is also a key strength of SD models. This is briefly discussed in section 7.4; further analysis is perfomed
within task T3.5 (Generalise Climate Mitigation Pathways).
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6. Selected results

6.1. Mobility , Urban greening and Behaviour re-
lated interventions (Tallinn, Naples, Granoll-
ers, South-Westphalia )

The first results presented here aim to give a very simple illustration of the impact of various interventions
in the mobility sub-model. In Figure 27, the introduction (ramp-up) of a few example interventions is
shown as a function of time in the left figure. These values correspond to the exogeneous input variables
of the SD model after calibration (and therefore represent aggregated values, e.g., the blue line indicates
average costs for parking of less than 1 EUR per car trip). The right figure shows the complete spectrum,
how one of the key output variables of the mobility sub-model might behave over time, from the refer-
ence r un {asubsuusahbrsgesific interventions applied) on top to the green line which shows
the maximum impact 2 that can be achieved by implementing all the measures considered in the path-
way 6.

Interventions (examples) Modal split - Car

3 0.5
- 0.4
D
g’ 0.3
o
= 3 0.2
w

0.1

0 0

2020 2030 2040 2050 2020 2030 2040 2050
— Parking Cost Area Toll step —— Reference / BAU Area Toll step
—— Area Toll gradual — Parking Cost —— All Measures

—— Area Toll gradual
Figure 27: The impact of various interventions (left figure) in the mobility sub-model on the key output variable
Modal Split of Car use (right figure).
Similarly, we can analyse the impact of adaptation interventions in urban planning( ~ Ur ban gr eeni ng
for the urban microclimate (considering the Max. Day temperature measured 2m above ground as the
key output variable). This is presented for one Corine Land Cover class that corresponds to public places
usually frequented during daytime ( | ndustr i al commerci al p ubFlgure28 mi | it ar
shows (in left figure) how  Bealedacea, Buildindse(meight)fyouegd ~ur b a
trees, mature trees 2 are causing a temperature shift (compared to the meteorological temperature) that
can be positive or negative. Note the size of that shift also changes with time, reflecting the adaptation
measures implemented. For example, the impact of young treesis zero at 2020 (no young trees assumed
in that Land Cover class), and then provides an increasingly negative (but still small) contribution to the
temperature shift, reflecting the planting of young trees. The total impact (considering the sum of these
temperature shifts) on the Maximum Day Temperature for a heatwave day in Tallinnis shown in the right
figure. Note that this impact, which might appear quite small, represents an average over a larger area
of a certain Corine Land Cover class (in this example for Tallinn, about 17% of the total city area)? so it

16 In principle, thisshould not be considered as absoluteximum butonly shows the total impact of all
measures proposedo far. In further pathway optirisations, interventions mighttill be intensified, imple-
mented earlier, or complemented with additional interventions atchieve even stronger impacts.
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can be considered as significant; local effects in streets where trees are planted and the sealed area is
reduced are much larger.

Example: Max Day Temperature at public spaces Totalimpact on Max. Day Temperature
2 34

33

32

0 31
30
29
-3020 oy s g 228020 2025 2030 2035 2040 2045 2050
= CL TempShiftByUrbanFeature[tmax,Sealed area percentag:
= CL TempShiftByUrbanFeature[tmax,Buildings height,Indust SimYear (Month)
= CL TempShiftByUrbanFeature[tmax,Young Trees,Industrial o
= CL TempShiftByUrbanFeature[tmax,Mature Trees,Industrial ~— optimised — BAU

Figure 28: Temperature shift (in degrees Celsius) caused by various urban features that are adapted over time
(left figure) and resulting total impact on the Max. Day Temperature (right figure).

Finally, | et ®s il |hovsthesestubenodels (ara intereentiores implemetes 1 them)
areconnected.As a fir st e xamp linkbetween UBes Greemings(ds gresentet! dbave)
and certain interventions in the mobility sub-model. As shown in chapter 5 (in Figure 23), Urban Green-
ing, due to the demand of corresponding urban areas, influences (and enforces) the implementation of
Traffic Calming and Active Modes Optimization. The resulting impact on car use is shown in Figure 29
(dark green line), compared to other interventions in the mobility system as already discussed before.
Even if the impact is not so big compared to some other interventions, it is a significant contribution, and
it illustrates the co-benefits that can be achieved by one single interventioni n t he dVeltisghe o f
i n &aw(n, 2024):

I Adaptation benefit (protection against urban heatwaves)

1 Mitigation benefit: CO2 captured by urban trees

1 Mitigation benefit: reduction of car use (A less emissions)

1 Additional benefits (health, social): increased share of active modes

As a side note, even if the SD modelis not calibrated for providing a precise comparison, a quick calcu-
lation based on values from literature revealed that the two mitigation effects (CO2 captured by urban
trees, and reduction of car use) result in a quite similar scale of total emission reductions.

As a second example, we want to connect the Behaviour Sub-Model to the Mobility Sub-Model: Looking
at the intervention of fleet transformation, this is represented by an exogeneous variable (percentage of
EVs) in the Mobility Sub-Model. From calibrating against DM results, a simple linear increase until 2050
is assumed 2 which might not be very realistic. Applying the Behaviour Sub-Model in addition and re-
placing the exogeneous variable by an endogenous one (influenced by financial subsidies as interven-
tion in the behaviour model), the development over time changes its shape significantly. This is shown
In Figure 30.
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Modal split - Car

0.9
0.4
0.3
0.2
0.1

20020 2030 2040 2030

—— Reference / BAU Area Toll step
—— Parking Cost —— All Measures
Area Toll gradual —— Urban greening

Figure 29: The effect of Urban Greening (and resulting Traffic Calming and Active Modes Optimization) on the
model split for car use, compared to other interventions in the mobility system.

TR PercentageOfEVs TR PercentageOfEVs
60 80

60

40
> 40

20
20

2020 2030 2040 2050 2020 2030 2040 2050

Figure 30: Behaviour over time of the percentage of EVs: assumed as exogeneous variablein the mobility sub-
model (left figure) and calculated using the outputs of the behaviour sub-model, based on financial subsidies as
intervention (right figure).

6.2. Energy demand and supply ; total emissions
(Tallinn)

One of the key output variables of the SD Model in KNOWING is the totalamount of emissions as a
function of time (along the mitigation pathway). The different sub-models involved here are illustrated in
Figure 31. Regarding transport related emissions, they can in principle be calculated in the transport
(mobility) sub-model (and this is also done within the corresponding domain model), but for consistency
this is done here in the energy demand sub-model where all direct emissions are consolidated 2 there-
fore the dotted line. The housing sector (and related interventions) is anyway integrated in the energy
demand sub-model. Apart from direct emissions, the energy demand sub-model delivers the total elec-
tricity demand and the total district heating (DH) demand as key outputs 2 which are then taken as input
variables in the energy supply sub-model. Emissions resulting from electricity production, imported
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electricity and district heating (i.e., from the supply side) are therefore contributed from the energy sup-
ply sub-model.

Housing (part of Energy
Demand sub-model)

@

l....
]

Q...b

Total emissions

SD sub-model
Energy Supply

A

SD sub-model
Energy Demand

®

Figure 31: Overview of SD sub-models involved in the calculation of total emissions.

Let®s start with the out puforghe example bferalliany ensigeringdhe ma n d
optimised pathway (apart from other interventions, the impact of yearly refurbishment rate was analysed

here). The final energy demand is visualised in a staggered graphin Figure 32, showing the breakdown

and how this develops over time from 2020 to 2050. Of particular interest is the significant decrease of

fossil fuel, as well as the increasing electricity demand. The total district heating (DH) demand stays

almost constant (which might be explained by increased share of DH compensating the energy savings

due to refurbishment).

Final energ demand per year

6000

2000

0
2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040 2042 2044 2046 2048 2050

Time (Year)
e @ EN finEN total biomass : Scen_1.91 pc.vdfx e @ EN finEN total other : Scen_1.91 pc.vdfx
e @ EN finEN total DH : Scen_1.91pcvdfx —— @ EN finEN Services other : Scen_1.91pcvdfx
e @ EN finEN total electr : Scen_1.91pcvdfx @ EN finEN Industry other : Scen_1.91pcvdfx

= @) EN finEN total fossil fuel : Scen_1.91pcvdfx

Figure 32: Breakdown of the final energy demand as a function of time for the example of Tallinn, considering the
optimised pathway.
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As a next step, the supply composition for electricity supply and district heating supply is shown in Figure
33, also as a staggered graph. For the electricity supply, we observe that, despite a ramp-up of PV, the
predominant share will come from imported electricity . For heating supply, waste and gas will continu-
ously decrease to zero, while this will be made up mainly by the ramp-up of heat pumps (and a smaller
share of electric boilers).

Electricity Supply (GWh) Heat Supply (GWh)
4000 |
2000
0 0
2020 2030 2040 2050 2020 2030 2040 2050
Time (Year) Time (Year)
—— Fossile — PV — Waste CHP —— Electr. Boiler
—— Biomass CHP — |mport —— Biomass CHP Heatpump
— Waste CHP — Gas

Figure 33: Breakdown of the electricity supply and district heating supply for the example of Tallinn, considering
the optimised pathway.

Let ®s now c¢ ombiforealctldtire she emissiona Thé Ireakdown into individual contribu-
tions as a function of time is shown in Figure 34 for the optimised pathway. The results show the signif-
icant contributions of direct emissions from transport (in blue) and how important it is to reduce these.
Note that in the considered scenario these emissions do not go down to zero as the other contributions,
even if they are reduced significantly. So, further intensification in mobility related interventions is still
needed in order to reach the goal of zero emissions until 2050. Note further that the emission factor for
imported electricity (assuming a decline towards zero until 2050 or even earlier) represents an exoge-
neous variable in the model. This assumption hasto be kept in mind when scaling up the results to larger
regions.

Emissions total (t CO2)

20020 2030 2040 2050
Time (Year)

—— Direct emissions transport : mob_allPls
—— Direct emissions other : mob_allPls
Emissions from electricity production : mob_allPls
Emissions from imported electricity : mob_allPls
—— Emissions from district heating : mob_allPls

Figure 34: Breakdown of total emissions for the example of Tallinn, considering the optimised pathway.
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Since the mobility related interventions turn out to be critical for the mitigation pathway, it is also inter-
esting to compare these results to those of a pathway, where no mobility specific interventions are ap-
plied at all (reference run or business-as-usual scenario 2 BAU'). This is shown in Figure 35. Finally, the
accumulated emissions released into the atmosphere from 2019 are also shown as a function of time
for these two scenarios in Figure 36. Even if we can see a significant impact by 2050, this figure also
shows one general challenge with planning of mitigation pathways: Almost all interventions need time to
be implemented, intensified and to take effect, with millions of tons of CO2 still blown into the atmos-
phere. When further optimising the pathways, it might therefore be critical to prioritise interventions that
have immediate effects.

Emissions total (t CO2)

0
2020 2030 2040 2050
Time (Year)

Direct emissions transport : mob_ref

Direct emissions other : mob_ref

Emissions from electricity production : mob_ref
Emissions from imported electricity : mob_ref
—— Emissions from district heating : mob_ref

Figure 35: Breakdown of total emissions for the example of Tallinn, considering the reference / BAU scenario for
mobility.

17 Note that even in the BAU scenario, there is a slight reduction of emissions resulting from traffic 2
which is due to increasing efficiency of vehicles as well asto a very minor shift towards public transport.
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Accumulated Emissions (from 2019)

40 M

20M

20020 2030 2040 2050
Time (Year)
Optimised scenario —— Mobility: BAU

Figure 36: Accumulated emissions for the example of Tallinn, comparing the optimised scenario (green) and the
reference / BAU scenario for mobility (red).

6.3. Simulation experiments with the SD Flooding
model (Naples)

After calibration (complete list of calibration parameter and related values in Table.3) the SD Flooding
model was applied to a large ensemble of intense rainfall events in order to characterise how city-scale
water depth in Naples responds to precipitation extremes under present and future climate conditions.
The focus is on pluvial flooding, which represents a stand-alone hazard for the metropolitan area due to
local morphology and anthropogenic pressure, and whose hotspot areas do not overlap with those af-
fected by wave-induced coastal inundation. This separation, confirmed by SFINCS simulations, allows
pluvial and coastal components to be treated independently when constructing damage and risk indica-
tors for the Naples demonstrator.

The SD model was specifically designed to capture the functional link between extreme precipitation
and spatially averaged water depth at city scale, while remaining computationally light enough to be run
for many events. Critical rainfall episodes were selected from WRF simulations as all days with total
precipitation exceeding 50 mm, both in a hindcast experiment representing current climate (1980 22023)
and in a future projection under the SSP5-8.5 scenario (from 2040 onwards). For each identified thresh-
old exceedance, an 11-day simulation window was defined, spanning five days before and five days after
the critical day. This window length is consistent with the characteristic emptying time of the soil reser-
voir in the model, which is of the order of five days, and therefore allows the simulations to account for
both soil saturation due to antecedent rainfall and delayed drainage after the peak. When two threshold
exceedances occurred less than five days apart, they were merged and simulated as a single exended
event.

Within this framework, a total of 24 critical events were extracted from the hindcast period and 35 from
the SSP5-8.5 simulation. For each of these 59 events, the SD model was driven by the corresponding
WREF rainfall time series at hourly resolution over the full 11-day window, using the Naples pluviatflood
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calibration. I n addition to the ~refer eancadaptationonf i gur
scenario, implemented through scenariochanges of parameters that increase permeable soil surface

while reducing grey surfaces (depaving). At the aggregated city scale considered here, such sponge-

city settings produced negligible changes in average simulated water depth (Table 20), highlighting that

more spatially explicit or targeted measures would be required to substantially alter city-wide pluvial

response.

Table 20 - Comparison between maximum water depth for different foreseen precipitation
events (scenarios) with (2nd column) or without land use change (5.6% depaving) (3rd column)

Scenario | Max water depth (mm)| Max water depth adaptation| Difference
ID scenario (mm) (mm)
204309 16.1 15.9 0.2
204508 25.2 24.9 0.3
204509 8 7.8 0.2
204609 14.4 14.2 0.2
204610 151 14.6 0.5
204812 9.6 9.4 0.2
204910 11 10.8 0.2
205210 21 20.6 0.4
205311 10.7 105 0.2
205910 9.3 9.1 0.2
206010 124 12.2 0.2
206212 9.2 9 0.2
206309 22.4 221 0.3
206810 8.6 8.4 0.2
206902 9.2 9 0.2
207010 15.2 14.9 0.3
207210 24.6 24.2 0.4
207309 20.5 20.2 0.3
207611 114 111 0.3
207810 13.1 12.9 0.2
208003 7.8 7.6 0.2
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208409 16.1 15.9 0.2
208411 9.4 9.2 0.2
208501 9.3 9.1 0.2
208509 104 10.1 0.3
208610 125 12.2 0.3
208611 15.2 14.8 0.4
208810 9.8 9.7 0.1
208908 16.6 16.4 0.2
209008 315 31.2 0.3
209010 16.4 16 0.4
209106 7.4 7.2 0.2
209210 8.2 8.1 0.1
209902 8.7 8.5 0.2
209904 111 10.9 0.2

For every simulated event, the model output was post-processed to extract the maximum surface water
depth over the simulation window and to relate it to precipitation maxima computed over different accu-
mulation periods. Specifically, rainfall maxima were calculated over moving windows ranging from 1 to
24 hours, to represent both very short, high-intensity bursts and more persistent sub-daily precipitation.
This allowed to build, for each accumulation time, a set of paired values (precipitation maximum, corre-
sponding maximum water depth) and to assess the statistical relationship between these two variables
through correlation analysis. These relationships are summarised and further analysed in D3.4, chapter
5.2.

Simulation results and further analysis highlight how present-climate and future events occupy partly
distinct regions of the precipitation2water-depth space. Future unprecedented-intensity (P>65 mm/hr)
events are characterized by short duration and
inability to quickly drain large volumes of water. Lower-intensity events that are already observed under
present climate, in contrast, display a broader spread of water depths/rainfall maximum relations, re-
flecting the combined influence of event duration, evolution over time and antecedent soil moisture. This
is reported in D3.4, chapter 5.2, in full detail. Overall, the simulation experiments and their synthesis
provide a simplified, yet informative characterisation of how extreme rainfall translates into urban water
depth in Naples, and they form the basis for deriving intensity? duration2 water depth relations.
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6.4. Land use change scenarios (South-Westpha-
lia)

Figure37 shows a combined scenario with afforestation, reforestation and installation of 300 wind power
plants (details can be found in D3.5) in the forest areas. The SD LU sub-model can be used to develop
different scenarios based on the results from the CLUMondo domain model.

Land Use Changes

7000

1000

0

2026 2028 2030 2032 2034 2036 2038 2040 2042 2044 2046 2048 2050
Time (Year)
m==® | U Urban area : LUC «==@ LU Climate endangered Forest Land : LUC ~ e==@ U Other Forest Land : LUC
8 LU Pasture : LUC «==@ LU Cropland : LUC
=== | U Climate adapted Forest Land : LUC @@ | U Other Land Use : LUC

Figure 37: LUC scenario (Afforestation from Pasture and Cropland, Reforestation (Backlane areas and Calamity
areas).

The figure below (Figure38) shows the gained carbon sequestration based on the results from the
CLUMondo domain model. The most significant capture of carbon (CO2 from the atmosphere) is repre-
sented by the wind power station; however, this is an indirect form of carbon sequestration, as it is
assumed that the energy produced by the wind power station replaces the CO2 emissions from energy
generation by fossil fuels. It should be noted that the SD sub-model connected to the SD energy supply
sub-models enables the use of the emission factor from the energy supply model, which can alter the
contribution of wind power stations to carbon sequestration, as by 2040 the energy system could already
be climate neutral.
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0]
2024 2026 2028 2030 2032 2034 2036 2038 2040 2042 2044 2046 2048 2050

X-
=@ LU C Sequestration Baseline lup : LUC w8 LU C Sequestration Wind power stations lup : LUC
===@ LU C Sequestration RefBacklane CStock lup : LUC e==@ LU C Sequestration mixed forest lup : LUC

Figure 38: Carbon Sequestration (Afforestation from Pasture and Cropland, Reforestation (Backlane and Calamity
areas) and introduced 300 wind power plants.
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/. Use of the SD Model(s)

7.1. Running the Vensim model(s)

The following SD models (parent models for specific demonstrators, as well as sub-models calibrated

for the demonstrators) are available as Vensim models (mdl and input data files) for download on Ze-

nodo. An overview is given in Table21 below:
Table 21 - SD model s for the KNOWING DEMO region s and available data .

DEMO:
Zenodo DOI DEMO: DEMO: DEMO:
SIS S (concept DOI) Tallinn Granollers Naples S West-
phalia
Parent model (overall pathway) | 10.5281/ze- 18 '
nodo.18420699 0 (©) (©) (©)
10.5281/ze-
Ve nodo.18420489 ° (©) (©)
10.5281/ze-
Energy Demand nodo 18421578 o (0) (0)
10.5281/ze-
3 Energy Supply nodo.18421633 ° ©) ©
) . . 10.5281/ze-
2 e e
i Microclimate nodo.18420254 ] (0) (0)
=}
& Health - (0) 2
Floodin 10.5281/ze- See sec- (See sec-
ng nodo.18419876 tion 7.2 tion 7.2)
10.5281/ze-
Letie Uiz nodo.18412628 0
Behaviour NTAR A o] (0) (0) (0)

This deliverable provides Vensim system dynamics model (.mdl) files that make use of subscripts (ar-
rays), together with all required external data files (e.g. .dat, .vdf, .xls/.xIsx, .csv).The model files are

nodo.18421708

archived on Zenodo to ensure long-term accessibility and reproducibility.

Modifications to the modelsa r e

r el

eased
built-in versioning mechanism. Each version receives a unique, versionspecific DOI, while a persistent

as

new ver si

ons

Wi

t hi

concept DOI refers to the model as a whole and always resolves to the latestversion. Minor updates
(e.g. parameter refinements, documentation improvements, or limited structural adjustments not affect-
ing model scope) are released as minor version increments (e.g. v1.0 Y v1.1). Major structural or con-

ceptual changes are released as new major versions. All previous versions remain publicly accessible

to support transparency and reproducibility.

18 Entries with (o)ndicate that further modificationare required to run the models for that demonstrator
Modified model files with correspondirigput data and calibration parameters are availablerequest

19 Not calibrated so far due to insufficient signals in the DM output da¢aerthelessthe SD submodelcan be

considered as panf the Expandable Impact Interaction Modelling Framewanmk might be published at a

later stage
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To execute the model, one of the following Vensim versions that support subscripts is required:

Software requirements

1 Vensim DSS (recommended)
1  Vensim Professional

Subscripts are not supported in Vensim PLE or PLE Plus; the model will not run in those versions.

Vensim software (including all versions listed below) can be downloaded from Ventana Systems:
https://www.vensim.com/vensim-software/

Running the model (full functionality)

Install Vensim DSS or Vensim Professional .

Download all files from the associated Zenodo repository and keep them in the same di-
rectory (or preserve the provided folder structure).

Start Vensim and open the model via File Y Open Model .

If prompted, confirm or update the paths to external data files.

Run the model by clicking Simulate (or pressing Ctrl+T).

Inspect results using Graphs, Tables, or any included Control Panels .

NoE

o 0k w

Running the model without a commercial Vensim license (read  -only)

Users without access to Vensim DSS or Professional can stillrun the model in read -only mode
using Vensim Model Reader (free)

1 Supports models with subscripts

Allows simulation and inspection of results

Does not allow editing of model structure or equations

Download: https://www.vensim.com/vensim-software/

All files required to run the model with Vensim Model Reader are included in the Zenodo

= =4 4 =

archive.
External data files

The model relies on external data files to parameterise subscripted dimensions (e.g. regions,
sectors, scenarios).

For correct execution:

1 All data files must remain unchanged.

1 If paths are not resolved automatically, either:
1 Place all data files in the same folder as the.mdl file, or
! Update paths viaModel Y Settings Y Data in Vensim.

Use without Vensim

For users who cannot install or execute Vensim:
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1 The .mdlfile is provided in plain text format and can be opened in a text editor for trans-
parency, documentation, and review.

1 The model can be manually re -implemented in other system dynamics environments
(e.g. AnyLogic, Stella Architect, Insight Maker).
Note that subscripts, equations, and data handling must be translated manually;direct
import is not supported

1 Pre-computed simulation outputs (if provided) may be used for analysis and comparison.

Reproducibility and transparency
To reproduce the results reported in this deliverable:

I Use the Vensim version specified above.

1 Ensure that all data files from the Zenodo archive are used without modification.

1 Apply the simulation time settings embedded in the model (initial time, final time, time
step).

The publication of the full model and data via Zenodo complies with EU open science and FAIR
data principles , ensuring findability, accessibility, interoperability, and reusability.

7.2. Running the Flooding SD Model (Simile)

The Flooding SD Model is available for download on Zenodo: 10.5281/zenodo.18419876. Following
are the instructions how to run the model:

1. Download and install Simile (v.7.2 or newer) from simulistics.com. Note that the free eval-
uation license allows you to open and use the flood sub-model but not to modify and save
it.
2. Open the flood sub-model (Flood sub-model v.1.sml) with double-click or directly from
Simile interface.
3. The model is prepared with a set of input data prepared for the city of Naples (whole city
area). An example set of water inputs (precipitation and sea level) over 72 hours is also
preeupl oaded in the model. To run the. model sel ec

Desktop1 : Flood sub-model v.1.sml (simile model)
File Edit View Model Tools Window Help

RER=E R coir [ERETEOVEN VW
Il & $ . Debug Ctrl+D Oﬁ?%ﬁrgv"?@ﬁiﬁj

Run in browser Ctrl+B

List equations  Ctrl+L
Trace Ctrl+T

Add new D
Flip D
Insert...

permeable soil
surface % surface %

calendar-clock water inputs

Save interface

Load interface

ﬁ
g5
g
=B
3z
HE
':;2@
2
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4. The model execution window will open, in the same folder where is located the .sml file of
the model, there is also an .shf file that contains some parameters for the model execution
and results visualization. Openditshpltay s eb wtsti o

@ Execution of "Flood sub-model v.1" - Simile
File Edit Add Window Help

DEole s Amx &AM fe EoEhe =« O]

e CJ Load‘a configuratic:n of ‘displays

) -

Execute for: 72 unit

Page 1 ‘ Page 2} f

Current time: 0 unit

5. The configuration of displays has been set with three plots showing in the same page:
Surface water; Rain intensity; and Sea | evel. F

]

File Fdit Add Window Help

DR @seaxXE 00 2nEhe  « 0HE
Run control Run settings ch| Bplots

EE‘ JO+—&T

~surface water in m, run 1

Execute for: 72 unit

Current time: 72 unit]

Display eacl’ event; 0.1 unit|

Time step #1 ( 0.001) 0.001

surface water in m

Qutputs: Parameters:
¥ 2 calendar-clock
B time selector
¥ & Environmental conditions O+ — T
B Coast height
® Coastline
® deep soil depth
B deep soil water retention
B deep soil permeability
® max deep soil capacity
® max deep soil water retention
® max surface soll capacity
® max surface soil water retention
& Simulation Area Time
& slope % O+ = T
@ surface soil water retention
® surface soil depth
8 surface soil permeability
& Vegetation type
v 2 Infrastructures conditions
8 average downpipe flow
B average drainage flow
® building tanks max capacity
@ drainage system max capacity Time

Time

—Rain intensity (mm:h), run 1

N
N
5
q
o

Rain intensity (mm:h)

—Sea level . run 1

Sea level

£

6. To test new simulation scenarios, update the water inputs - example data.csv file. Keep in
mind that you can add several events in the same file. Once the file has been updated is
necessarytorecupl oad t he data in the modéeh. i Tobedsit lgat
variable in the model diagram.

KNOWING | Deliverable DRExpandablémpact Interaction Model Framewoyk WP2 | Final
76



KNSSV%NG

H surface soil deep soil Simulation Area
Depaving permeability permeability
max surface max deep slope %
permeable soil grey buildings % soil capacity soil capacity
surface % surface % pt
surface soil deep soil Coastline a
depth depth
calendar-clock water inputs
- max surface soil max deep soil Coast height aq
W water retention  water retention
o a Poy
time Rain inte

(real)

Water balance m

pe

e mm:| Rain intensity <)\
(mm:h) : table(time() +time__selector)

y 11

No comment
0.473055208

surface water in m I s I

rain on
Sea runoff eurfara

An equation screen willpegzLJd Ly (KAa &AONBSy Of A01 2y ailofSé

Variable parameter: Minimum Maximum

Fixed parameter

Der B : . . r)
* Specify a table to define the behaviour of the

(mn . . S
“table()" function in the equation. The function will
2 Gra| need one argument for each dimension of the
table.

o Tabre:: ‘

‘ - CrEe T deep sail
I n the Table window select and upload the csv f
as indices®° box, and " rain°® in the ~“use as dat e

(refer to the following figure).
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| f Table data for Rain intensity (mm:h) (data determines dimensions)

Data in column | Data in grid Data from image Data from GeoTIFF etc.w

t Choose a data file, select a

| worksheet if necessary, then
| create table from file by
dragging column headings
to act either as indices or as
data.

‘Data file
| Clear

C:/Users/mauro/Desktop/Calibration knowing/Flood/flood su #Browse| Separator: ;

Reload

1
rDatabase table or worksheet
[

J MySQL connection ‘ View/Edit

‘Table column headings Use as indices

index o«
|/Scenario - |
e () _ Concel |
tlrain (mm/h) Help

average sea level (m)
¢

Use as data

rain (mm/h)

I n case of multiple events uploadetHechothevasyve
ble. Double click on this variable and type the index value that corresponds to the wanted
scenario in the c¢csv file. St and afromthefisstsoee i s ~— 1°
nario in the file.

[P groy g e mmpeeeny [ - . o
L surface % surface % J (2] (Y] [3) permeable max building drainage system

surface soil deep soil Coastline grey areas downpipe flow  max capacity
depth depth
calendar-clock  water inputs (2] (2] o
max surface soil max deep soll  Coast height grey areas average  drainage system
water retention water retention permeability  downpipe maintanance
[ e | ) ) ) fow
time

selector : Fixed parameter (int)

Use this to select a specific sub-set of inputs or a Scenario from the input table.
Type the corresponding index number of the selected scenario.

Standard value is "1" meaning that the model with use the first value in each column
(index=1)

Ct ' ¢
runoff Surface
water B
deaccumulation drainage building tanks overflow
= - <vetam

For additional information about Simile refer to the Simile support page.
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7.3. Changing interventions & Pathways

In chapter 5, in Table 14, a mapping of the supported key interventions to variables of the SD sub-models
has been presented. In general, arbitrary changes of these interventions (regarding intensity and timing)
are possible, since all corresponding variables are exogenous.

To allow for a quick variation of interventions (and analysis of impact in reaktime), additional views have
been prepared in some of the sub-models, for use of the Vensim feature SyntheSim:

SyntheSim (the interactive simulation mode in Vensim) allows users to explore a system dynamics

model in real time by adjusting selected parameters via sliders and immediately observing the effects

on model behaviour, without rerunning full simulations. It supports rapid experimentation, sensitivity ex-

pl orati on, and |l earni ng biyf °e nsacbel nianrgi ouss, e rcso nipoa rtee spto | ive
intuition about feedbacks, delays, and nonlinearities in the system. SyntheSim is particularly useful for

stakeholder engagement, policy workshops, and teaching, as it lowers the technical barrier to interaction

while preserving the full model structure; it can be used in Vensim DSS/Professional and in read-only

form via Vensim Model Reader when SyntheSim controls are provided by the model authors.

This is illustrated for the mobility sub-model with its variety of possible interventions in Figure39: All the
interventions are represented by a slider, for adjusting the intensity of this intervention (note that the
time dependency cannot be adjusted in this simplified approach). In the example, the variable TR PI
CyclingAdded Attractiveness is increased compared to its standard value (1) used for defining the path-
way. The new, adjusted value isindicated by the red dot on the slider. It is also shown in the graph below
how key output variables of the model are changed by this adjustment (the paler curves represent the
original values): The modal split for bicycles is increasing significantly, whereas the modal split for cars
as well as for public transport is decreasing.

v Vensim® DSS 10.1.5 : Submodel_Mobility_ di® rkbench Variable : TR Pl C: iveness = a X
File Edit View Layout Model Simulation Tools Qutput Window Help
B-e 7l ‘ [B) FunMame: pi_Test | = |1——_ £ O3 O Ofreese Levels atinital values ‘ Il @ | ba ba g ‘ R X =2
@ kA ~=[@-w- |8 —-F e & L @E & E -
off View : View 4
o
<
E:: Parlungczgtgéaptatjnn TR PI AreaToll TR
. — 2 —r o PTTravelTinsAdaptation TR PI
() 0 1 2 0 1 2 P EVadoptionadantation
0 1 2 — P
& TR PI TR PI g & e
|E> Cﬁpamtaégwnmo DRDa\ﬂFz‘lElngz Cy:l1ngédded(\ttract)venesio S
o ® CarPaseengerhdded
. 0 1 2 U 0 d Attractiveness o
= ; 0 1 2
|4 Modal Split
il 06
=
5 0.4
Z 0.2 =
i.-i B _—
7
2%20 2030 2040 2050
vco .
SimYear (Month)
i —a8 Publ. Transport —aWalk
—aCar ——aBicycle
Select View:  View 4 v O P b 4 B Showlevel Top v|= Courier 2 w B I VYU & Top
rkbench Variable : TR PI C 9 tiven Action recorder: Recording Zoom Level: 100 %

Figure 39: Adjusting an intervention in the mobility sub-model with the SyntheSim mode in Vensim
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The documentation in this deliverable so far was focussed on the first two stages in the modelling pro-
cess: (1) Calibration of the SD model against the results of the domain models, and (2) applying the
calibrated model to model the pathways for a specific region 2 which are defined by a sequence of
(partly interacting) adaptation and mitigation interventions. A third stage of the modelling can be defined
by adjusting the model to represent and analyse possible pathways for other regions. Applying this ap-
proach in KNOWING goes beyond the scope of WP2 but it has been conceptually described in Deliver-
able 2.5 and will be taken up in Task 3.5 (to a limited amount) where the transferability of KNOWING
pathways is analysed in more detail. For the sake of completeness the conceptual approach for all three

7.4. Transferability to other regions

stages is summarised here.

Analysing variations of alltypes of exogenous input variables gives valuable insights to model behaviour,
the interpretation differs significantly, however, between three different types of these variables (corre-
sponding to three main steps in the KNOWING modelling process):

1. Calibration parameters are varied to find out the best match between results of SD (sub-)
models and domain models. Once their values have been determined in the calibration
process, it can be assumed that the SD model captures the overall system behaviourrea-
sonably well along the (initial) pathway corresponding to the individual domain model
runs.

2. Intervention variables (all model variables representing mitigation and adaptation policy
inter- ventions) are varied to analyse and optimise the initial pathways resulting from the
mo d e | after step 1 (the <cali br atpoleyoptimisaf h
ti on®° r u4perted by the Vensim platform) and a participative process with the
stakeholders, in order to figure out which modifications of policy strategies might be ac-
ceptable.

3. Finally, there are other exogeneous variables which are specific to a certain demonstrator,
and which have been taken over in the SD model from the various domain models. Under
the pre- conditions that (i) the values of these variables are known for other regions, and
(ii) these regions can be considered as
scribed in Deliverable 2.5, a corresponding (small) variation of the pathway might be ap-
plicable for these other regions.

Two addi ti on antheprbcess chb lze mknsiohed here: As already discussed in chapter 4, a
recalibration might be useful after a pathway is significantly altered in step 2 (backcasting), compared to
the initial pathway. And finally, the similarity analysis can be used to connect step 3 (transferability) back
to step 1 (calibration), estimating the unknown values for calibration parameters when no domain model
runs are available for calibration, and then re-iterate step 2 (backcasting) to obtain adjusted pathways.

A schematic view of this approach is shown in Figure40.
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Calibration parameters - determined in calibration

¢ Capturing characteristics of the overall system not explicitly
modelled

* Example: strength of influence of traffic density on average car speed

Recalibrate after major
pathway changes

Intervention variables - determined by backcasting

* Resulting from policy optimisation in specific calibrated model >
optimized pathways

* Example: intensity and timing of new PV installations

Calibration

Backcasting

Other exogeneous input variables > varied in transferability analysis
* Transferable pathways, applicable to other cities / regions (?)

e Examples: (current) land use, population size / density
UELBIEELIBY . | similarity* of cities / regions as an important constraint

Estimate unknown
calibration parameters
based on ,similarity”
of variables (?)

Figure 40: Schematic view of the three steps calibration, backcasting and transferability 2 and how they are re-
lated to each other within the SD modelling approach.
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8. Conclusions & Outlook

8.1. Results achieved so far

This deliverable presented the final version of the KNOWING Impact Interaction Model Framework, out-
lining a structured approach to calibrating System Dynamics (SD) models with domain models (DMs) to
improve the assessment of adaptation and mitigation strategies across three main Climate Impact Con-
texts (CICs). By addressing the key objectives we established a systematic methodology for integrating
diverse modelling approaches that have been adapted to different regions and CICs.

The first objective, developing a calibration concept , has been achieved by designing a methodology
that aligns SD models with DM outputs through a cross-calibration process. This ensures that the SD
models can effectively incorporate domain knowledge and reflect the expected behaviour of key system
variables. Additionally, we have introduced a structured calibration workflow that provides clear step-
by-step guidance for model adjustments based on trusted reference baselines provided by the domain
models.

The second objective, analysing key input and output variables , was accomplished by systematically
reviewing the required data flows between DMs and SD sub-models for each CIC. We identified critical
calibration parameters that influence the accuracy of the SD model outputs and provided the framework
to examine the sensitivity of key system variables to different adaptation and mitigation pathways. This
analysis laid the foundation for a more transparent and reproducible calibration process.

The third objective, providing conceptual diagrams for each CIC , has been realized by developing
visual representations that illustrate the interactions between SD sub-models. These diagrams served
as a practical guide for implementing the calibration process across different demonstrator regions,
ensuring consistency and comparability. By explicitly mapping the role of each model component, the
diagrams facilitate the identification of dependencies, input requirements, and calibration targets.

This activity has been extended by defining pathways for the KNOWING Demonstrators  (fourth ob-
jective) through deriving a demonstrator specific sub-model configuration specific mitigation and adap-
tation interventions implemented in the SD model.

The fifth objective, highlighting key results obtained with the SD Model(s) , has been realized by
providing a handful of example graphs across the different sub-models as well as from combining them.
These help to illustrate what kind of results can be obtained from applying the SD modelling approach.
Since the models themselves represent the actual scope of this deliverable, however, the graphs shown
here are of course far from being exhaustive.

Finally, the previous chapter provided Guidance for using the SD Model(s) (sixth objective), by giving
basic instructions how to download and run the models, and by outlining how the models might be used
beyond the scope of the work in WP2 documented here 2 mainly regarding further pathway variations
and transferring the models to other regions.
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8.2. Outlook

It should be emphasized here that the main objective of WP2 (and of this deliverable) was to establish a
modelling framework. The integration between SD sub-models and (further) relevant domain models
might still be extended and therefore remains work in progress. At this stage, not all domain models for
all Demonstrators have sufficient data available for a complete calibration process. Future iterations
might incorporate more robust datasets to improve accuracy and applicability.

As documented in section 5.2, energy and transport domain models could not be implemented for the
Granollers Demonstrator, which means that no results for calibrating the SD Model were available. This
shortcoming can be considered as a chance, however, to apply an enhanced transferability approach
based on the SD model, as outlined in section 7.4, that can then also be applied to Follower regions.
This work will be continued under Task T3.5 (even if it goes beyond the originally planned scope of that
task).

Slightly deviating from the originally planned approach, the domain model runs in WP3 that have been
used for calibration of the SD model have already been set up in such a way that inputs and outputs of
various models match very well with each other, and therefore the target pathways are already well
represented. Therefore, even if analysing (small) variations ofthose pathways by means of the SD model
represent a key benefit of the implemented model, integrating a formal backcasting mechanism has not
been fully realized in the modelling framework so far. Nevertheless, the application of sophisticated pol-
icy optimisation methods for the overall model, like Analysis of Dynamic Models by Optimization (ADMO)
(Moxnes and Naumov 2024), would be a very attractive way of further exploiting the KNOWING SD
modelling framework.

The model framework in its current state of implementation naturally does not yet fully account for all
types of rebound effects, where interventions intended to reduce environmental impact may lead to
unintended increases in resource consumption or emissions. Future versions of the model framework
might introduce additional dynamics, ensuring an even more comprehensive understanding of the
broader consequences and response risks of mitigation and adaptation measures.
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Annex A: Data Summary

Security and Ethics:
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The work performed for this Deliverable and the data used and produced are not considered sensitive
in terms of ethics or security.

Data accessibility and reuse:

The results obtained with and presented in this deliverable are heavily based on the results of KNOWING
domain models produced in WP3 (see also entry in table below); these have all been within the project

by the consortium.

Table 27: Data used in the preparation of KNOWING Deliverable D 2.4

Dataset name

DataOverview_DM

UPDATE_THIS_Model-
ing_sched-
ule_per_model

< Datasets containing
WP3 Domain Model re-
sults >

(Note: for listing of most
relevant datasets refer
to D3.3, D3.4and D3.5.)

Data reuse:

Format

Table

Xlsx

Table

Xlsx

var.

Size

var.

Owner &
re-use conditions

Bernado, L.;
consortium only

Scussolini, P
consortium only

In general public, up-
loaded to Zenodo

Potential utility
within & outside of
KNOWING

List of input-output
variables for each Do-
main Model

Live document with
the available simula-
tions per DM and sce-
nario

Within KNOWING: de-
scribing pathways,
calibrating SD
model(s); for use be-
yond KNOWING
these results will be
available via KB / DSS

Unique ID

Var.

Regardingproduceddatasetsin preparation of Deliverable D2 .the main reuse potentidles in the SD
model(s) themselves. In contrast to the domain models, the SD models developed in KN@@HhIG
lishedon Zenodo with open accesehe Zenodo download links for these dads including required input
data files,have been provideth section 7.1Thedatasets of SBimulation resultsare therefore not pub-

lished as Open Data.
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Annex B: Ethics Considerations

No relevant ethical areas for KNOWING were touched in preparation of this deliverable.

Human Participation:
The work does not involve human participants.
We confirm that:

- The project does not involve children under the age of 14 , and minors over the age of 14 only
participate with parental consent.

- No persons in dependent positions or vulnerable individuals/groups are involved in the pro-
ject, so there is no relationship of dependency between participants and the research partners.

- Datais only processed in anonymized or pseudonymized form.

Personal Data:

No genetic, biometric, or health data are processed as part of the project.

Fair Benefit Sharing:

The research activities were not carried out in non-EU countries.
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Annex C:. Domain Models 2 Input and
output data

Table 22 - Input and output variables for WRF Domain Model and their availability for the differ-
ent DEMO regions

WRF @
S 8 g wuw
Responsible institution: ENEA, AIT = 2 o = Comments
e 8 20
Category: Climate model O]
DEMO regions involved X X X X
Variables Units
Meteorologic data:
relative humidity ka/kg X X X X
wind components m/s X X X X
from GCM MPI-ESM1-
pressure hPa X X X X 2-HR
geopotential height m X X X X
temperature K X X X X
Input | Topography m x | x | x | x | YSGCS topographic
data maps
Roughness length m X X X X
Soil type - X X X X
static input data - Sat-
Land use - X X X X :
ellite based
Albedo % X X X X
SST (Sea Surface Temperature) K X X X X
Tree areas:
LAl (Leaf Area Index) m2/m? x | x | x | x |Staticinput data - Sat-
ellite based
2D output fields will be
used as input for
. . PALM4U, SFINCS, ICM
Variables Units Infoworks, IESopt,
CLUMondo, D-MERF,
WWIII, MAEDcity
Meteorological data:
In;trg d(%lj/rgru;)ut- approx. 5 km, hourly
local precipitation L X X X X | (2D fields) or 3-hourly
put time inter- (3D fields)
Output val)
data | relative humidity kg/kg x | x| x| x
wind components m/s X X X X
pressure hPa X X X X
radiation and fluxes of short- & 2
L W/m X X X X
long-wave radiation
geopotential height m X X X X
Ta (Air Temperature) K X X X X (():pl))tD as inputto IES
LST (Land Surface Temperature) K X X X X
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Table 23 - Input and output variables for PALM

KNgSV@ENG

-4U Domain Model and their availability for the
different DEMO regions

PALM-4U )
E S § w
Responsible institution: AIT, GST = E a2 = Comments
c s 2 °
Category: Climate model o
DEMO regions involved X X X
Variables Units
Meteorological data:
specific humidity ka/kg X X X
wind speed and direction m/s X x | X
soil moisture kg/kg X X X From WRE
surface pressure hPa X X X
soil temperature K X X X
potential temperature K X X X
DEM (Digital Elevation Model) X | X X External source
Tallinn: the mapping of
landuse classes from
Land use - X X Estonian system to
PALM.
External source
Buildings:
location - X | X X
areas m? X | x| x External source
height m X X X
Qualitative assessment.
for Tallinn: only PALM
building types 1, 2 (resi-
Input dential building < 1950,
data residential building
1950-2000) are used; a
new building type for
retrofitted type 2 build-
ings has been defined,;
type - X X Tallinn representatives
provided input, where
more type 1 or 2 build-
ings are located.
Granollers, Naples: Ow-
ing to insufficient details
on building construction
and age, building type
has been set constant
(2) for all buildings.
Tree areas:
location - X | X X
: External source
height m X X X
External source
Tallinn: for Orthophotos
(private) trees default
type - X X X settings were taken, for
Tree cadaster data the
respective tree species
or closest one was used
LAl (Leaf Area Index) - X | X | X From PALM -4U
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Water areas:

location - X | x X
External source
type x| x| x
Variables Units
Meteorological data:
. Tallinn: 10m resolution
wind speed m/s X | X | x . .
in x,y,z; hourly
cold air channels (air height, air ve- g
locity, air flow density) 31 (1L, [T
wind direction ° X | X X
Output —
data | radiation and fluxes of short- & Wim?2

long-wave radiation
Ta (Air Temperature) K X X X
UTCI (Universal Thermal Climate

K X X X
Index)
PET (Physiological Equivalent K x | x | x
Temperature)
LST (Land Surface Temperature) K X | x| x
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Table 24 - Input and output variables for the D -MERF Domain Model and their availability for the

different DEMO regions

D-MERF 0
c [ %] L
. s c = @
Responsible institution: ENEA = S 2 = Comments
< 8 2 @
Category: Climate model o
DEMO regions involved X
Variables | Units
Meteorological data :
Tapp (Apparent Temperature) time oC X
series, monthly mean
Input T (AirTemperature) time series, oc X
data monthly mean
month|y abso- External source
Past Mortality, monthly time series ez 1 Of. .
; deaths distin- X
(observations) S
guishing
males/females
Variables Units
Minimum mortality temperature
(temp level associated to the least N | °C X
of death cases
Output : ) : -
data Excess/Attributable mortality (to cli- fraction & % X
mate change)
Relative risk of mortality (for the
specific cohort, group, compared to | fraction & % X

overall population mortality)
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Table 25 - Input and output variables for the HWLEM Domain Model and their availability for the

different DEMO regions

HWLEM )
S 9° 3 wu
Responsible institution: UNINA = e o = Comments
e s 20
Category: Impact assessment model o
DEMO regions involved X X
Variables Units
Meteorological data :
relative humidity % X X
wind speed . m/s X X From WRF
heatwave duration n. days X X
Ta (daily air temperature during HW) | °C X X
DSM (Digital Surface Model) m thd X Tall be defined
— - allinn: to be define
DTM (Digital Terrain Model) m thd X Naples: from Munici-
Land cover (see HWLEM land use ) tbd X pality of Napoli
input documentation)
Exposure/Vulnerability information:
The resolution of the
results depends on
n. people (sub- .
o ) L the available resolu-
Input distribution of the population municipal thd X . fthe i
i scale) _tlono the input e.g.
d in Naples the cell is
125m
composition of the population (age . '
grou%s) Pop (ag > tbd X Tallinn: to be defined
T Naples: from Munici-
ion i ality of Napoli
population income pal scale) thd X pality p
Human health intervention costs:
average cost per hospitalisation _ / hospit . x Model preset
stays tion stays
Variables Units
Meteorological data:
Output Tmrt (Megn Radiant Tempef'ature) “C X
data UTCI (Universal Thermal Climate In- oC X
dex)
Tapp (Apparent Temperature) “©

Hospitalization costs

KNOWING | Deliverable DRExpandablémpact Interaction Model Framewoyk WP2 | Final

91



KNC%SV%NG

Table 26 - Input and output variables for the ICM InfoWorks Domain Model and their availability

for the different DEMO regions

ICM InfoWorks [4)
S 8 3 wu
Responsible institution: AQUATEC = 2 3= = Comments
S 5 50
Category: Impact assessment model O
DEMO regions involved X
Variables Units
Meteorological data:
local precipitation (daily, hourly, mi-
mm X
nutely extreme events) External source
DTM (Digital Terrain Model) m X
External source (Be-
Drainage system network - X sos Tordera river ba-
sin Consortium)
Land use:
Input infiltration rate - X
data hydraulic roughness - X
cadastral data - X
— External source
Damage quantification of past i X
events
Flow damage curves - X
Population:
density distribution n. people/m? X External source
demographic data (influencing vul- External source; par-
nerability maps) - X cel of Iand_ g_ranulanty
(asset, building...)
Variables Units
Hazard profile (water depth, veloc-
. m, m/s X
ity)
Output | Risk profile:
data Risk maps -
tangible damage
intangible damage (risk perception- | x

related)
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Table 27 - Input and output variables for the SFINCS Domain Model and their availability for the
different DEMO regions

SFINCS 0
E 2 8 u
Responsible institution: VU = % = = Comments
Category: Impact assessment model = o =
DEMO regions involved X
Variables Units
Meteorological data:
o From WRF (5km out-
local precipitation mm/h X
put)
Other:
External source (glo-
River discharge m3/s X fas), but it doesn't ap-
ply for Napoli
External source
Local sea level m X (GTMS, Muis et al.,
2020)
Significant wave height m X Féﬁ&g?l source
External source,
Input combined data set
data Elevation m X (local lidar high-res
data (1 m) + FAB-
DEM)
External source
Land use categorical X (Cop_21_R- local
Italian product (10m))
External source
(gen250 - global
infiltration rate mm/hr X curve number da-
taset (Jaafar et al.
2019))
External source
hydraulic roughness s/m13 X (Cop_21_R- man-
ning coefficients
based on land use)
Variables Units
Output
data Flood maps (flooded areas and m2. m X Raster cell (20m)
depth) '
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Table 28 - Input and output variables for the CLUMondo Domain Model and their availability for
the different DEMO regions

CLUMondo @
E 2 3 u
Responsible institution: VU = [ a = Comments
S 8 20
Category: Sectoral model O
DEMO regions involved X
Variables Units
Tot. CO2/year Mg C X External source
monthly precipitation mm x | Using external but
waiting for climate
total yearly precipitation mm x | datafrom KNOWING
partners
evapotranspiration -
Using external but
. waiting for climate
Ta (Air Temperature) K X data from KNOWING
partners
Slope % X
Soil texture (i.e., sand, silt, clay)
and other soil properties (e.g., cat- | % X External source
ion exchange capacity)
Input Soil depth cm X
data
External source
(CORINE land cover
served as the base
CORINE Land cover 100m res X then certain covers
were merged, or ex-
tended using addi-
tional data (such as
forest species data))
Current C flux Mg C/halyr X
Current ( stoc!< (above, below, or- Mg Clha X
ganic layer, soil) Ext |
population density pop/km?2 X xteral source
pH value/100m X
Nitrogen ratio/100m X
Variables Units
Tot. CO2/year X
land use shares (urban, cropland, ha x
forest land, others)
Attribute 'potential’
Output biodiversity indicator/ha biodiversity as a
q loose way to gauge
Gk those impacts
crop production tons/yr X
wood yield/production tons/yr X
water runoff ma/yr X
carbon sequestration rate tClyr X
carbon sequestered (total) tC X
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Table 29 - Input and output variables for the Transport Domain Model and their availability for
the different DEMO regions

MATSIm & PTV Visum

(%]
= o @ w
3 g 2 q c = =
Responsible institution: AIT = e g = Comments
S &5 5§ @
Category: Sectoral model o
DEMO regions involved X X X
Variables Units
Road network - X X X
Public transport network & timeta- i X X X
bles External source
POls (Points of Interests), activity
: - X X X
locations
Population data:
Composition and distribution - X X X
Employment rates - X X X
oy - External source
Car ownership rates - X X X
Home/work typology - X X X
All the data below
Mobility surveys / Other transport related data: are only available
Input for the status quo
data -
n. of person if available for cali-
- L . trips, vehicles .
origin-destination matrices X X |bration
per OD-rela-
: datory
tion
mobility behaviour - X X X
socioeconomic indicators - X X X
Travel cost profile JErane X X X
mode
tEenr::ssmn factors per transport sys- g/km X X « | External source
Private transport vehicle fleet com- | " " "
position
Traffic counts 0 STETEEs, X X X
passengers
Variables Units
Territorial road-based CO2 I;:'COZ/d 2l X X X
Tot. distance travelled per transport | km/transport
X X X
mode mode/d and yr
Output :
Tot. time travelled per transport h/transport
data X X X
mode mode/d and yr
. n. of trips per
Modal split mode [%] X X X
Network loads n. of_vehlcles X X X
per link/d
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Table 30 - Input and output variables for the MAED

the different DEMO regions

KN%NG

-city Domain Model and their availability for

MAED-city 2
S <© g wu
Responsible institution: AIT = 2 = = Comments
S 5 50
Category: Sectoral model O
DEMO regions involved X X X X
Variables Units
Demography, social parameters
Total population Mi Il lion X X X X
family size person/dwelling | x X X X
Tot. dwelling number n. dwelling X X X X
Distribution of building stock by
o % X X X X
building type (houses)

i icipati External r
potential and participating labour % . . X X ernal source
force
floor area per employee (service m2/person . . X X
sector)
growth rate/year % X X X X
labour force in the service sector % X X X X
Technological parameters
Distribution of service sector by

. % X X X x | External source
type of activities
Heating Degree Days (HDD) °C day X X X X From WRF
Average dwelling floor area by 2
L m X X X X
building type
Heat loss rate per building type W/m2*K X X X X
Annual useful energy demand for
AC per building type S % % X X
Dwelling fac_tors for cooking, hot wa- KWh/dwiyr X X X X
ter and appliances
Input Penetration rate of the energy carri- External source
data = i
ers by end use catego_ry of heating % . . X X
demand (building and industry sec-
tors)
Energy efficiency by fuel type and
by end-us_e _categor)_/ of heating de- % . . X X
mand (building and industry sec-
tors)
Total freight-kilometres in terms of
annual average distance per ton of tkm/yr X X X X .
good From MATSIim &
Vehicle load factor person/vehicle X X X X PTV Visum
Modal split of freight transport % X X X X
Average annual distance travelled Km/Dersonivr . . X X
(inter and intracity) P y
Energy intensity by mode of passen-
kWh/100-km X X X X External source
ger transport
Energy intensity by mode of freight KWh/100-tkm . . « «
transport
Economic Parameters
Annual useful energy intensity of in- KWh/ [ yr| x . « «
dustry subsector
Tot. GDP annual average distance . .
Mi Il ion X X X X
per mass External source
Tot. GDP % X X X X
Tot. GDP growth rate/year % X X X X
Sectoral GDP % X X X X
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Output
data

Sectoral GDP growth rate/year % X | X | X | X
Variables Units

Tot. CO2/year kt-CO2/yr

Sectorial CO2/year kt-CO2/yr

Tot. final energy demand by fuel MWh/yr X X X X
typelyear

Sectorial final energy demand by MWh/yr X X X X
fuel typelyear

Sectorial useful energy demand by MWhiyr

fuel typelyear

Sectorial useful energy demand by MWh/yr

fuel typelyear
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Table 31 - Input and output variables for the IES

KNgSV@ENG

-opt Domain Model and their availability for the
different DEMO regions

IES-opt @
s 2 8 u
Responsible institution: AIT = 2 r_%- = Comments
[ 8 2 @
Category: Sectoral model o
DEMO regions involved X X X X
. . All variables are by
Variables Units 2050
Transition network capacity (be-
tween DEMO reg. and outside) MW X X X X External source
Transition network investment costs /| MW X X X X
Annual electricity and district heat-
ing demand by sector (industry, res-
idential and service) and end use X X X X .
(e.g.space heating, electric vehicles LR From MAED -City
etc..)
Hydrogen demand by sector X X X X
Weather-dependent hourly time se-
ries of PV, wind, hydro generation AL X X X X
Electricity and heating/cooling de-
X - X X X X External source
mand profiles
Weather-dependent time variation MW " " X "
of PV, wind, hydro generation
Hourly time series of Direct Normal
Irradiance (DNI) and Global Horizon- | W/m2 X X X X
tal Irradiance (GHI)
Input  "Hourly wind speed at 150 metres From WRF
data m/s X X X X
above ground level
hourly time series of air temperature | ,
C X X X X
at 2 m above ground level
Hydro |r_1flow (daily mean river dis- m3/s « | External source
charge in m3/s (weekly data)
External source
. . . SWEF: From
Max. realisable wind potential MW X X X X CLUMondo (land
use for wind)
Max. realisable PV potential MW X X X X
Max. realisable hydro potential MW X
Techno-economic parameters of the . .
S . Different unit
electricity, heating and storages depending on . . x .
technologies (e.g. CAPEX, OPEX, pending
- . the parameter
efficiency, lifetime...) External source
Fuel prices / MWh X X X X
Fuel availability - X X X X
- / MW or
Taxes and subsidies / MWh X X X X
CO2 prices /ton C X X X X
Variables Units
Investment costs for electricity and
DH X X X X
Electricity and DH prices / MWh
Output | |nstalled capacity by technology MW
data ; B
Power & DH production by technol MWh " " X "
ogy
Fuel consumption for electricity and MWh . . x .
DH
Emissions for the electricity and DH | tons CO2 X X X X
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