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1. Changeswith respectto the DoA
Changes made with respect to the DoA are limited and concern changes related to stakehotders or
studylocations.Reasongor changearetwofold. Firstto betteralign stakeholdersivailability to the project

research activity, and -fsiercsotnod , p etroscpeftmrt prdeeéssesadbhed tchoe
ACCREU.

Thespecificchangesnclude:

1 CS3.2shiftedits focusfrom a Europearscaleto alocal casestudyin theVenicelagoon.

1 CS4.2 changed its focus region from North Rhine Westphalia to Bremen, resulting in a change of
stakeholder.

1 CS6.1 transitioned its stakeholder from UIC (International Union of Railways) to the Federal
Ministry for Agriculture and Forestry, Climate and Environmental Protection, Regions and Water
Management-urther,acasestudyownerwasaddedfrom just Deltaresto DeltaresandUniGraz).

1 CS7.lexpandedts scalefrom the Glasgowregionto a nationalassessmenteadingto a shift from
a regional stakeholder (Glasgow City Region) to a national stakeholder (Department for
Environment, Food & Rural Affairs, United Kingdom). Moreover, CS7.1 and CS7.2 results are
reportedogetherdueto largesynergiesacrossaseskurther for CS7.2 thereis nowanadditional
partner working on it (UniGraz).

2. Disseminationand uptake
This deliverable serves multiple purposes. First, it facilitates learning among case study partners by
documentinghenicheschallengesandmethodologicahpproachesf eachcasestudy.Secondit supports
Task 3.3 of this work package by identifying poterfillupscalingand crosscase collaboration. Third, it
utilizes a policyfirst approach and several case studies have already informed policy decisions: the UK
adaptation costs were provided to HM Treasury and the Climate Change Committee; and Cyprus cost
assessmentpportedCabinetadoptionof the NationalAdaptationStrategy Theframeworksandfindings
may be relevant to external stakeholders addressing similar adaptation challenges.

3. Short summary of results
This deliverable reports the final implementation of the ACCREU framework (developed in D3.1) across
fifteencasestudiesspanningseveradaptatiorecisiontypes:flood risk, forestry& ecosystemayaterfood-
biodiversity nexus, health & justice, financial sector, transport/supply chains, anetetinsg national
programs.

Thecasestudiesemployedliversemethodologicabpproaches;ostbenefitanalysisjntegratecassessment
models (GLOBIOM, CWatM), flood and species distribution models, social justice assessments, and
stakeholder interviews, demonstrating that comprehensive economic appraisal extends beyond traditional
costbenefit analysis to systematically addressbeaoefits, distributional impacts, barriers, path
dependencies, and flexibility under deep uncertainty.

Commonfindingsemergedcrosshecasestudycontexts Financialconstraintghigh upfrontcosts Jimited
capital) institutionalchallengegfragmentedesponsibilitiesyweakcoordination) knowledgegaps(climate
uncertainty, limited effectiveness evidence), technical limitations (concentrated supply markets,
infrastructurdegacy),andsocialresistancépublic opposition distributionalconcernsonstrainadaptation
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implementation. Success factors include strong stakeholder engagementewalitioordination, clear
organizational responsibilities, adequate financing, andterg planning frameworks.

Several case studies supported directly the implementation of adaptation or adaptation policy action. UK
case studies (CS7.1/7.2) informed HM Treaspgnding reviews and Climate Change Committee inputs.
Cyprus (CS7.3) provided the first comprehensive national adaptation cost assessment, supporting Cabinet
adoption of the revised National Adaptation Strategy. Italy (CS3.2) research will support Venice lagoon
protected dunarea management.

Detailedcasestudyresultsareprovidedin Section3, with completeframeworkimplementationgn Annex
D. Section3.3 synthesizesrosscutting findings and lessonslearnedfor broaderEuropeanadaptation
practice, informing Task 3.3 on Adaptation Decision Types.

4. Evidenceof accomplishment
The evidence of accomplishment includes a summary of the bilateral exchanges (Annex A), a completed
framework iteration for each case study (Annex D), and a description of results in Section 4. Besides the
results reported here, the cases also contributed to the following:

Reports:

1 Caloia, F. G., van Ginkel, K. C. H. and Jansen, D., 2B&#ds and financial stability: Scenario
basecevidencdrom belowseaevel. DNB Working PapeNo. 796.[Also underreviewfor apeer
reviewed scientific publication.]

9 ZachariadisT., GavrouzouM., Zittis G., HadjinicolaouP.,Economour ., KekkouF., GiannakisE.
and Zoumides C. (2025). Assessment of Physical and Economic Impacts of Climate Change in
Cyprus. Available at https://www.cyi.ac.cy/index.php/stedi/researchinformation/stedirc-
scientificpublications.html

1 Zachariadis, Tlnvestment Needs and Benefits from the Adaptation of Cyprus to Climate
Change.April 2025. Available inGreekand inEnglish

Reportsin prep
1 A policy brief on CS7 is being developed. The information provided to the Climate Change
Committeewill bepublishedaspartof thecitizensurveysandwill alsofeedinto the CCRA4reports
that will be published in 2026.
1 PolicybriefonCS4.1

Manuscripts under review:

1 BaccaS.etal. (underreview). Valuing global coastawetlanddoss:A comparisorof benefit
transfer and biophysical production function methods.

1 Endendijk,T.,vanEderenD., deMoel, H., vanGinkel,K., Aerts,J.C.J.H.BotzenW.J.W.(under
review). PhysicalClimateRisk Assessmerferameworkfor RealEstatdnvestmentandMortgages.
http://dx.doi.org/10.2139/ssrn.4902445

1 wvan Tilburg, AJ., van Ginkel, K.C.H., Brusselaers, J., Botzen, W.JWdef review.
Intergenerational equity in cebenefit analysis of multifunctional flood adaptation measure: case
study on a superdike project in the Netherlahttg.//dx.doi.org/10.2139/ssrn.5044351
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https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.cyi.ac.cy%2Findex.php%2Fstedi-rc%2Fresearch-information%2Fstedi-rc-scientific-publications%2F%25CE%25B1%25CE%25BD%25CE%25B1%25CE%25B3%25CE%25BA%25CE%25B1%25CE%25AF%25CE%25B5%25CF%2582-%25CE%25B5%25CF%2580%25CE%25B5%25CE%25BD%25CE%25B4%25CF%258D%25CF%2583%25CE%25B5%25CE%25B9%25CF%2582-%25CE%25BA%25CE%25B1%25CE%25B9-%25CE%25BF%25CF%2586%25CE%25AD%25CE%25BB%25CE%25B7-%25CE%25B1%25CF%2580%25CF%258C-%25CF%2584%25CE%25B7%25CE%25BD-%25CF%2580%25CF%2581%25CE%25BF%25CF%2583%25CE%25B1%25CF%2581%25CE%25BC%25CE%25BF%25CE%25B3%25CE%25AE-%25CF%2584%25CE%25B7%25CF%2582-%25CE%25BA%25CF%258D%25CF%2580%25CF%2581%25CE%25BF%25CF%2585-%25CF%2583%25CF%2584%25CE%25B7%25CE%25BD-%25CE%25BA%25CE%25BB%25CE%25B9%25CE%25BC%25CE%25B1%25CF%2584%25CE%25B9%25CE%25BA%25CE%25AE-%25CE%25B1%25CE%25BB%25CE%25BB%25CE%25B1%25CE%25B3%25CE%25AE&data=05%7C02%7Canoek.vantilburg%40deltares.nl%7C4fe813b5d4404791070708de01d0de83%7C15f3fe0ed7124981bc7cfe949af215bb%7C0%7C0%7C638950193799928871%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=KiGDblmced0J8cRMJJS64hjY%2FzKdWl%2BoKrLmpMNwni4%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.cyi.ac.cy%2Findex.php%2Fstedi-rc%2Fresearch-information%2Fstedi-rc-scientific-publications%2Finvestment-needs-and-benefits-from-the-adaptation-of-cyprus-to-climate-change&data=05%7C02%7Canoek.vantilburg%40deltares.nl%7C4fe813b5d4404791070708de01d0de83%7C15f3fe0ed7124981bc7cfe949af215bb%7C0%7C0%7C638950193799969783%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=SCkMzd2t0kkLhCqpctegckjP%2Bx7qvlx6%2F2Y8jDsARDs%3D&reserved=0
http://dx.doi.org/10.2139/ssrn.4902445
http://dx.doi.org/10.2139/ssrn.5044351
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Manuscripts in preparation

I BaccaS.etal.ii T larehetypesindcostsof managedealignmenandcoastat e st or at i on. O
Haas,J., & Hinkel, J. "Reviewing adaptationmodelingin large scale economicflood risk
assessments"
Manuscriptin preparatiorfor CS3.1b
Manuscriptin preparatiorfor CS5.2
Manuscript in preparation on the costs of adaptation in the UK, which is writing up the results of
the UK costing case study (CS7.1/7.2).

1
1
1
1

Code
1 DIVACoast.jllibrary: https://github.com/GlobalClimateForum/DIVACoast.jl.git
1 Publishedpieceof codeonZenodoBacca,S. (2025).SebastianoBacca/Coastletlands
EconomieValuation: Coastal wetlands valuation toolkit (v1.0.0). [Code]. Zenodo.
https://doi.org/10.5281/zenodo.15536288

Weblinks

1 vanGinkel,K., Caloia,F.,JansenD.J.,2023.0verstromingemnfinanciélestabiliteitin Nederland:
een toelichting voor de watersector.  https://www.h2owaternetwerk.nl/h20
podium/uitgelicht/overstromingegnfinancielestabiliteitin-nederlaneeentoelichtingvoor-de-
watersector

1 Five questions about the impact of floods on the financial sector. News article on the website of
Deltaresand on the website of the Dutch Central bank. https://www.deltares.nl/en/news/five
questionsabouttheimpactof-floodsonthefinanciatsector & https://www.dnb.nl/algemeen
nieuws/achtergronr@023/vijf-vragenoverde-gevolgenvanoverstromingerop-definanciele
sector/(20 December 2023).



https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fgithub.com%2FGlobalClimateForum%2FDIVACoast.jl.git&data=05%7C02%7Canoek.vantilburg%40deltares.nl%7Cbfd373cf89a44897050808de0bb9d70f%7C15f3fe0ed7124981bc7cfe949af215bb%7C0%7C1%7C638961090108357425%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=h%2F5vjVArzF3Yot%2FSA9M1aU4QplYqdBEfZTyTkwaocVI%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.5281%2Fzenodo.15536288&data=05%7C02%7Canoek.vantilburg%40deltares.nl%7Cbfd373cf89a44897050808de0bb9d70f%7C15f3fe0ed7124981bc7cfe949af215bb%7C0%7C1%7C638961090108404019%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=KkwuzW3GjyNZYY%2FHyVQBv1kbAW57Gw%2FheoRuXvUtJn8%3D&reserved=0
https://www.h2owaternetwerk.nl/h2o-podium/uitgelicht/overstromingen-en-financiele-stabiliteit-in-nederland-een-toelichting-voor-de-watersector
https://www.h2owaternetwerk.nl/h2o-podium/uitgelicht/overstromingen-en-financiele-stabiliteit-in-nederland-een-toelichting-voor-de-watersector
https://www.h2owaternetwerk.nl/h2o-podium/uitgelicht/overstromingen-en-financiele-stabiliteit-in-nederland-een-toelichting-voor-de-watersector
https://www.deltares.nl/en/news/five-questions-about-the-impact-of-floods-on-the-financial-sector
https://www.deltares.nl/en/news/five-questions-about-the-impact-of-floods-on-the-financial-sector
https://www.dnb.nl/algemeen-nieuws/achtergrond-2023/vijf-vragen-over-de-gevolgen-van-overstromingen-op-de-financiele-sector/
https://www.dnb.nl/algemeen-nieuws/achtergrond-2023/vijf-vragen-over-de-gevolgen-van-overstromingen-op-de-financiele-sector/
https://www.dnb.nl/algemeen-nieuws/achtergrond-2023/vijf-vragen-over-de-gevolgen-van-overstromingen-op-de-financiele-sector/

D3.2Adaptationcasestudyanalysis

Table of Contents

QLI o] (=X o) I @] 1= 1 5
O [ 011 70 To [F {1 o o I PP EPP PRSPPI 7
2. CaSESUAY SYNNESIS ...ttt sttt e e e e s rmme e e et r e e e e e e e e s ammne e e e eaaeeeas 13
2.1 0Overview of casestudiesand framework implementation............ccccceeeeeeeeeneeeeccienn, 13
2.2Methodologicaldiversity and stakeholderengagement...............coovvvvviiiiimneneeeeeieeeeeeeeee, 15
2.3 Crosscutting findings and lessondearned.........cccoovviiiiiiescceeiiiirr s 17
3. RESUISCASESIUAIES ...t e e et e ettt e e et e e e ee e arnns s e e e e e e e e e e e e eeaaeaeaaens 21
I (o To Lo 71 OO PRRR 21
Casestudy 1.17 Sub-national adaptation investmentsfor coastalfloods (Netherlands).....21
Case study 1.2 Large scale and longterm coastal naturebased solutionpolicies for rural
regionsin Europe and the German Baltic coast(Germany/Europe)...........cccccvvvvvevvevvennnn. 26
2 FOrestry and @COSYSIEMIS.....ciiiiiiie e i eeee ettt e e e e e e e e ammr e e e e e e e e e e e e annesbeseseenanssseeeees 40

Case study 2.1 Multi -sectoral adaptation to wildfire risk in a densely populated region
with high natural Values(Italy) ............eeeiiiioriiiiiee e 40

Case study 2.2 Adaptation options for reduction of forest fire (Swedenfrror! Bookmark
not defined.

VY= 1= g oo o] (0o [NV =T £ AP 63
Casestudy 3.1ai Integrated adaptation decisionsin managing the water-food nexusin
Europe: Thayariver basin (CzechRepubliC) .............uuvuiiiiiiiiiiiiciiieceeeeei e 63
Casestudy 3.1b 7 Integrated adaptation decisionsin managing the water-food nexusin
Europe T EDro river basin (SPain)...........uuuuuuiiuuiumiiiiimmreeeeeeeeeeeesssisnsssnssimnnsessesseeeseeeesssnnne 12
Case study 3.2 Integrated species distribution model for estimating potential economic
impacts of conservationand impact mitigation preservations(ltaly) ...........cccccceveeeeeiinincee 78

A HEAIN & JUSHICE.....ciiiiiiiieiieeeeet ettt rne e e e e e e e et et ettt e e e ee st annneaeaeaeaaeeeeeaeeeeees 91
Case study 4.1 Adaptation policy assessment, focus on health and distributional aspects
(5] 0= 11 ) PSSP 91
Casestudy 4.2 1 Qualitative assessmenbdf social justice dimensionsof climate policy
(111 00T 12 1Y) U OUR RSO 101

5 FIiNanceand Private SECIO..........oiiiiiiiiiiiei ettt e b e e e e e e e e e e e s s as 117
Casestudy 5.17 Adaptation optionsfor enhancingfinancial stability (Netherlands)......117
Case study 5.2 Stimulation of private sector adaptation through insurance arrangements
(=31 =T = T Lo £ USSP 124

6 Transport and SUPPLY CRAINS ......oooiiiii e 130
Casestudy 6.17 Adaptation to minimize the risk of disruptions of trade corridors (Austria)
....................................................................................................................................... 130
Casestudy 6.21 Supply chainresilienceanalysisfor individual businessegAustria)....... 147

7 CrOSSCULLING OECISIONS....cevvvvreeeiieiiiiieniimmmreeeeeeeeeeesaesssssssss s mmmseeseeseeesessssssssssssssmnneeeeeeees 153



Case study 7.1/7.2 Costsand benefitsof national adaptation programmes/Implications of

adaptation for the Governmentpublic finances(United Kingdom) ...............eiiiiiniinniae. 153
Casestudy 7.37 Crosssectoraleconomicanalysisfor adaptation (Cyprus).................... 159
4. ACCREU support and POlICY IMPACE .........uvieiiieiiiiiiiitimeeiiiee e e e e e s e eeenss e e e e e e e snnneeees 168
SO0 3T 11570 ] o ISP RPTPPP 170
LS L (=] €= Tt PP PPPPPP 174
A 1112 SO EPTUPPPUPTPTT 187
ANNeX A: Bilateral MEELINGS.........coviiiiiiiieiiiiiieree e rree e e e e e e e e aane s 187
Annex B: Methods and relevanceof casestudiesfor stakeholders..............cccccvvviiiiiieeennnee. 192
Annex C: Appendicesto Casestudy rESUILS.............uuuuiiiiiiiiiei e 195
CS1.2i Large scale and longterm coastal naturebased solution policies for rural regions
in Europe and the German BaltiC COAST........c.ouiiiiiiiiiiiiieeee e 195
CS2.2- Adaptation optionsfor reduction of forestfire .........ccccceeeeiiiiiiiiiieeeciiic e 201
CS3.1bi Integrated adaptation decisions in managing the watefood nexus in Europei
EDBro river basin (SPain) ....ccooci oo 207
CS5.2i Stimulation of private sectoradaptation through insurancearrangements........ 221
CS7.3i Crosssectoraleconomicanalysisfor adaptation................eeevvvviiiiiimenneeeeieeneene, 228
ANNEX D2 FIrAMEWOIKS. ...ttt eeer et e e e e e e e e e e e e e e nnneneee e 229



1. Introduction

Work packagdWP) 3 of the ACCREU projectfocuseson adaptatiordecisiondrom micro-level to macre

level. The first objective of this work package is to economically appraise the adaptation options for a
selectionof stakeholderghatface practicaladaptatiordecisiondn a diversesetof casestudiesThisis the
objective of Task 3.2, of which this is the final deliverable.

This deliverable reports on the outcomes of the 15 case studies spanning seven adaptation decision types
(ADTs) (Figure 1). Table 1 provides an overview of all case studies, including their title, partner
organization, stakeholder, spatial scale and location. All case studies followed the same protocol for data
reporting, with the conceptual and methodological framework developed as part of D3.1.

EU Mission on adaptation themes
Knowledge and data

Case studies (T3.2 Adaptation decision types (T3.3
fepsas (T3.2) p ypes (T3.3)

wellbeing

Behavioural change

Land use &
food systems

juawebebua pue aduUBUIBA0D

Local economic systems
Finance and resources

3. Water-food-
biodiversity
4. Health and
justice

5. Finance and
private sector

7. Cross-cutting
decisions

Figure 1: Overviewof ACCREUadaptatiordecisiontypesandcasestudies.

Framework developmentand implementation

The interaction with stakehol der s, coordinated by

developedhroughaniterativeprocessA first frameworkiterationwassharedwith all casestudyowners

in October2023(templateusedfor collectinginputsin Figure2). All partnerscompletedhis versionwith

their stakeholderwo test the frameworkndinitiate the case studgnalysiswhich focusedn the analysis
of adaptation options.

L All casestudyownersdoesnotincludeCyl here,astheyjoinedthe consortiumafter D3.1andM3.1aweredue.



Based on the partnersd input, a second part was
strategies (template used for collecting inputs in Figure 3). This updated framework was distributed to all
WP3 partners in February 2024, with completion expected by end of April 2024.

In March 2024, bilateral exchanges were conducted with all case study owners to: i) check progress; ii)
provide additional support ; iii) assess niches and key dimensions of each case study; and iv) agree on
deliverables for milestone 3.1b. Annex A documents these bilateral exchanges and additional exchanges
conducted since the first milestone

Deliverable Structure

This deliverable is structured as follows: Section 2 synthesizes case study progress, methodological
approaches and cresstting findings. Section 3 presents detailed results for all 15 case studies organized
by adaptatiordecisiontype.Sectiord documentpolicy uptakeandreatworld impact.Sections concludes

with key findings, policy implications, and connections to Task 3.3 on Adaptation Decision Types.
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Case study:

Pr for Dy Type:
Stakeholders:

Where:

Problem statement: what happens without adap (and with I adap ?

Policy question of stakeholder

The role of the stakeholder in the decision-making process

Uncertainties (U)

Scenarios
Socioeconomic Scenarios (SSPs)

Case study delineation (CS)

Spatial scalo Temporal scale/ time frame | Sector/ discipline

Adaptation options (O)

What considered in the Are the incremental
adaptation options are case :'plbnm .
Grey
Green
Soft

Appraisal criteria (C)

What direct costs are considered?

What direct benefits are considered?

What co-benefits and co-costs are considered?

Economic

Socal

Environmental

Are you g9 effects? If so, Stve Tonpens) it
how? YES/NO

Figure 2: Templatefor ACCREUcasestudyFrameworkAnalysisi partl: appraisabf adaptatioroptions.



Adaptation strategies (S)

Barriers to adaptation (B)

Can you cluster the different adaptation options into more overarching strategies
in your case study? ge, awareness, technology (K); ph al (P);
financial (F), human capital (H), social and cultural (S); or goverannc

#  Strategy description Individual options that are part of the strategy Is the strategy —
transformative or # Barriers Cat
incremental? —_

1

2

2

3
3
4
4
n
n
Assessment of strategies (SA)
#  Path-dependencies Transfer costs Timing Financing of strategies Distributive effects Direct costs & benefits  Co-costs & -benefits
1
2
3
4

Figure 3: Templatefor ACCREU casestudyFrameworkAnalysig part2: from optionsto strategies.
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Table 1: Casestudydescription

#

Description

11

Title: Subnationaladaptionnvestmentd$or coastafloods.

Partner: Deltares

Users:ProvinceNorth Holland, WaterBoardHollandsNoorderKwartier
Spatial scale: Local

Location:DenHelder,the Netherlands

12

Title: Large scale and lorgrm coastal naturbased solution policies for rural regions in Europe and th
German Baltic coast

PartnerGCF

Users WWF Germany]UCN; Germancoastabrotectionauthorityfor stateof SchleswigHolstein

Spatial scale: European

Location:GermarBaltic seacoast;Europe

21

Title: Multi-sectoraldaptatiorto wildfire risk in adenselypopulatedegionwith high naturalvalues
Partner: DTU

Users:STRESSS.c.a.r.l,; Campaniaegionincludingtransportauthoritiesmunicipality of Sorrento
Spatial scale: regional

Location:Campaniaegion,ltaly

2.2

Title: Adaptationoptionsfor reductionof forestfire
Partner: DTU

Users:Miljo ochSkogi LeksandAktiebolag
Spatial scale: Local

Location:Leksand Sweden

3.1

Title: Integrated adaptation decisions in managing the watel nexus in Europe, Spain and Czech Thg
river catchment

PartnerilASA

Users:Ministry of Agriculture(CzechRepublic);EbroRiver BasinAuthority (Spain)

Spatial scale: River basin scale

Location:Ebroriver (Spain),Thayariver (CzechRepublic)

3.2

Title: Integrated species distribution model for estimating potential economic impacts of conservatio
impact mitigation preservations

Partner: CMCC

Users: WWF Italy

Spatialscale:Local

Location:Venicelagoon ltaly

4.1

Title: Adaptationpolicy assessmenfipcuson healthanddistributionalaspects
Partner: BC3/Ecologic

Users:BasqueGovernmenEnvironmenMinistry

Spatial scale: Regional

Location:Basqueegion

4.2

Title: Qualitativeassessmerf socialjusticedimension®f climatepolicy
Partner: Ecologic/BC3

Users:FederalStateof Bremen DepartmenAdaptationto ClimateChange
Spatial scale: Regional/Local

Location:Bremen

51

Title: Adaptationoptionsfor enhancindinancialstability
Partner: Deltares

UsersDutchCentralBank

Spatial scale: National

Location: the Netherlands

5.2

Title: Stimulationof privatesectoradaptatiorthroughinsurancearrangements
Partner: VU

Users:Dutchassociatiorf insurers

Spatial scale: National

Location:TheNetherlands

6.1

Title: Adaptationto minimizetherisk of disruptionsof tradecorridors

Partner: Deltares, UniGraz

Users: Austrian Federalministry for Agriculture and Forestry, Climate and EnvironmentalProtection,
Regions and Water Management
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SpatialscaleNational
Location: Austria

6.2

Title: Reductionof critical raw materialsupplychainrisksfor thephotovoltaicsndustry
Partner: UniGraz

Users: Fronius & AT&S

Spatialscale:National/sector

Location: Austria

7.1

Title: Costsandbenefitsof nationaladaptatiorprogrammes
Partner: PWA

Users:UK HMT; OBR; Defra

Spatial scale: National

Location:UnitedKingdom

7.2

Title: Implicationsof adaptatiorfor the Governmenbudgets
Partner: PWA, UniGraz

Users.UK HMT; OBR; DEFRA

Spatial scale: National

Location:UnitedKingdom

7.3

Title: Crosssectorakconomicanalysidor adaptation

Partner: Cyl

Users:Ministry of Agriculture, Rural Developmentand Environmentof Cyprus; Ministry of Financeof
Cyprus

SpatialscaleNNational

Location: Cyprus
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2. Casestudy synthesis

2.1 Overview of casestudiesand framework implementation

Each case study focused on specific analytical components selected by the ACCREU consortium in
consultation with stakeholders. These key dimensions enhance the adaptation analysis by covering
aspects beyond traditional cdmtnefit analysis, including eloenefits, barriers, distributional impacts,
pathrdependencies and stratelgyel appraisal.

Figure4 synthesizesvhichdimensionspré n i cwlerecevéredy eachcasestudyandto whatextent,

based on the bilateral exchanges, framework implementations, and final results. The nine analytical
componentsissessedre: i) transformationahdaptatioroptions;ii) hard(grey)adaptatioroptions;iii)
greenadaptatioroptions;iv) softadaptatioroptions;v) co-benefitsof adaptationyi) barriersandlimits

to adaptation; vii) timeand pathdependencies and lodk of adaptation options or strategies; viii)
distribution of adaptation outcomes; and ix) appraisal of adaptation strategies.

As figure 4 shows thereis notablecoverageof hard,green,andsoft adaptatioroptionsacrosshecase

study. Many case studies also considered transformative adaptation options. Additionally, many case
studies incorporated the assessment diarmefits. However, economic appraisal at the strategy level
(combiningmultiple options) and assessment of distributional impacts were covered by only a limited
number of case studies, indicating opportunities for further development of these approaches.

What makes this case study stand out?

Adaptation measure Appraisal
Case Transformative  Structural Green Soft Co-benefits Barriers & limits Path-d d Distrik | Strategy level
study Partner lack-in appraisal
1.1 Deltares
1.2 GCF
2,1 DTU
2.2 DTU
3.1 lIASA
3.2 CMCC
4.1 BC3/Ecologic
4.2 Ecologic/BC3
5.1 Deltares
5.2 VU
6.1 Deltares/UniGraz
6.2 UniGraz
7.1/7.2 PWA/UniGraz
7.3 Cyl

Figure 4: Components of all case studies. Green: included; yellow: partially included; orange: not part of case
study.

Table2 providesa moredetailedsynthesiof the uniquecontributiongniches)andupscalingpotential

for eachcasestudy.This informationwasgatheredhroughthe bilateralexchangesonductedn March
2024andaWP3coordinatiorcall heldin April 2024, wherecasestudyownerspresentedheir progress,
identified key dimensions, and discussed potential for scaling up their approaches to inform Task 3.3
on Adaptation Decision Types.
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Table 2. Uniguecontributionsandupscalingpotentialfor eachcasestudy

Casestudy
(Partner)

Unique contribution (niche)

Upscalingpotential

1.1 (Deltares)

Specificattentionto temporakspect:
path-dependency/locins, and
intergenerational justice

Theintergenerationglsticecomponentould
be upscaled. Upscalabiliyotential for
assessment of multifunctional dikes.
Comprehensiv€BAs is thefocusof thisADT
report, which relateto thejusticefocusin this
case study.

1.2(GCF) Comparisoracrosswo regionsanda | CBA can be used by regions/countries to sele
costefficiency analysis of adaptation| optimal adaptation solution for them. Co
solutions benefits(ecosystenservices)n the CBA links to
the ADT focus on comprehensive CBAs.
2.1(DTU) Holistic natureof thepolicy question | The analysis can be upscaled to other areas.
(combinedfunctionof the casestudy Further theanalysishasclosealignmento ADT
area, with tourism, protected forest, | policy question.
agriculture, etc.). Further, assigning
economic values to nature and
biodiversityaspartof CBA and
planning
2.2(DTU) Coveragef privateadaptationGood | Approach of case study can be upscaled;
local cost estimates for adaptation | however, since cost estimates are local,
from local stakeholders. upscalabilityof thoseestimatesouldbelimited.
However casestudyanalysishasaclose
alignment to the ADT policy guestion.
3.1(IIASA) Integratedhnalysiswith biophysical The framework they apply can be upscaled to
and socioeconomic drivers. otherregions(e.g.,EU level, EU memberstates).
Assessmertonductedor two Data availability could potentially be a
regions. constraint. The case studies have a close
alignment to the ADT focus.
3.2(CMCC) Richdiscussioronbarriersandlimits. | Thespecieglistributionmodelcombinedwith
Focusonadaptatiorwith themainaim | sealevelrisemodellingcouldbeupscaledo
of protecting biodiversity. other areas.
4.1 Climatejusticeapproactio economic | The methodological framework has high
(BC3/Ecologic) | impact assessment for health sector| upscalability potential; the numbers are not
upscalable, due to the regional scale of the
assessmenthereis acloseconnectiorto the
ADT focus.
4.2 Detailedsocialjusticeassessmeruif Results and approaches like the scoring
(Ecologic/BC3) | heat adaptation plan. framework would be relevant to other regions;

however economiaupscalings moredifficult as
vulnerable groups are location specific and
adaptation options are also very specific to a
region.Thereis acloseconnectiorto the ADT
focus.

5.1 (Deltares)

Thereis aspecificattentionto extreme
risk scenarios, instead of the standa
EAD approach.

The appliednethodology isupscalable to other
countries Further thereis a closeconnectiorto
the ADT, which addresses a wide range of
adaptatiorstrategiesor thefinancialsector.

5.2 (VU)

Assessmenbf adaptatiorincentives
for businesse@through insurance)
which has so faonly been done for
households.

High upscalingpotentialto EU level; datacould
be a constraint to upscaling.
Closeconnectiorto the ADT analysisby
providinginputoninsuranceasadaptation
strategy.

6.1(Deltares,
UniGraz)

High-resolutioncountrywide climate
risk assessment for transport
infrastructure, informing strategic
dialogue about national adaptation
strategy.

Closerelationshipto ADT 1 & ADT 5 through
thefocuson flood riskson transport Approach
could be upscalable to other regions.
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6.2 (UniGraz) Focusonbusinesdeveladaptation; Closerelationshipgto ADT 1 & ADT 5through
working with two differently sized the focus on flood risks on supply chains. The
companies in Austria methodology could be extended to other
countries/companiesipscalabilityof numbers
mightbelimited, dueto thelocal natureof the

data.
7.1/7.2(PWA, Comprehensive overview of Nationatlevelassessmentyhichis highly
UniGraz) adaptatiorcostsacrossectors relevant for other countries.
7.3(Cyl) Comprehensiveverviewof Nationatlevelassessmentyhichis highly
adaptation costs relevant for other countries.

2.2 Methodological diversity and stakeholderengagement
Thel5casestudiesemployedifferentanalyticalapproachetailoredto their specificdecisioncontexts,
demonstrating that comprehensive economic appraisal of adaptation extends beyond traditional cost
benefit analysis.

Methodologicalapproaches
The case studies applied various quantitative and qualitative methods, often in combination, to match
with specific policy questions, available data and stakeholder needs:

9 Costbenefit analysis:Applied in multiple case studies (CS1.1, CS1.2, CS2.1, CS2.2, CS4.1,
CS4.2, CS7.3) to systematically compare costs and benefits of adaptation options, including
long-term and intergenerational considerations (e.g. CS1.1)

1 Integrated assessment modeld-inking biophysical and socioeconomic systems (CS3.1a,
CS3.1b:GLOBIOM for agriculturalsystemsCWatM for waterresources)o analysecomplex
tradeoffs in waterfood-biodiversity nexus.

1 Risk modelling: Flood and financial risk models (CS5.1: flood impacts on financial stability,
CS5.2: GLOFRIS and DIFI models for insurance analysis) to assess systemic risks and
adaptation incentives.

9 Ecological models: Species distribution models (CS3.2) to evaluate climate impacts on
biodiversity and assess conservation measures.

1 Social justice frameworks:Systematic assessment of equity dimensions (CS4.2) examining
recognition, participation, distribution and restorative justice in heat adaptation policies.

9 Econometric-based health impact assessmentEconometricmodels(CS4.1)to quantify
heatrelated mortality and morbidity costs and evaluate adaptation effectiveness.

1 Qualitative approaches: Semistructuredinterviews (CS6.2)to understandprivate sector
adaptation barriers, doenefits, and patdependencies in supply chain management.

Stakeholderengagemenand relevance

All casestudiesadopteda policy-first, co-creationapproachwithit d eeempgage ment 2gda ak e h ol
make sure the research matches practical adaptation challenges. The case studies provide decision
relevant insights for stakeholders at local, national, sectoral and European levels:

CS1.1:Informs a Dutch coastal municipality (stakeholders: province and water board) owffsade
betweerrobustlong-term (superdike)ersusncrementalblike reinforcemenstrategiesinderdeepsea

level rise uncertainty, with insights on intergenerational equity transferable to coastal regions across
Europe.

2These are the case studstskeholdershatengage in a more structured, constamd frequeninteraction with
the ACCREUresearcheam. ACCREU alsofeaturesstakeholderparticipatingto the morestandarcengagement
process (stakeholder meetings and workshops).

15



CS1.2:Provides Europealevel insights on optimal timing and locations for coastal retreat strategies,
with subnationalanalysisor the GermarBaltic coastinforming regionalauthoritieson costefficiency
of grey versus green coastal adaptation.

CS2.1:Offersmulti-sectoralvildfire adaptatiorstrategiesor the SorrentdPeninsulan Italy combining
tourism,biodiversityconservatiorandhumansafetyconsiderationgelevantto Mediterraneamegions
facing increasing fire risk.

CS2.2: Supports private forest owners in Sweden with -bestefit analysis of wildfire prevention
measures, demonstrating approaches for private sector adaptation applicable to forest management in
other Northern European countries.

CS3.1:Informs water basin authorities in Spain (Ebro) and Czech Republic (Thaya) on optimal water
allocation between agriculture, drinking water, and ecosystems under climate change, with integrated
modelling approaches transferable to other European river basins.

CS3.2: Supports WWEF Italy in managing a dune and natural reserve protected area in the Venice
Lagoon by assessing biodiversity impacts oflseal rise and evaluating natdpased conservation
measures.

CS4.1: Provides the Basque Government (Spain) with health impact assessments of heat risks and a
distributional analysis of adaptation outcomes across social groups, relevant to regional health
authorities across a warming Europe.

CS4.2: Informs the Federal State of Bremen (Germany) on social justice dimensions of heat action
plans, offering a systematic framework for assessing equity in adaptation policies applicable to urban
areas throughout Europe.

CS5.1: Supports the Dutch Central Bank in assessing flood risks to financial stability and exploring
macroprudential policy options, with methodological approaches relevant to central banks across
Europe concerned with climatelated financial risks.

CS5.2: Informs the Dutch association of Insurers on designing flood insurance for commercial
properties that incentivizes busindegel adaptation, with insights on insurance market design
transferable to flooghrone regions across Europe.

CS6.1:ProvidegheAustrianFederaMinistries(BMLUK andBMIMI) with nationaltranspornetwork
climate risk assessment to support mainstreaming adaptation in infrastructure planning, relevant to
national authorities responsible for critical infrastructure protection.

CS6.2: Supportdwo Austriancompaniegphotovoltaicssector)in understandingupplychainclimate
risks and soft adaptation options, offering insights on private sector resilience strategies applicable to
businesses across Europe.

CS7.1/7.2:Informs UK government (Defra and HM Treasury) on national adaptation costs, sectoral
investment needs, distributional impacts, and macroeconomic implications, with comprehensive
costing approaches transferable to other national governments developing adaptation strategies.

CS7.3:ProvidesCyprusgovernmentvith thefirst comprehensiveationaladaptatiorcostassessment,
supporting Cabinet adopting of the revised National Adaptation Strategy and offering a model for
nationatlevel adaptation planning in small island states.

The diversity of contexts, scales and stakeholder enhances the transferability of findings to other
Europearnregionsfacing similar adaptatiorchallengesDetailedmethodologicatlescriptiongor each
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case study are provided in Section 4 (individual case study results) and Annex B (comprehensive
methods and relevance overview).

2.3 Cross-cutting findings and lessondearned
Drawingontheinsightsfrom all 15 casestudiesthis sectionsynthesizeseverakey patternscommon
challenges and transferable lessons that can inform adaptation detékiog across Europe.

2.3.1Frameworkapplicationandmethodologicainsights

The ACCREU framework proved to be flexible and robust across different contexts, from local
biodiversityconservatiofCS3.2)to nationaladaptatiorplanning(CS7.1 7.3). Casestudiesemployed

various methods, such as cbsnefit analysis, integrated assessment models, flood and species
distribution assessments, and qualitative interviews, showing that comprehensive economic appraisal
extends beyond traditional CBA.

Theframeworkalsodemonstrate#ley challenges:
1 Quantification gaps: it remainsdifficult to monetizeco-benefits(e.g. ecosystenservices,
biodiversity, social justice outcomes), limiting their influence on decisiaking.
1 Strategy-level appraisal: Most casestudiesfocusedon individual options rather than
integrated strategies,
9 Distributional analysis:Only afew casesassesseéquityimpactsacrosssocialgroupsdueto
data and methodological constraints

2.3.2Commorbarriersto adaptation
The analysis across the case studies revealed six recurring barrier types. Table 3 presents them ranked
from mostto least frequentyith specificsubbarriersandthe casestudiesn whichtheywereidentified.

Table 3. Categorisatiomf adaptatiorbarriersn ACCREU casestudies.

Barrier Type Frequency CaseStudies

Barrier

1.Institutional & governance(100%) TTTTTTITTITTIIGNS TT

Fragmentedesponsibilitieg coordination TTTTTTTIIT CS1.1CS1.2,S2.1CS3.1a,

challenges CS3.1b, CS3.2, (Cs4.2,
CS6.1, CS6.2, CS7.1/7.2,
CS7.3

Lack of political support/feasibility TTT U1 CS3.1a, CS3.1b, CS3.2,
CS5.2, CS6.1

Planninghorizonsrestrictoptions TTT Cs1.1,Cs1.2Cs2.2

Legal/regulatorframeworkdimiting TTTT CS1.2,£S2.1,CS5.2,CS6.2

implementation

Competingpolicy objectives TTTT CS1.1,S1.2,£S5.1,CS5.2

Lack of stakeholdesupport T1 CS4.1,Cs4.2

Resistancéo transformative top-down T CS6.1

planning

2. Financial (93%) TTTTTTTTTT 14/15

High costsof measures TTTTTT LTl Ccs1.2£s2.1,CS2.2S3.143,

CS3.1b, CS3.2, CS6.1,
CS6.2, CS7.1/7.2, CS7.3

Limited financialresources T1 CS1.1,CS5.2
Lackof (long-term)funding T1 CS4.1,CS4.2
Financing structures favour incremental T 1 CS1.1Cs6.1
measures

3.Social& cultural (73%) TTTTTTTTTUT 11225
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Publicoppositionto measures TTT 1L CS1.1CS1.2£S2.1,CS3.1a,
CS3.2
Lockedin behavior/reluctanc® change TTT CS1.2,0S2.1,CS2.2
practices
Distributionalconcernsaandequityissues TTT CS4.1,CS4.2,CS5.1
Challengingo reachvulnerablegroups T1 CS4.1Cs4.2
Difficulty inducingbehaviorathange T1 CS3.1bCS4.2
Lack of public awareness T1 CS3.2,CS5.1
Placeattachment T CS1.1
4.Knowledge& information (47%) TTTTT1L 7115
Limited evidenceon effectiveness TTTT CS1.2,CS3.1aCS4.1,CS56.2
Limited knowledgeon suitablemeasures T1 CS3.1aCS3.1b
Low awarenesef adaptatioroptions T1 CS1.2,CS2.2
Challengesnergingdatasources T Cs4.1
Lack of knowledgeon specificimpacts T Cs1a
Uncertainparameters T1 CS3.1a(S3.1b
Reliability of forecasts/data CS5.1,CS6.2
5. Technical & psychical (47%) TTTT111 7115
Geographical/terraiiconstraints T1 CS2.1,CS2.2
Lack of water/landresources T1 CS1.1,CS3.1a
Infrastructurelegacy/patkdependencies T1 CS3.2Cs1.1
Technologylimitations T Ccs2.1
Meteorologicakonditions T CSs2.1
Physicalimits with extremeclimatechange T CS5.1
6. Human capital (40%) TTTTIT 6/15
Lack of trainedpersonnel TTTTTT CS2.1,CS2.2,CS4.1,CS4..
CS6.2, CS7.3
Lackof trainingtime T Cs4.2
7. Economic(40%) TTTITTIT 6/15
Marketdynamics/concentration T1 CS3.1aSs6.2
Economidossesor stakeholders T1 CS3.1bCS3.2
Extremeevents/economicrises T CS3.1a
Water/resourceompetitionbetweersectors T CS3.1a
Affordability limits insuranceuptake T CsSb5.2
economideasibility underextremeconditions T CSsh.1

3. Enabling conditions and succesgactors
Despite the different barriers, twelve case studies also identified some critical success factors. Table 4
categorises them from most frequent to less frequent enabler types.
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Table 4. Categorisatiomf adaptatiorenablergnentionedn ACCREUcasestudies.

Enabler Type Frequency CaseStudies
Enabler

Governance& institutional (58%) TTTTTT

Policy supportingntegratedneasures CS2.2
Collaboratiorandrobustgovernancérameworks CS3.1a
Inter-agencycooperation CS3.1b
Multi-levelgovernancendcoordination CS3.2
Balancingdifferentpolicy goals CS1.2
Clearresponsibilitieandaccountability CS6.2
Mandatorydistributionalimpactchecksandequitycriteria Cs4a.1
Financing (42%) TTT T
Compensatioschemesor surrenderethnd/realestate CS1.2
Availability of financialresources CS3.1a
Financialresourceso enableémplementatiorconditions CS3.1b
Establishingong-terminvestment Cs4.2
Crosssubsidizatiorof premiumsacrosgisk levels CSh.2
Social& Cultural (33%) TTTT
Communicatingostsandbenefitsclearly CSs1.2
Stakeholdeengagemerdndparticipation CS1.2,CSs2.2
Knowledgesharing CS3.1a
Advanceculturaltransformation CS3.1b
Communicateewtechnicalandagronomidknowledge CS3.1b
Temporal scale(33%) TTTT

Long-termplanning CS2.2,Cs4.2
Considemifferentclimatescenarios CS6.2,CS7.3
Monitoring (17%) T1 Cs4.1
Monitoring, evaluationyeporting,andlearning

Equity-focusedmonitoring Cs4.1
Publishingdisaggregateghostseasorevaluations Cs4.1
Continuousmonitoringsystems CS7.3
Opportunity Tipping points (17%) T1

Making useof existingpoliciesor developmentghousing Cs1a
removal)

Linkageto infrastructurgprogrammesor climateproofing CS7.1/7.2

Additionally, besidegheseenablingor success$actorsfor adaptatiorimplementationfive casestudies
provide some more technical recommendations:

T

)l
)l
)l
)l

Long-endurance&roneplatformsandAl-enhancedire modelling(CS2.1);
Harmonizingsupplysidemeasuresvith demandsideinterventiongdCS3.1a);
Ensuringretentionof staffwith targetedskill sets(CS4.2);
Structuredonboardingprocesdor suppliersjncorporatingclimaterisks (CS6.2);
Promotingintegratedstrategie$CS2.2,CS6.2)

4. key insights on adaptation options and strategies
Throughthe casestudiesseverakey insightsbecameapparent:

1

Incremental vs. transformative: The case studies showed that the distinction is coentext
dependentyhatis transformativen oneregionmaybeincrementaklsewhereTransformative
options were explored in multiple case studies (CS1.1: superdikes, CS1.2: managed
realignment, CS3.1a: from rainfed to irrigated agriculture, CS3.1b: desid@dwater
managementS6.1:networkandsystemshange)theymayfacegreatebarriersoutmayalso

offer superior longerm outcomes under deep uncertainty.

Multi -functional adaptation: Combining objectives (CS1.1: flood protection + housing,
CS1.2: flood protection + nature restoration, CS2.1/2.2: wildfire + biodiversity + recreation,
CS4.2: grey + green+ soft heat measures)can potentially improve benefitcost ratios.
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Sometimes it can potentially create a lagkf assumptions about additional functions prove
incorrect.

1 Nature-basedsolutionswereprominentin manycasestudies CoastawetlandgCS1.2),dune
protection (CS3.2), and urban green infrastructure (CS4.2) can beocogeétitive while
providing cebenefits, but face challenges in quantifying benefits, longer benefit timeframes,
performance uncertainty, and space competition.

1 Soft measuresproved important across multiple contexts. Early warning systems, training,
awareness raising, and organizational improvements (CS2.1/2.2, CS4.2, CS6.2) have lower
upfront costs but face knowledge, awareness, and organizational barriers.

1 Temporal considerations were examined in several case studies. Some identified path
dependencies waterinfrastructurg CS3.1b) supplychains(CS6.2) andcoastadevelopment
(CS3.2)thatcancreatdock-in risks.Largeinvestment$CS1.1)maybecomanaladaptedinder
extremescenario®r if demandassumptionproveincorrect.This highlightstheimportanceof
robust design, adaptive management, and maintaining flexibility.

5. Growing recognition and valuation of co-benefits

Figure 4 shows that many case studies incorporated the assessmeheéfits, reflecting growing
recognition that adaptation decisions should consider broader societal impacts. Many case studies
recognizecto-benefits suchasenvironmenta(carbonsequestratioriodiversity,ecosystenservices),
social(mentalhealth,recreationsocialcohesion)andeconomidgpropertyvalues tourism,healthcost
savings), but struggled to quantify and monetize them for inclusion in formal appraisals (e.g., CS2.1,
CS2.2, CS3.1, CS3.2, CS4.1, CS6.1). This systematic undervaluation may disadvantage adaptation
options, particularly naturbasedsolutions,despite theifmportance for buildingpolitical supportand

aligning with broader policy objectives.

Only a subset of case studies (CS4.1, CS4.2, CS5.1) explicitly addressed distributional impacts,
showing that adaptation can either reduce or exacerbate inequalities. Heat measures can protect
vulnerablegroupsor burdenthemdisproportionatelfCS4.1,CS4.2) creditconstraintseducefinancial

risk but limit housing access for young and less wealthy people (CS5.1).

The prominenceof co-benefitsin stakeholderiscussiongacrossall casestudiesduring bilateral
exchanges) suggests they are important for:

T Building political supportfor adaptatiorinvestments

1 Overcomingclimateskepticismor inaction

1 Justifyinglargerupfrontinvestments

1 Aligning adaptatiorwith otherpolicy objectives
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3. Resultscasestudies
Thefollowing sectiongprovidethe mainoutputsof eachcasestudy,organizedoy AdaptationDecision
Type. The filled in case study frameworks are included in Annéx D.

1 Flood risk

Casestudy 1.17 Sub-national adaptation investmentsfor coastalfloods (Netherlands)

Partner: Deltares

Spatial scale:city scale,n the Netherlands

Stakeholders:ProvinceNorth-Holland; WaterboardHoogheemraadschéjollandsNoorderkwartier

1. Decisioncontext

This case study focuses on the Den Helder, a coastal city in the northwestern part of the Netherlands,
in theprovinceof North-Holland. Thenorthernpartof the provinceexperience@downwardpopulation

and economic trend in recent decades. While this trend has been reversed, maintaining this requires
ongoingeffort (AT Osborne2022).Consideringhis, the provinceandmunicipalityof DenHelderare
interested in improving the spatial quality of the area as well as increasing the housing supply, to deal
with theongoinghousingerisisin the NetherlandsAs spacedor building housingis limited, a proposed

solution isto build residential houses in the area currergierved for future sedike reinforcements.
However, to avoid having to remove the houses in the near future because of ridmglsedhe
proposedlanis to raiseandwidenthe existingdike (suitablefor 3.5 meterof sealevelrise),sohouses
canbebuilt ontop of the dike. With this proposedsolutionreferredtoasad s u p e stakéhkldedn,

the area aim to avoid a decline in spatial quality that they expect will occur because of the current,
incremental, way of reinforcing dikes. The deep engagement stakeholders involved in this case study
are the province of NorthHlolland and the regional water board (Hoogheemraadschap Hellands
Noorderkwartier, HHNK hereafter). HHNK has the final say in deciding on this project, as they are
tasked to ensure the safety of the dike. The overarching policy question of the stakeholders is how to
adapto sealevelrisewhile maintainingor improvingthespatialquality of theurbanarea Thedetailed

policy question regarding this measure is whether multifunctional adaptation can lead-ito dock
whether lockin changes the outcome of the economic appraisal. June 2025, HHNK approved of the
superdikedesignsmovingtheprojectforwardto thenextplanningphasewith all stakeholdermvolved

(Snel, 2025).

2. Current and future risk

In thecurrentsituation theinnersideis consideregafeanddoesnot needto bereinforceduntil around
2100/2120, depending on the dewel rise (SLR) scenario (De Jonge, 2022). With the standard dike
reinforcement approach, the dike is reinforced incrementally based on nationally determined norms.
Becausef sealevelrise,flood risk in theareawill increasevertime. Seaevelriseis highly uncertain

and could range from approximately 0.3 to 2.8 meter in 2100 and from 0.6 to 18.4 meter in 2300 (van
Dorland et al., 2023). Without adaptation, Den Helder is projected to flood evedyygars with 2
meters of SLR (Zanting & Bouw, 2023).

3. Identifying adaptation options

Thesuperdikemeasuras comparedo the standardDutchapproachof incrementalike reinforcement

in the economic appraisal (Figure 1.1.1). The superdike plan that is appraised here encompasses 700
meters of dike reinforcement, allowing for 556 new houses. For incremental dike reinforcement, it is
assumed that half of these houses could still be built behind the dike. As a sensitivity analysis, two
alternativesarealsoconsideredi) asuperdikealong1400metersallowing for 956 newhousesn total;

andii) asuperdikealongthe wholedike segmentThe superdikealong700metersand1400metersare

under consideration by the stakeholders (Pha®eadd Phase-8 of the project, respectively). The
superdikeis a transformativeadaptationoption, following the definition of Kateset al. (2012).All

3 Forthe casestudiesin the crosscutting AdaptationDecisionType, this frameworkis lessapplicablehencefor
7.1/7.2, the framework is not appended, for case study 7.3, only the first part of the framework is included. For
CS1.2, also only the first part of the framework is included.
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options are gray (structural) forms of adaptations. The CBA that is conducted (Section 4.1), provides
insightinto thecircumstanceanderwhichincrementabr robustmultifunctionaladaptationn theform

of superdikesremoreadvantageou®r currentandfuturewellbeing.Thisinformationcanbe usedby

the deep engagement stakeholders and other regional stakeholders responsible for adaptation to sea
level rise, to determine whether incremental sea dikes or superdikes are more appropriate in the local
context.

Current situation

Incremental dike reinforcement (s 3.5 m SLR) Superdike (£ 3.5 m SLR)

Figure 1.1.1: Schematic overview of the two adaptation measures that are compared in this case study under
differentsealevelrise scenariosPink linesreferto structuralmeasure# thedike. Sourcemage:van Tilburg et
al. (under review.

4. Assessmenbf adaptation options

4.1 Methodology

For this case study, a cdstnefit analysis (CBA) is conducted. An emphasis is placed on potential

6l énkd costs for the superdi ke design. The super
sobeyondthatpointthe houseon the dike must beremovedanda switchis madebackto incremental

dike reinforcement. To include potential lerk costs in the CBA, the costs of switching from the
superdike back to incremental dike reinforcement were included. Besides the potentialdosts,

the CBA included direct costs of housing and dike reinforcement, direct benefits of the dike (reduced
expectecainnualdamagedatalities,andaffectedpeople)anddirectbenefitsof housing(salevaluesand

rent income). Moreover, ecosts (externalities) and -tienefits (synergies) were also included: costs

and benefits of additional greenery in the neighborhood; benefit of a view on open water; place
attachment compensation costs for displaced residents; emissions of housing and dike reinforcement;
and the spatiapillover costs of housinfiable 1.1.1)The costand benefits were quantified for five
sealevelrise scenario@ndfive sociceconomic scenarios. FBLR, the following scenaricgre used:

RCP2.6 17 percentile; RCP2.6 83percentile; RCP8.5 17percentile; RCP8.5 8B3percentile; and
RCP8.5high-end(vanDorlandetal., 2023).Thefive sharedsocioeconomipathwaygSSPsY O6 Ne i | |
et al., 2017; IIASA, 2024) are used for population and gross domestic product scenarios.
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Lock-in and intergenerational effects are further assessed by presenting the-duetafitios for
differenttime horizons (e.g., 2075; 2150; 2225; 23@0®)l for different generations (e.g., 202854;

2055 2084, etc.), as well as the use of multiple ethical principles for discounting. The standard time
horizon was 20252225, in line with the 20§ear design life of the superdike.

Table 1.1.1: Evaluationcriteriausedin the costbenefitanalysisof thesuperdikeneasurdor DenHelder.
Appraisal criteria (C)

How are the criteria
What appraisal criteria are considered? measured?
What direct costs are considered? Gualitative Guantitative Monetised
Dike construction and planning costs X
Housing costs (construction; demalition; planning; dispossession etc.) X
Maintenance costs housing X

What direct benefits are considered?
Reduction in expected annual flood damages X
Reduction in expected annual flood fatalities X
Reduction in expected annual people affected by floods X
House sale income X
Rent income X

What co-benefits and co-costs are considered?
Economic
Spatial trade-offs of housing X
Social
Place attachment loss X
Value of trees for residents X
Walue of water view for residents X
Environmental
Tree costs X
Emission costs of dike and housing X
Are you considering general welfare effects? If so, how? Social Temporal Spatial
YES/NO X
Take a loc-in perspective for the superdike measure and monetise these loo-
in/regret costs

Disaggregate effects awoss generations
Use multiple discounting principles
Use multiple time horizons

4.2 Results

When assuming real housing prices change depending on the annual GDP growth rates per SSP, the
superdike performs better than incremental dike reinforcement in most SLR and SSP scenarios, based
on the benefitost ratios and net present values. Only in the highest SLR scenario, in which SLR
surpasseS metersbefore2225,do the costsoutweighthe benefitsfor the superdikefor theaggregated

results. However, for the disaggregated results, the costs also outweigh the benefits in SSP4 (for
generatior? (2055 2084),3 (2085 2114),and4 (2115 2144)),andSSP1(generationgl (2115 2144)

to 9 (226%2294); these are scenarios in which population size declines, hence the additional housing
on the superdike leads to welfare losses due to increased vacancy rates elsewhere in the city (Figure
1.1.2). In the second highest SLR scenario, the costs outweigh the benefits for the last included
gereration, as is also the case for the aggregated results with a time horizoni@3IR3However,

when assuminthatthereal housing valueemainconstanbvertime andarehence notlependentn

GDP growth rates, the costs outweigh the benefits for all scenarios. The full methodology and results
can be found in van Tilburg et alirder review.
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#1: 2025-2054 #2: 2055-2084 #3: 2085-2114

SSP1 1.36 1.36 1.36 1.36 1.36 1.46 1.47 1.47 1.47 1.47 1.06 1.07 1.07 1.06 1.06 5.0
2 4.0
i~
E SSP2 1.31 1.32 1.31 1.32 1.32 1.39 1.41 1.40 1.40 1.40 1.55 1.57 1.57 1.55 1.56
3
g 3.0
2 L
g SSP3 1.22 1.23 1.22 1.23 1.23 1.17 1.18 1.18 1.18 1.18 1.14 1.15 1.15 1.14 1.15 5
] -20@
]

]
S
‘o SSP4 1.26 1.27 1.26 1.27 1.27 0.87 0.88 0.88 0.88 0.88 0.89 0.90 0.90 0.89 0.90 -1.0
o
0
0.5
SSP5 1.47 1.47 1.47 1.47 1.47 1.81 1.82 1.81 1.82 1.81 2.30 2.32 2.32 2.30 2.31 [
T T T T T T T T T T T T T T T 0.0
2617 2683 8517 8583 H.E. 2617 2683 8517 8583 H.E. 2617 2683 8517 8583 H.E.
Sea-level rise scenario Sea-level rise scenario Sea-level rise scenario
#4: 2115-2144 #5: 2145-2174 #6: 2175-2204

SSP1 0.98 0.98 0.98 0.98 0.97 0.98 0.99 0.99 0.99 0.94
2
E SSP2 177 1.77 1.77 1.77 1.76 1.96 1.98 1.98 1.97 1.85
]
]
@
2
£ ssP3 1.13 1.13 1.13 1.14 112 114 1.15 1.15 1.14 1.07
]
<
]
]
S
'G SSP4 0.97 0.97 0.97 0.97 0.96 1.02 1.03 1.03 1.03 0.98
o
0

SSP5 2.82 2.83 2.83 2.83 2.81 3.34 3.36 3.36 3:35 3.13

2617 2683 8517 8583 H.E. 2617 2683 8517 8583 H.E. 2617 2683 8517 8583 H.E.
Sea-level rise scenario Sea-level rise scenario Sea-level rise scenario
#7:2205-2234 #8: 2235-2264 #9: 2265-2294

SSP1

SSP2

SSP3

SSsP4

Socioeconomic scenario

SSP5

2617 2683 8517 8583 H.E. 2617 2683 8517 8583 H.E. 2617 2683 8517 8583 H.E.
Sea-level rise scenario Sea-level rise scenario Sea-level rise scenario

Figure 1.1.2:Benefitcostratiosfor ninefuturegenerationsicrosssocioeconomi@andsealevel rise scenariogor
superdikeneasurén DenHelder.H.E. standdor theRCP8.5high-endsealevelrisescenarioThemoralprinciple
appliedhereis classicaltilitarianism(i.e.,azeropercentliscountrate).Bold valuesindicatethenetpresenvalue

of the superdikés higher than for the incremental dike reinforcement measure. The last column for generation
nineis emptyasthereareno costsandbenefitsin thatSLR scenariaduringthatperiod.Sourcemage:vanTilburg

et al. (nder review.

5. Barriers and conditionsfor implementation

Severafactorscouldconstrairtheimplementatiorof the superdikgTable1.1.2).Forinstancegvenin

the scenarios and CBA assumptions under which the net present value for the superdike is positive,
finance could form a barrier to implementation. Since the dike does not require reinforcement at this
point intime, the newdike will not receivefundingfrom thenational governmerand will henceneed

to be financed locally. Moreover, the acceptability of making a potential overinvestment and of
overtoppingof thedike could constrainthe desirabilityof this adaptatioroption. Additionally, theneed

for removal of the current housing in the project area presents an enabling condition for flood
adaptation; without this need, the perceived acceptability of expropriating homeowners to reinforce a
dike that does not currently require reinforcement, could reduce the legitimacy of a similar adaptation
plan. Most of the barriers for the incremental dike are related to finance, whereas most of the barriers
for thesuperdikeelateto socialbarriers(Table1.1.2).However thisis notanexhaustivdist andmore

barriers may apply.
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Table 1.1.2:Barriersfor implementatiorof incrementatikesor superdikessadaptatiorstrategies.
Barriers to adaptation (B)

What are the barriers to adaptation for each strategy? Please describe them briefly and categorize them as either
knowledge, awareness, technology (K); physical (P); biological (B); economic (E); financial (F), human capital (H), social

and cultural (S); or goverannce and institutional (G).

Measure Barriers Cat

Incremental dike 1A — Competing local planning objectives

1B — Avalilability of future resources

1C — Availability of land for future reinforcements

2A — unsuitable financing institutions (not nationally funded)
" Superdike 2B — Acceptability of expropriating home owners

2C — uncertain effect housing on dikes

20 — acceptability of overtopping

2E — acceptability of overinvestment

2F — place attachment

2(G — Sharing of responsibilities in planning area

Gwuwuwuxwmmm o

6. Reflection on superdikesasadaptation strategy

Superdikes could also be implemented as adaptation strategy elsewhere. However, several factors
should be considered. Firstly, the role of léckand regret can depend on the size of the project area.
For the 1400 meter superdike along the coasts, the benpsfitratios are around 238% higher
compared to the 700 meter long superdike, depending on the discount rate applied. However, the
potential switching costs as well as theoosts in the declining population scenarios are also higher

for future generations. Secondly, housing costs and benefits are the main costs and benefits for this
project.Extendingthesuperdikefrom the 1400meterareato theentiredike segmenfor this casestudy,

only increasedotal benefitswith 0.01' 4.8%o0n averagdi.e., safetybenefitsof thedike aresmall). This

means that the strategy could be particularly relevant for areas where dike reinforcement is already
needed and there are more safety benefits from the dike in thiermaar

7. Conclusion

Multifunctional adaptation in the form of superdikes could be a way to increase spatial quality in a
region. However, the measure could be prone to-ilodk there is no demand for the additional
functions on the dike or if a switch is needed to a different strategy. In the context of Den Helder,
however, the risk of locikn for the latter reason is small, as the superdike has a robust design that is
suitable for 5.0 meters of SLR.

25



Casestudy 1.27 Large scaleandlong-term coastalnature-basedsolution policiesfor rural regions
in Europe and the German Baltic coast (Germany/Europe)

Partner: GCF

Spatial scale:Europearandregionallevel (GermarBaltic coast)

Stakeholders:LeitungWWF Ostseebrdlitergrundin Palaoklimatologieind biologie;IUCN
Status: ongoing

1. Decisioncontext

1.1Ecologicalcontext

Coastalwetlandsarebiodiversityhotspotghat providea wide rangeof essentiakcosystenserviceso

coastal communities. As natdbased solutions (NBS), they play a critical role in addressing both
climate mitigation as nature climate solutions (NCS) and adaptation challenges in the form of
ecosystenbased adaptation (EbA) (Schuerch et al., 2018; Taillardat et al., 2020; Tiggeloven et al.,
2022; van Zelst et al., 2021). These ecosystems, including seagrass meadows, salt marshes and
mangroves, act as carbon sinks by absorbing and storing greenhouse gases, thus contributing
significantlyto climatemitigation. Additionally, they serveasnaturaldefensesgainsterosionandthe

impacts of storm surges and wave action (Duarte et al., 2013), making them stratedic tiotate
adaptation, particularly in vulnerable coastal regions (Tiggeloven et al., 2020, 2022; van Zelst et al.,
2021).

Despitetheir critical ecologicalandsocietafunctions coastalwetlandsfaceseverdhreatsHistorically,

their importance has been overlooked, and they were often converted for agricultural, industrial, or
residentiapurposesleadingto widespreadhabitatioss(Davidson,2014;FluetChouinardetal., 2023).
Alarmingly, the rate of coastal wetland destruction surpasses that of tropical rainforests (Davidson et
al., 2018; Newton et al., 2020). The challenge is further exacerbated by rising sea levels and socio
economiadevelopmentasurbandevelopmentinfrastructureexpansiorandthe constructiorof coastal
defences restrict the horizontal space available for wetlands to migrate inland. Sediment starvation
impedes the vertical accretion especially in delta areas where dredging activities are performed to
improve the navigation. If these two biophysical mechanisms are blocked then we expect severe
wetlands losses facing 21st century-kmeel rise (Schuerch et al., 2016, 2018, 2025).

1.2 Stakeholderengagementind co-designprocess

To understand the needs, priorities and perspectives of practitioners and policymakers involved in
coastal adaptation, a series of stakeholder round tables was organized. These discussions brought
togetherepresentativeBom environmentabrganizationstesearclinstitutions,andpublic authorities

at both European and local level. The sessions were introduced with a guiding question: How can
research best support coastal adaptation, particularly through NBS?

The round tables combined expert presentations and interactive discussions to jointly explore the
current state and future potential of NBS in Coastal Flood and Erosion Risk Management (CFERM)

setting. Presentations by researchers and practitioners provided empirical insights into managed
realignmen{MR) projectsandtheirintegrationinto coastalprotectionstrategiesn differentregionsof

the German Baltic coast. These inputs served as a foundation for dialogue on scientific evidence,
administrative practices and implementation challenges.

The coedesign process revealed several key insights. Participants emphasized the need for better
guantification of the effectiveness of hybrid solutions that combine hard infrastructure and ecosystem
restoration. While economic efficiency and flood risk reduction remain central objectives, social
acceptance and transparent communication with local communities were identified as critical
preconditions for implementing MR and other NBS. Stakeholders noted that MR projects often face
resistance due to conflicting lande interests, long planning horizons, and limited awareness of co
benefits such as habitat creation, carbon sequestration, and recreation.
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Thediscussiongalsohighlightedregionalcontrastssomecoastaktatedhavemoreextensiveexperience

with MR, often driven by nature conservation objectives, whereas others have fewer but increasingly
climate-orientedprojects.This divergencainderscoretheimportanceof tailoring adaptatiorstrategies

to local governance structures and social contexts. Participants agreed that future research should
strengtherthe evidencebase for NBSparticularlythroughcostbenefitanalysesmodelingof wetland

flood attenuation and assessments elbenefits.

Overall,theroundtablesfostereda collaborativeenvironmenfor co-designingresearchyuestionsand
policy-relevant outputs. By integrating practitioner experience with scientific modeling and policy
analysistheengagemenprocesselpedto identify pathwaysor moreadaptive socially acceptecind
ecologically sound coastal protection strategies in the face of acceleratiegeldaése.

1.3The German Baltic Seacoastcontext

TheGermarBaltic coastwith anestimatedotallengthof 2538km (vanderPoletal.,2021)is projected
to experiencesomeof the highestincreases extremesealevelsin Europeuntil theendof thecentury
dueprimarily to relativeSLR. Without rethinkingexistingadaptatiorstrategiesGermanyis anticipated
to suffer substantial absolute flood damages (Kiesel et al., 2023).

CFERM along the German Baltic coast has a long history, with roughly one third of the shoreline
protected by dikes (Hofstede, 2024). Protection standards vary, though both Sélhiedstegn (SH)

and Mecklenburgvorpommern (MV) are progressing toward safeguarding against -g¢e200flood
eventplusa0.5m sealevelrise.However recentanalysigevealghatuniform hazardbasedrotection

can be inefficient; some floodplains with towns like Flensburg and Rostock may bepuoteted,

while others are oveprotected (Kiesel et al., 2023).

To addressuture uncertaintiesstateauthoritieshaveadoptedhen ¢ | i dikac cen c allpwing for

dike height increases of up to 1.5 m, thereby improving-teng adaptability (Kiesel et al., 2023).
Complementing this, MR has emerged as a promising hybrid, Hzdasesl solution that repositions

flood defences | andward to restore tidal exchar
dividendd of coast al protection and coast al resi
potential MR area of about 60,750 ha 77% in MV primarily consisting ofvialwe assets such as
agricultural land and meadows (Kiesel et al., 2023).

One of the main results of the stakeholder workshops on MR on the German Baltic coast were the
insights into the decision context. We identified a diverse set of stakeholders with different interests
that definethe context for MV and SH. Theezetwo separate systems in place for coastal protection.

In principle,theresponsibilityof coastaprotectionlies with thelandownersexceptfor placesof public

interest that are protected by the state governments, mostly through state dikes (Landesschutzdeiche)
or beach and dune nourishment. The investment costs for state dikes are shared between the Federal
Government (70%) and the State Governments (the remaining 30%), while the responsibility for
maintenance lies entirely with the States. Beyond the state dikes, local Water and Soil Associations
(Wasser und Bodenverbénde), whose members are municipalities and farmers, maintalledo

regional dikes (Regionaldeiche), predominantly in order to protect agricultural production in polders.

This division of responsibility leads to two main motivations for MR in the German Baltic Sea (A. de
la Vegaleinert et al., 2024; A. C. de la Vegainert et al., 2017):

1. For the realignment of regional dikes, the main motivations are cost savings and nature
restoration. The main driver behind the implementation of nddased solutions are
environmental protection NGOs who often initiate MR projects of regional dikes. Typically,
they approach the Water and Soil Associations, some of which are struggling to keep up with
the maintenance cost of dikes and propose ndased solutions. For the Water and Soil
Associations the main benefit and motivation is cost saving. The main motivation on the part
of the environmental organisations is the protection and restoration of ecologically important
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ecosystemganainly salt marshesloday,adaptatiorto climatechangeandSLR playsat besta
minor role in the realignment of regional dikes.

2. Fortherealignmenbf statedikes,the mainmotivationis flood protectionandhumansecurity,
with maintenanceostonly playingaminor role. Recentlythefederalgovernmenteleasedhe
Action Program for Natural Climate Protection (ANK), a mbitlion program promoting
naturebasedsolutionswhich will alsohelpfund saltmarshrestoratioron the North andBaltic
sea. The plan specifically highlights the multifaceted role salt marshes can play. Besides their
ability to sequester COand provide habitat for many bird species and insects, they are an
important element in coastal protection by attenuating wave energy, which can contribute to
the prevention of damages to dikes and other structures (BMUV, 2023).

Therefore, NBS have emerged as promising alternatives in rural coastal areas or complements to
engineered defences as in the case of MR with coastal restoration. Despite their advantages, the
implementation of NBS faces several challenges, including variability irsjséeific effectiveness,
integration with existing infrastructure and the need for broad stakeholder support backed by strong
evidence of cosgfficiency and reliability.

1.4 Stakeholderchallengesand researchquestion

The stakeholder discussions revealed several persistent challenges in advancidgaeatumastal
adaptation. Key issues include limited social acceptance of MR, complex and lengthy planning
procedures, conflicting lardse and conservation objectives and insufficient quantitative evidence on
the effectiveness and cesfficiency of hybrid solutions. Practitioners and policymakers emphasized
the need for clearer guidance on when and where NBS can complement or replace traditional flood
protection Building onthesensights we compiledasummarytable(Tablel.2.1)highlightingthemost

urgent questions regarding coastal restoration and MR as a combined hybrid solution to address flood
risk, reduce protection costs and achieve ecological goals.
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Table 1.2.1:Stakeholderslrivenresearchljuestionsexistinggapsto fill andpossibleproblems.

ResearchQuestions

Gaps(researchand policy)

Problems

How effective are NBS such as
MR in reducing flood risk?

- Limited empirical data on flood
protection effectiveness

- Needfor robustflood andcostbenefit
models

- Simplified models may be
unrealistic

Whatarethe co-benefitsof NBS
(carbon sequestration,
biodiversity, tourism) and hov|
to quantify them?

- Lack of integrated assessme
including ecological and socig
economic benefits

- Conflicting goals between habit
creation and flood protection

- Not all ESS can be effectively
assessed

- Establishing tradeoffs between
ESS is not straightforward

How can social acceptanceof
MR projects be increased?

- Lack of public communicationand
clear mandates

- Initial  rejection by local
communities
- Limited participation and

compensation mechanisms

What policy and governanc
frameworks best support th
planning and implementationof
NBS?

- Incomplete integration of SLR

considerations in policy

- Differences between administratiy

and scientific approaches
- Long,complexplanningprocesses

How to reconcile conflicting
goalsbetweercoastalprotection
and natureconservationn MR?

- Zoning challenges and multi-
stakeholder interests

- Conflicts between habitat nee

(e.g., water exchange) and narr
breaches for flood control

What role do hybrid solutiong
(combiningNBS and traditional
infrastructure) play in coasta
adaptation?

- Needfor bettermodelingof combined
approaches

- Limited evidenceon hybrid system
effectiveness

- Lack of real casestudiesdata
(especially on the costs)

How can longterm coastal
visions be developed to guiq
adaptation strategies?

- Lackof clear,sharedrisionsfor future
coastline

- Difficulty integrating climate]
projections and stakehold
expectations

What are the barriergo scaling
up MR and how can they b
overcome?

- Resistance from locals and
conservation groups

- Insufficientfundingor legalclarity

- Planning uncertaintiesand long
timelines

Cani g u and & i r gdcigntific

- Riskof oversimplificationbutneedfor

- Tension between rapid assessm

movemenand compoundevents
(storm surge + rainfall) affect
flood risk and NBS
performance?

understood in current models

assessments provide usel timely decisions and need for robust data
guidance for earlystage

adaptation planning?

How does vertical land - Complex interactions poorly | - Dikesmayhinderrainwateroutlet,

increasing risk

The central research question emerges: How can rAa&gexl and hybrid coastal protection measures
be effectively designed, implemented and evaluated to enhance resilience while balancing ecological,
social and economic objectives?
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2. Current and future risk

In this context, we aim to address the most pressing questions raised by stakeholders by assessing and
comparing the costs and benefits of different coastal adaptation strategies in the fadeva sisa

(SLR) andcoastaflooding. Specifically,we evaluatgyreyinfrastructurenaturebasedsolutions(NBS)

coupled with hybrid approaches (as MR) under a range of future SLR scenarios. The key risks for
European coastal communities are not only the physical impacts of SLR and flooding but also the
ecological loss of coastal wetlands and their ecosystem services (ESS). Particularly in rural and low
exposure areas, these challenges present opportunities to reduce coastal protection costs while
simultaneously promoting ecological restoration.

To conduct this assessment, we employ the Dynamic Interactive Vulnerability Assessment (DIVA)
coastal impact model (Hinkel et al., 2014, Lincke & Hinkel, 2021) together with a global wetland
change model (Schuerch et al., 2016, 2018). Using these tools, we analyse and compare two main
adaptatiorstrategiescros€uropeariloodplainswith aspecificfocusonthe GermarBaltic Seacoast:
1. ManagedRealignmenthybrid solution)coupledwith ecologicalrestorationthrough
sediment nourishment) as green solution
2. Seadike constructiorandheighteningasagreyinfrastructureapproach

We considerfour climatescenariogonsistentvith the ACCREUSscenarianatrix: SSP2combinedwith

RCP2.6, RCP4.5, and RCP7.0, using the median quantile (0.5) for all three, and additionally the high
guantile (0.95) for RCP7.0 to represent an extreme SLR scenario. This results in a total of four SLR
scenarios. A 3% discount rate is applied to estimate the present value of total costs and benefits over
the 20202100 period. The results are evaluated using the Be@efit Ratio (BCR); in floodplain

ar eas wh er eMRahdecoaial &osyterh restoration are deemed economically superior to
conventional sea dike protection.

To supportdecisionmaking,we proposehedevelopmenbf acomprehensivéR andrestoratiormap

for Europearcoastaregionsand,in greaterdetail,for the GermarBaltic coast(Figurel.2.1andFigure
1.2.2).Thismapwill functionasadecisionsupportool, guidingpolicymakersandplannersn selecting

and implementing the most suitable restoration and protection strategies according to regional
conditions. The core objective of this mapping effort is to identify priority areas for MR and coastal
ecosystem restoration that can effectively cope with projecteldgelarise.

o |
e

Figure 1.2.1:Coastalvetlandsn theEastGermarBaltic Seacoastattheborderwith Poland In yellow the DIVA
floodplain and in purple the tidal flats areas.
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Figure 1.2.2:GermarBaltic coastMecklenburgWesternPomeranialn yellow DIVA floodplains,in purpletidal
flats and in green salt marshes.

3. Adaptation strategies

The cost of adaptation can vary significantly depending on the protection strategy used. Lincke &
Hinkel (2018) highlighted the need for further research on alternative adaptation options, such as a
combination of hard defences (e.g., dikes) with accommodation and retreat strategies. This approach
could potentially offer a more cesffective and sustainable solution especially for rural and low
populated areas.

NBS offer a complementary or alternative approach, leveraging the inherent protective capacities of
ecosystems such as wetlands, salt marshes and tidal flats. These ecosystems can attenuate storm surge
eventsandwaveenergy reduceerosionandstoreexcessvater,all while providing co-benefitssuchas

carbon sequestration, habitat provision, and enhanced biodiversity.

Table 1.2.2: Adaptationoptionsclassifiedandtheir classificationn Incrementabr Transformative.

Adaptation options (O)

Are the options more

What adaptation options are considered in the case Incremental.or

study? transformative?
Incremental Transformative
Grey
s £ v
Dike reinforcements
v
Building new dikes
Green
. Wetlands restoration (using sediment nourishment)
v

= Managed realignment

Soft

Adaptation strategies (S)

Can you cluster the different adaptation options into more overarching strategies in your

case study?

Trade-off between grey and green adaptation strategies and hybrid strategies (managed realignment and coastal restoration)
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Themainadaptatiorstrategie®n the GermanBaltic coastto datearehardprotectionmeasuresuchas
dikesor soft-protectiormeasuresuchasbeachanddunenourishmentA moretransformativeapproach

is MR (Table 1.2.2), where dikes are slashed or relocated further landwards on the coast in order to

createcoastalwetlandssuchassaltmarshesMR onthe GermanBaltic coasthasa largepotential with

suitable land area of close to 61.000 hectares. Much of land identified as suitable is agricultural land,

meadowr forests.In MecklenburgVVorpommernonly afractionof thepotentialis sofar exploitedas

a recent inventory of MR projects shows (Table 1.2.3) (A. de la\egert et al., 2024).

Table 1.2.3: Inventory of managed realignment cases on the Baltic Searce: ECAS baltic project
https://globalclimateforum.org/portfolitem/ecasbaltic/ (A. C. de la Vegd_.einert et al., 2024)

Caseand location Measure Reasonfor measure Area (ha) [Begin |End
Landesdeich PittsegRealignment - Costsavingsdueto shorterdikeline |10 2002 |2003
Puttgarden of dike - Natureprotection:Reinforcemenbf
nearWestermarkelsdorf existingdike line would havecaused
greater interference with nature
Landesdeich PuttsegRealignment
Puttgarden of dike
nearFastensee
GeltingerBirk Realignment - Habitatcreationlagoonsandsalt 250 1988 (2014
of dike marshes
- CoastaprotectionBetterprotection
of the village of Falshoft through
new state dike
KleinesNoor Breachof dike - Habitatcreation 14-15 - 2002
- Improvewaterquality
Landesdeich Probstei, bejRealignment - Compensatoryeasurdor dike 40-50 - 1989
Wendtorf of state dike reinforcement
- Habitatcreationandrestoratiorof
Strandseenlandschaft natural coastal dynamics
Schmoel
Regionaldeich zw. DahfjRemoval of - Lackof funding:Dike wasseverely (60 - 2022
und Kellenhusdregional dike damaged during a storm in 2020.

Dahmer Moor

Landownemwasunwilling to bearhis
own share of the costs for repair

(estimatedo 300,000and400,0000
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https://globalclimateforum.org/portfolio-item/ecas-baltic/

Table 1.2.4: Adaptation strategies and their cost, benefits and underlying biophysical link marked with X if
applicable.

Adaptatio | Contr | Cost Benefit Biophysical mechanism
n strategy | ol
variab
le
Sea | Sea | Reloc | Volume | Coastal| Protec | Vertic | Inland | Wetlan
dike | dike [ ation | of protecti | tion al migrati | ds
inves | main | of sediment| on cost accreti| on squeez
tment | tena | peopl | s reducti | on (area | e (area
nce | e and on (area | increas| loss)
assets increa | e)
se)
Grey Add X X X X
(dikes, Sea
surge dike
barriers)
Hybrid Add X X X X
(Managed | sedime
realignme | nts
nt and
wetlands | Remov X X X X
restoratio | € sea
n) dike
Add X X X X
lower
sea
dike
inland
Green Add X X X X
(NBS, i.e. | sedime
wetlands) | nts
Migrat X X X X
ion

The adaptation strategies considered in our decision support tool and their associated cost and benefit
components are summarized in Table 1.2.4 that links each intervention to its relevant cost categories,
expected benefits and the biophysical mechanisms it influences.

4. Assessmenbf adaptation options

To evaluate the different adaptation options (Figure 1.2.3), we estimated the costs and benefits
associated with each strategy. For grey adaptation, costs are divided into two categories: investment
costsyepresentingheexpensesf constructingor upgradingseadikes,andmaintenanceostsyeferring

to the annual expenditures required to ensure their continued functionality. In comparison, the hybrid

adaptation strategy includes both the cost of MR covering the relocation of people and assets within

floodplains and the cost of sediment nourishment, which reflects the volume of sediment required to

replenish and restore degraded wetland areas.
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Figure 1.2.3: Adaptationoptionsin DIVA andtheirlink with thebiophysicalprocesses.

The benefits of wetlangrotection aralefinedasareductionin residualflood damagesnda decrease

in sea dike investment and maintenance needs, as restored wetlands attenuate storm surges, allowing
for lower or fewerseadike constructionsAdditionally, we calculateheannualabsolutecarbonstorage

ability of tidal flatsandsaltmarsheandmonetizethe climatemitigationbenefitsusingtheglobalsociat

cost of carbon 187 USD/tCO2e as estimated in Estrada et al. (2025).

The estimation of costs and benefits for both grey and hybrid strategies is based on the constant flood
protection standard framework within the DIVA model, which assumes that countries maintain their
current levels of protection over time (Table 1.2.5). Under this assumption, dike heights are
incrementally raised in line with future SLR projections to preserve existing protection standards.

Migrationis considerecsautonomougor reactive)following Lincke & Hinkel (2021)peoplemigrate
assoonasthearean whichtheylive islocatedn the 1-in-1 yearfloodplainwithout protectionmeaning

that they experience more than one flood event per year and therefore the area is considered
uninhabitable thus abandoned.

The wetland change model calculates wetland losses according to two main factors: the population
density threshold within the-ih-100-year floodplain (representing horizontal space availability) and

the availability of suspended sediments (indicating the potential for vertical accretion). Losses are
computedor eachtime stepacrosghe simulationperiod.lt is furtherassumedhat,in eachfloodplain
containingcoastalWwetlands coastalplannersactively restorethewetlandarealost usinga combination

of MR, which lowers population density by relocating people and assets, and sediment nourishment,
which compensates for sediment deficits in sedirséanrved floodplains.
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Table 1.2.5:Initial protectiontablerule asoutlinedin Nichollsetal. (2019)basedn protectionstandardsutlined
in Sadoff et al. (2015) and Hallegatte et al. (2013). Income classes are in US$ 2012 prices.

Wealth Class (2014 US$ GDP per Urban (>1000 Rural (30i 1000 Uninhabited (<30
capita, PPP) people/km?)* people/km?)* people/km2)*
Low income(<=$1,035) 1:10 No protection No protection

Lower middle income ($1,0367 | 1:25 No protection No protection
$4,085)

Upper middle income ($4,0867 | 1:100 1:20 No protection
$12,615)

High income (> $12,615) 1:200 1:50 No protection

Specialcase:Netherlands 1:10,000

Special case: 136 large coastal
cities

Hallegatteetal. (2013)
protection levels

*Population density thresholdsin the 1-in-100-yearsfloodplain
- Protectionlevelsareexpressedsreturnperiods(e.g.,1:100meangprotectionagainst 1-in-100-yearevent)

5. Barriers and conditionsfor implementation

5.1Barriers for implementation

From our stakeholder engagement process and the separate workshops we held, we identified several
barriersto theimplementatiorof wetlandrestoratiorandcoastaretreatat differentlevels(summarised

in Tablel.2.6and1.2.7).Locally, oneof themainbarrierss thelack of socialacceptancef MR among

the inhabitants of coastal regions. Agricultural landowners, in particular, tend to oppose adaptation
optionsthatresultin thelossof land previouslyconvertednto arableland. This oppositionstemsfrom

both economic and emotional reasons, as landowners fear losing their livelihoods and question the
effectiveness of wetlands for flood protection.

For environmental protection NGOs, climate change adaptation is often only a secondary benefit of
MR. Their primarygoal fortheimplementatiorof MR projectsis therestoratiorof ecosystemslhere
arehowevertradeoffs thatneedto be consideredvhenrelocatingor slashingdikes.Foradequatdood
protection, maintaining most of the dike with only small breaches to create wetlands behind it is
preferred. This approach can, however, restrict the outflow of water after a flood, leading to the
formation of saltwater pools that hinder the development of healthy salt marshes.

Table 1.2.6:Implementatiorbarriers

Category Barrier Description

- Limited dataon effectivenessf NBS
- Needfor bettermodelsto asseskng-termviability

Technicaland Scientific Gaps

Social Stakeholder

Conflicts

Acceptance and - ResistanceagainstNBS from local communitiesand interest
groups
- Unclear communication from the state to communities and |

of public engagement

Legal and Policy Constraints - Coastal protectiotaws andadministrativetraditions prioritize
hard measures and sand nourishment

- Lack of clearmandate$or managedealignment
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Table 1.2.7:Upscalabilitybarriers

Category Barrier Description

EconomicConsiderations | - High upfrontcosts(e.g.,managedealignment)|long-termbenefitsnotyetvisible
- Costbenefitanalysisnot sufficiently emphasize@not mandatoryin Germanyasin
other EU countries)

Institutional and | - Fragmentedyovernance Stateis responsiblefor coastalprotectionand human
Planning Challenges security, but managed realignment is organized locally per project
- Europeanagricultural policy constraints Complexland ownershipand leasing
issues

Uncertain Climate and | - Slowrealizationof sealevelrise (SLR)impactsin policy andplanning
Risk Perception - Needforii v i s i long-Benmyoastaktrategies

5.2 Conditions for implementation

To overcomehesebarriers,policymakerseedto establishsuitableincentivestructuresThis includes
compensatioschemesor landor realestatehatis surrenderedndfosteringactiveparticipationin the
planning process at the local level. Clear communication about the costs and benefits of wetland
restoration is essential to increase acceptance among local populations. Providing reliable information
about future sebevel rise flood risk andthe future costsof maintaining dikegan help createealistic
expectations and increase the willingness to support MR.

Exampledrom regionaldike associationslemonstratéow creatingwetlandscanhelp compensatéor
theincreasingmaintenanceostsof dikesunderthe pressuref sealevelrise.Forinstancetheremoval

of the regional dike of the Dahmer Moor after severe storm surge damage highlights a practical
application of this approach. The dike association was unwilling or unable to pay their share of the
repair costs of the dike and opted instead to remove the dike completely.

These findings are supported by two case studies in MV, conducted by A. C. de {aeifeyaet al.
(2017). The case studies show that fear of losing land and livelihoods is a primary driver of local
resistance to MR projects. However, the authors also highlight that successful negotiations involving
all relevantstakeholdersanleadto theeffectiveimplementatiorof MR, benefitingall partiesnvolved.

For effective wetland restoration, it is desirable to allow mostly unrestricted inflow and drainage of
water, but this comes at the expense of flood protection. Thisaffde particularly critical during

extreme water levels, where evidence shows that the attenuation rate of salt marshes created through
MR is reduced (Kiesel et al., 2022). A careful design of MR projects that balances the goals of flood
protection and ecosystem restoration is therefore necessary.

6. Modelling assessmenb support adaptation decisionsand results

We applied the DIVA coastal impact model across all floodplains in EU27 and the United Kingdom
with a coastline calculatingthe Benefiil Cost Ratigq BCR) for eachio assesshe economicviability of
managedealignmen{MR) andwetlandrestoratiorasadaptatiorstrategiesFloodplainswith aBCR O

1 are classified as economically justified, meaning that the benefits of MR and restoration outweigh
their costs, while those with BCR < 1 represent cases where the costs exceed the benefits.
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Figure 1.2.4:German BalticSeacoastfloodplains.Green floodplainkaveBCR O1; Red floodplainshiavea BCR
below1; Yellow floodplainsareoutsideGermany.

I n total, 63 out of 297 floodplains in Germany
restoration provide higher economic benefits than costs (including nourishment and relocation
expenses)Thisfinding remainsconsistenticrossll consideredlimateandsociceconomicscenarios,

with only oneadditionalfloodplain (total 64) reachinga BCR O1 underthe highest SLRscenarioThe

majority of theseeconomicallyfavourablefloodplainsfor MR arelocatedalongthe GermarBaltic Sea
coasthighlightingthisr e g i particalazlyhigh potentialfor implementingMR coupledwith wetland

restoration as a cosffective adaptation strategy (Figure 1.2.4).

At theEuropearscaletheresultssummarizedn Tablel.2.8showthe percentagef nationalcoastlines
whereMR andwetlandrestoratiorareeconomicalljjustified (BCRO1). Thefindingsrevealsignificant
variation between countries. For instance, Romania (79%), Italy (22%), France (25%), Spain (14%),
andGermany(62%) exhibit the largestsharef coastlinewhereMR andrestoratiorareeconomically
desirableln contrastimanynorthern Europeaoountries suclas Denmark, Finland, Sweden, Estonia,
Latvia, and Lithuania show no coastal floodplains meeting this threshold, suggesting lower economic
feasibility due to geomorphological or so@oonomic constraints.
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Table 1.2.8:Europearcountriesvheremanagedealignments economicallydesirablevith BCR equalor bigger
than 1 as a percentage of the country's total coastal length.

ISO 3 Code Country Total coastline(km) % of coastlength with BCR
>=]1
BEL Belgium 343 0.0
BGR Bulgaria 424 0.9
CYP Cyprus 619 0.0
DEU Germany 4,103 61.5
DNK Denmark 6,070 0.0
ESP Spain 7,107 14.2
EST Estonia 2,364 0.0
FIN Finland 15,093 0.0
FRA France 8,891 24.7
GBR UnitedKingdom 18,091 2.0
GRC Greece 13,519 0.2
HRV Croatia 4,791 0.0
IRL Ireland 5,864 0.0
ITA ltaly 8,300 21.7
LTU Lithuania 233 0.0
LVA Latvia 671 0.0
MLT Malta 161 0.0
NLD Netherlands 3,894 12.7
POL Poland 1,223 0.0
PRT Portugal 3,003 0.0
ROU Romania 794 78.8
SVN Slovenia 40 0.0
SWE Sweden 19,493 0.0

Overall,theresultsindicatethatMR andwetlandrestoratiorhavesubstantiabconomigotentialacross

Europe, particularly in regions with lelying, sedimentich coastal plains suds the German Baltic

coast and parts of Southern and Eastern Europe. These findings support the growing recognition of
naturebased and hybrid adaptation approaches as viablegffestive strategies for managing sea

level rise and coastal flooding in Europe.
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7. Discussionand conclusions

The modelling approach developed in this study was designed to address the key knowledge gaps
identified during the stakeholder workshops. It does so in two main ways: first, by testing the
effectiveness of wetlands in reducing coastal flood damages under variclevedease (SLR)
scenarios, and second, by evaluating where MR and ecological restoration are economically desirable
(i.e., where the benefits outweigh the costs). Through this dual focus, the tool provides a structured,
evidencebased framework to assess the potential of ndtased and hybrid coastal adaptation
measures in the German Baltic Sea coast and in rural coastal areas all over Europe.

Grounded in biophysical and economic models, the deesipport tool helps identify priority areas

for MR and wetland restoration across European coastal regions, with a detailed focus on the German
Baltic Sea coast. However, it is important to emphasize that the tool serves as an indicative, strategic
instrument rather than an operational planning tool. Decisions regarding MR or restoration should
always be made at the local level, drawing ongitecific data and ad hoc local models that capture

the nuances of local environmental conditions, social dynamics, and governance frameworks.

Several limitations must be acknowledged. The attenuation rates used to estimate the capacity of
wetlands to reduce coastal flood damages are derived from a limited number of case studies available
in the literature (Vafeidis et al., 2019). Consequently, these values should be interpreted with caution,
as they may not fully reflect the variability of reabrld coastal environments. Similarly, the wetland
change model used in this study is a simplified representation and does not comprehensively capture
local wetland conditions, stressors, and geomorphological processes, which may introduce potential
biases in the results.

Despite these constraints, the modelling approach has proven useful in bridging the gap between
research and policy. It offers a transparent and replicable framework for assesshuff$radtwveen
grey,greenandhybrid adaptatiorstrategiessupportingoolicymakersn identifyingwherenaturebased
solutions can deliver the highest value. Overall, the decmsipport tool contributes to a more
integrated, evidenebased approach to coastal adaptation, providing valuable insights for the
developmenbf sustainablendcosteffectivestrategieso copewith sealevel riseandenhanceoastal
resilience through ecological restoration.
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2 Forestry and ecosystems

Casestudy 2.11 Multi -sectoraladaptation to wildfire risk in a denselypopulatedregionwith high
natural values (ltaly)

Partner: DTU

Spatial scale:Sorrentamunicipalityandpartsof the Campaniaegion
Stakeholders:STRESSSCARL, Sorrentcandneighboringmunicipalitiesin the Campaniaegion,
Status: Ongoing.

1. Decisioncontext

Italy exhibits growing vulnerability to forest fires, particularly during the arid and-tegtperature
summer months, as a result of intersecting climatic, geographic, and anthropogenic factors (Michetti
and Pinar, 2019). The 6 marked by prélengetldralights and elevategla n ¢ |
temperature® providesconduciveconditionsfor theignition andrapid propagatiorof wildfires (Turco

et al.,2018).Moreover, theexpansiorof urbanareasnto forestedandrural landscapesasintroduced
additional complexities to fire prevention and management strategies. The-esonmmic
repercussions of forest fires in Italy are considerable, with notable impacts on regional economies and
the social resilience of -aisk communities (Michetti and Pinar, 2019). The intensifying effects of
climatechangearefurtherexacerbatinghe frequencyscale andseverityof theseeventsunderscoring
persistent challenges to environmental sustainability and public safety across the country (Dadkhah et
al., 2025).

This project case study focuses on the municipality of Sorrento, located in the Campania region of
southern Italy. The whole peninsula comprises a major tourist destination and attracts international
tourists annually. Agriculture (including agritourisf)and organic and highalue agriculture like

lemons, oranges, olives, and other Mediterranean protads® plays a major role for the economy

and comprise an important part of the cultural heritage of the area. Positioned on the Sorrentine
Peninsula, Sorrento features a coastal landscape shaped by volcanic and tectonic activity, with
prominent limestone cliffs, deep valleys, and terraced hillsides. The area supports characteristic
Mediterranean vegetatiomcludingolive groves, citrus orchardandmaquisshrublandwell adapted

to the regionds hot, dry summers and mil d, wet
Punta Campanella Marine Reserve further enhances its ecological significance, contributing to the
preservatiomf bothterrestrialandmarinebiodiversity. The coastabreaof the Sorrentgeninsulgoses

as an example of a coastal landscape with a unique balance between natural and built environment.
Within the area falls a number of NATURA 2000 sites, and Special Protection Areas (SPA). On the
southside ofthe peninsuldies the Amalfi Coast, which wdssted asa UNESCOWorld Heritage Site

in 1997, with two of the local villages being marketed as among the most beautiful villages of Italy.

Campaniabés | and use is predominantly agricultur
territory is designated as national or regional parks (Esposito et al., 2023, Dadkhah et al., 2025). The
region ranks fourth in Italy for the number of wildfire events and third for total burned area (Michetti

& Pinar, 2019, Dadkhah et al., 2025). From 1990 to 2017, Campania experienced approximately 900
forest fires per year, primarily from June to September (Busico et al., 2019, Dadakhah et al., 2025).
From2007to 2021,atotal of 11,765fire incidentswererecordedacrossCampaniaaccordingto burnt
areadataprovidedby theltalian Nationallnstituteof StatisticqIstituto Nazionaledi Statisticg. Figure
2.1.1belowillustratesthe annualdistributionof thesefire incidentsoverthe specifiedperiod.
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2008 Yearly Fire Incidents (2007-2021) with Peak Years Highlighted
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Figure 2.1.1: Number of recorded fire per year in Campania Region from -20@4. Source: the Istituto
Nazionale di Statistica (ISTAT)

Figure 2.2.2 illustrates the number of recorded fire incidents in Sorrento between 2007 and 2021. A
notable peak happened in 2007. Following this spike, the number of incidents remained low and
relatively stable, with most years recording between 1 and 4 fires. Minor peak occurred in 2012 (4
incidents) and 2021 (3 incidents).

Annual Fire Incidents in Sorrento (2007-2021)

10

10}

Number of Fires

Year
Figure 2.2.2:Numberof recordedires peryearin Sorrentoareafrom 20072021.Sourcethelstituto Nazionale
di Statistica (ISTAT)

GivenS o r r epromimedceasasummetouristdestinationdevelopingobustadaptatiorstrategied

including enhanced fuel management, earéyning systems, and public awarer@ess essential to

reduce future wildfire vulnerability under evolving climate conditions. Proactive adaptation strategies
are essential to mitigate fire risks during peak seasons. These measures should include enhanced early
warning systems, visitor education, and improved land management practices. Implementing such
approachewill helpprotectbothresidentandtouristswhile preservinghearea'siaturalandeconomic

resources.

The deep engagement stakeholder involved in this case study is SEHREFE, an association of
universities, private companies of the construction sector, engineering companies and other research
organizations. STRESSCARL has already been engaged in deep communication with local
stakeholdergncludingthemunicipality of Sorrentofor multiple yearsin thecontext ofthe EU Horizon
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2020 TREEADS project (A Holistic Fire Management Ecosystem for Prevention, Detection and
Restoration of Environmental Disasters). This is reportedly a difficult task, as fire prevention is only
one out of many priorities for most of the local actors.

Given that unmitigated wildfire risk will exceed social and economic acceptability and challenge

| egi sl ation regarding protected nature, the stal
costsandbenefitsof differentadaptatioroptionsto reducethelikelihood of wildfires andmitigatetheir

damage to sensitive economic and natural systems. Detaileguestions include: (a) what are the

risks under current and future scenarios? (b) how to adapt efficiently to increasing wildfire risks in a
holistic way such that the impacts on human and natural systems, e.g. buildings, infrastructure, high
value agriculture, and protected forests are minimized; and (c) what are the costs and benefits of
different management practices under current and future conditions?

2. Current and future risk

Climate models consistently forecast warmer and drier conditions across southern Europe, including
CampaniaFaggiaretal. (2018)projecta20% or greatelincreasen fire dangeruringsummerin most

of Italy by 2050 under the RCP4.5 and RCP8.5 scenarios. Similarly, Dugly (8020) estimate
increases in firgorone days and burned areas b# 2% and 550 % per decade, respectively, across
southern Europka trend directly applicable to Campani ab
furthersuggesthatextremewveatheiconduciveto wildfires, suchasheatwaveandprolongeddroughts,

are likely to become more frequent, intensifying fire risk during the peak summer months. Every year
wildfire occurs inthe region, e.g. between 2088d 2019 mor¢han 10,000 firesvere reported bthe

Fire Authorities of the Campania region, the number of large fires is increddamy of these fires

can be attributed to human activities, including controlled burns of agricultural areas.

Campani abs diovamging domlpiaenfdresis aml éMediterranean scrub to agricultural

landd renders it particularly susceptible to climatéven fire regimes. A hybrid GIS AHP model
appliedwithin theregion(Busicoetal.,2019)classifiedzonesgntorisk tiersandpredicteduturehazard

escalation linked to climatic and laiedver factors, achieving strong correlation with historical fire

events. Despite clear trends, significant uncertainties persist. Additionally, oér &0European

wildfires are humait au s ed, and Campaniabés high summer pop
ignition risk. Local differencedn fuel managementand-usepatternsandfire preventiorsignificantly

influence outcomes.

To evaluate the current wildfire risk across the Campania region, especially Sorrentegddvdata
approach is employed through the application of a machine learning model. This model generates a
spatially explicit daily fire risk map informed by historical fire occurrence data. A range of predictor
variables is integrated into the model, including meteorological conditions, human activity indicators,
land cover types, and topographic features. The fire risk map presents the daily probability of fire
ignition acrosghe Campaniaegion,includingthe Sorrento areal his probabilityservesasa basisor
estimating the expected damage losses resulting from potential fire events in Sorrento. Based on
modeling conducted using historical data, the probability of fire ignition in the Sorrento area ranges
from 0.27 to 0.33 during summer months.

3. Identifying adaptation options

In general, adaptation strategies to reduce wildfire damages in Italy increasingly emphasize an
integrated approach encompassing (i) grey, (ii) green, and (iii) soft forms of adaptation (Table 2.1.1).
Grey adaptations include investments in physical infrastructure such as firebreaks, enhanced road
networks, and communication systems to support rapid emergency response, particularly in transport
and urbanwildland interface zones (Arangetal., 2025). Greemeasures, though less prominent, are
gainingattentionthroughecosysterbasedstrategiesuchaslandscapeestorationcontrolledgrazing,

and vegetation management to reduce fuel loads (Lovreglio, 2024).

In thecaseof SorrentoCampaniasoftadaptationmeasureareidentifiedasthemostsuitableapproach.
A discussiorwith the Headof SorrentcAdministrationwasconductedn March11,2025.Amongthe
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aforementioned soft adaptation strategies, the implementation of advanced monitoring grograms
particularly the use of unmanned aerial vehicles (UAVS), dibmeserges as a highly preferable
option. Drones provide a flexible, cesffective, and efficient means of rdahe data collection and
surveillance, enabling early detection of fire outbreaks and facilitating timely response efforts.

The incorporation of drone technology into environmental monitoring frameworks presents numerous
advantages, such as the acquisition of fn@golution imagery, swift coverage of extensive areas, and
accessibility to remote or otherwise challenging terrains. These capabilities are especially pertinent in
the context of the Sorrento Peninsula, where complex topography and heterogeneous vegetation
patterns hinder the effectiveness of conventional grdnasgéd monitoring approaches.

Table 2.1.1:Overviewof adaptatiormeasures

What adaptation optionsare consideredin the casestudy Are the optionsmore incremental
or transformative

Incremental Transformative

Grey
1 Increasegbhysicalprotectionof assets a
Green
1 Optimized forest managemente.g., reducedtree density, a a
replanting more suitable tree species).
1 Firebelts a
1 Landusechange a
Soft
1 Improvedrisk assessmeifit improvedfire risk management a
(prevention, preparedness, response)
1 Enhancednonitoringprograms& technologies a
1 Insuranceschemes a
1 Restrictionof accessto risk-prone areas(e.qg., tourists are a

prohibited from entering protected natural areas under hig
risk fire conditionsto preventafire starting)

4. Methodology: assessmentf adaptation options

4.1 Expecteddamagelossand costbenefit analysis

To evaluate the economic implications of fire events, aloesefit analysis was performed using a
damageestimatiorformulasimilarto thatusedn theinsurancesector.Theformulacalculateexpected
damageor loss,da ¢ i, dstheproductof fire probabilityandthesumof reconstructiortostsandgross

profit lossesSpecifically,for eachassetype,unit quantitiesandreconstructiorvaluesweremultiplied,

while operational downtime was used to estimate lost profits. Specifically, insurance providers
determine the baseline coverage for fire incidents using a standardized formula, as outlined below:

Equation 1. Expectedossof fire conditionalto climatescenariosndtime horizon
Ao € Ji=i{i} x (B G @)+ (B Gox *)

Equation 2. Expectedenefitfrom preferredadaptatiorstrategy

do]l=da €]i i00

In equatiori, {n} standdor theprobabilityof fire which derivedfrom risk mapacrosghreepathway$
SSP1, SSP2, and SSP8valuated over fiime horizonsggstands for the unit measure of the asset
at risk"Q{e.g., vineyard, restaurant, etaais the dollar value of the reconstruction cagistands for
the operational delay time due to reconstruction, ‘agdtands for the gross profit loss due to

reconstruction time. Equation 2 describes the calculation of the be@Hji, of the preferred
adaptation strategy, ois the implementation cost of the preferred adaptation strategy.

43



To calculate), amodularwildfire modellingframeworkwasdevelopedo asseswildfire riskin Europe

under both historical and future climate conditions. The analysis is restricted to the fire seagon (June
October) and employs multiple climate datasets, including ER#S reanalysis (2002023) for
historical evaluatiomndbiascorrectedCLIMEX2 projections(1991 2010and202% 2100) forfuture
scenario analysis (Asselin, 2024). Central to the framework is a machine learnindpdb&d fire
probability model trained on wildfire observations from the EFFIS database and 23 predictors
encompassing climatic, land cover, topographic, and anthropogenic variables. Among several
algorithms tested, the Random Forest classifier demonstrated the highest predictive skill and was
therefore selected. This model generates daily fire risk maps, from which the probability of wildfire
occurrence is derived. This modelling approach was originally developed and applied within the
ACCREU project (Deliverable D2.4mpacts on ecosystems & biodiverkity

To integrate modelled fire probabilities into the economic appraisal, a baseline threshold of 0.5 was
applied,with exceedancérequencyovera 20-yearhorizoninterpretedasthelikelihood of occurrence.

This likelihood, multiplied by the baseline probability, yields an adjusted factor used to scale the
appraisal and capture expected wildfire impacts. Risk projections are assessedtforefduarizons

(2021 2040,2041 2060,2061 2080,2081 2100),althoughdetailedclimatedataareavailableonly for
thehistoricalbaselineandthe DistantFutureunderSSP1andSSP3with intermediateeriodsrequiring
extrapolation. Figure 2.1.3 shows the evolution of global mean surface temperature, where historical
warming continues into the 21st century, stabilizing under S5® While increasing steadily under
SSP24.5 and SSR3.0.
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Figure 2.1.3:Evolutionof theglobalmeansurfaceemperaturdor thedifferentclimatescenarios.

To address this gap, a temperatbased scaling approach is applied. For the Distant Futurei(2081
2100), the likelihood of wildfire occurrence under SSP2 is estimated using a weighted interpolation
between SSP1 and SSP3, based on their respective temperature differences, as show in Figure 2.1.3.
The weighting factor, u, is calcul ated as:

Equation 3. weightingfactorU

| = “Yisn Yion

“Yisn Y i1
Usingthe 2081-2100temperatureraluesfrom the MPI-ESM1-2-LR model:

Equation 4. weightingfactor Uconditionalto 2081-2100temperature

| = QlijEQﬁO.Gz 05
C Wp &Y9.5 .
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Thescaledprobabilityfor SSP2s thenestimateds:
Equation 5. Scaling
Ovviiz000 = | D0yvipogo + (1 1) DD-y~vaipogo

For intermediate horizons such as Miéntury (20412060), the scaled probability is adjusted
proportionally to the temperature increase relative to the historical baseline, assuming a linear
relationship between temperature rise and fire probability. This is done as well for the other time
horizons.

Equation 6. Scaling

ot 5 5 5 N Yo

Oi i1p050 = Ui % (Of 1150000  Ureni) & %Qg S

To showcasehe assessmeng simulatedire spreadnodellingis doneon potentialfire ignition points

on a particular summer day in August in the area close to Sorento Peninsula. Fire spread modelling is
employedo simulatefire dynamicsandpredictthe mostprobablepathway=of fire propagationtaking

into account factors such as terrain elevation, fuel conditions, and wind patterns. The simulation is
conducted using ignition points that are conditioned on these variables. The elevation map provides
topographic data for the study domain.

To assesshefinancialimpactof thefire damagewe identify assetsithin the affectedarea,including

land use and facilities. This identification process involves overlaying the burnt area with land cover
data.Severalbssetsdentifiedthroughthe overlayingprocessareafarmland forest,vineyard,bar, café,
church, hotels, restaurants, shops, etc.

4.2 Evaluation criteria adaptation options
Selecting adaptation options is done by evaluating the options against evaluation criteria used in the
costbenefit analysis of adaptation options shown in Table 2.1.2.

Table 2.1.2: Evaluationcriteriausedin thecostbenefitanalysisof theadaptatioroptions.
What appraisal criteria are considered? How are the criteria measured?
Whatcostsareconsidered? Qualitative | Quantitative | Monetized
- Operationatosts a
- Investmentosts a

Qi

Whatdirectbenefitsareconsidered?
- Reductionn expectedannuakisk damages
- Reductionin foresttreeloss
- Reductionn biodiversityloss a

an

an| an

Whatco-benefits?
- Economic
- Social
- Environmental a

Are you consideringlistributionaleffects? No

The appraisal framework considers both costs and benefits across qualitative, quantitative, and
monetized dimensions. On the cost side, the analysis accounts for operational and investment costs,
bothof whicharemeasureih monetizederms Directbenefitancludethereductionof expectednnual

risk damages, assessed both quantitatively and monetarily, while the reduction in forest tree loss is
measured quantitatively, and biodiversity loss is evaluated qualitativehbe@zfits are also
recognizedwith environmentabenefitsassessequantitatively thoughno explicit economiaor social
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co-benefits are detailed. Finally, the framework specifies that distributional effects are not considered
in the appraisal.

5. Results

5.1 ExpectedDamagelossand CostBenefit Analysis

As mentioned in the methodology section, in this study, we apply a simulated fire spread model to
potentialignition pointsonasummerdayin Augustin thevicinity of theSorrentdPeninsulaThemodel
integrategerrainelevationfuel characteristicandwind patterngo predictthemostprobablepathways

of fire propagation, with ignition points conditioned on these variables and supported by topographic
datafrom anelevationmap.To estimatehefinancialconsequenced fire damagewe furtheridentify

and map assets within the simulated burn area by overlayingffieted zones with land cover data.

This process highlights the vulnerability of both environmental and -®atnomic assets, including
farmland,forestsvineyardsandcommunityinfrastructuresuchascafés churcheshotelsrestaurants,

and shops, thereby providing a foundation for evaluating expected damages and potential adaptation
benefits. We conduet simulationthat closely replicates remlorld conditions irorder to estimate the
expectedlamagdossesandthe anticipatedenefitsof the selectecadaptatioroption. The outcomeof

the fire spread modeling process are illustrated in Figure 2.1.4.

4*

Figure 2.1.4: Simulatedburntarearesultingfrom fire spreadnodelling

To conduct a showcase for damage cost assessment process, the area close to Sorento Peninsula is
selected. Figure 2.1.5 shows the selected burned area and assets within the burnt area.

Figure 2.1.5:Selectedurntareaandidentified assetsvithin theburntarea.

Based orthedamagecost assessment (see equationhB projectedinancial lossunder a scenariof
complete asset destruction (i.e., 100% damage rate (loss) and 100% avoided damage rate (benefit)) is
estimatechtapproximatelyd 3 5 Billid. Thistotal comprisesreconstructiortostof U 3 5 willidh

and an associated gross profit |l oss of G1. 15 mi
residentiabuildingsaccounfor thelargestshareof thereconstructiortosts estimatecata 3 Zn8lion.
This is followed by forests (05.5 million) and

million) andsportcentres( U 4milli®n). With respectto grossprofit losses,orchardsand farmland
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represent t he mo st significant contributors, W

respectively.

The assessment of adaptation benefits under climate change scenarios to détgnsicarried out
across three pathwaysSSP1, SSP2, and SSP8valuated over firtime horizons. As indicated in
Equationl, theinclusion ofclimatechange scenariascorporateshe probabilityof wildfire occurrence
{n} into thebenefitsassessmenthecorrespondingvildfire probabilityrisk outcomedgor eachscenario
and time horizon are summarized in Table 2.1.3.

Table 2.1.3: Wildfire probabilityunderdifferentclimatescenariog@ndtime horizons

SSP1
Historical NearFuture Mid Century FarFuture DistantFuture
(1991:2010) | (2021-2040) (2041-2060) (2061-2080) (2081-2100)
Likelihood
Firerisk > 0.50 0.530
TemperaturéK) 278.7 279.3 279.6 279.7 279.5
Probability{p} 0.265 0.270 0.273 0.274 0.272
SSP2
Historical NearFuture Mid Century FarFuture DistantFuture
(1991:2010) | (20212040) (2041-2060) (2061-2080) (2081-2100)
Likelihood
Firerisk > 0.50 0.530
TemperaturéK) 278.7 279.4 279.9 280.4 280.6
Probability{p} 0.265 0.277 0.286 0.295 0.298
SSP3
Historical NearFuture Mid Century FarFuture DistantFuture
(19912010) | (20212040) | (2041-2060) (2061-2080) (2081-2100)
Likelihood
Firerisk > 0.50 0.530 0.649
Temperatur¢K) 278.7 279.5 280.2 280.8 281.7
Probability{p} 0.265 0.281 0.295 0.307 0.325

In the case of Sorrento, Italy, soft adaptation measures are identified as the most suitable approach.
Among these soft adaptation strategies, the implementation of advanced monitoring giograms
particularly the use of unmanned aerial vehicles (UAVs), dibmeserges as a highly preferable
option. Drones provide a flexible, cesffective, and efficient means of rdahe data collection and
surveillance, enabling early detection of fire outbreaks and facilitating timely response efforts.

The incorporation of drone technology into environmental monitoring frameworks presents numerous
advantages, such as the acquisition of fn&golution imagery, swift coverage of extensive areas, and
accessibility to remote or otherwise challenging terrains. These capabilities are especially pertinent in

the context of the Sorrento Peninsula, where complex topography and heterogeneous vegetation
patterns hinder the effectiveness of conventional grdasgd monitoring approaches. Given the

market cost of advanced drone systtmsangi ng from 0509 hd®iBvestmentiover U:
dronebased wildfire surveillance is financially justifiable.

Figure 2.1.5 show the delineated burn area and corresponding assets which are identified through
overlaying land cover data. These assets include farmland, forests, vineyards, residential and
commerciabuildings,andvariousrecreationafacilities. Assumingcompleteassetiestructionthetotal
projectedosscountsapproximatelyd 3 5 Billidhd comprisingd 3 5 aillidn in reconstructiorcosts

and 01.15 million in gross profit | osses. Resi c
million), followed by forests and sports infrastructure. Using equation 1 and 2, Table 2.1.4 shows the
expected benefit from UAVs investment for different climate scenarios and time horizons.
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Table 2.1.4:Expected benefit of UAVs investment for different climate scenarios and time horizons (in million

Euro)
SSP1
Adaptation NearFuture Mid Century Far Future DistantFuture
Strategy (2021:2040) (2041:-2060) (2061-2080) 20812100
{n}=0.270 {n}=0.273 {ny=0.274 {n}=0.272
UAVs 95.52i 95.67 96.58i 96.73 96.93i 97.08 96.22i 96.37
SSP2
NearFuture Mid Century Far Future DistantFuture
(2021:2040) (2041-2060) (2061-2080) 20812100
{n} =0.277 {n} =0.286 {n} =0.295 {n}=0.298
UAVs 98.00i 98.15 101.19i 101.34 104.38i 104.53 105.44i 105.59
SSP3
NearFuture Mid Century Far Future DistantFuture
(2021:2040) (2041-2060) (2061-2080) 20812100
{n}=0.281 {n} =0.295 {n} =0.307 {n}=0.325
UAVs 99.41i 99.56 104.38i 104.53 108.63i 108.78 115.017 115.16

Notes: As outlined in the methodology section, for simplicity and due to lack of data on the effectiveness of
theintervention theanalysisshownaboveassumea 100%avoideddamageate,servingasthe counterfactual

to a 100% damage rate for the purpose of loss estimationelinstead assumes a lower (and arguably more
realistic rate) of avoided damage, e.g-8%b, the damage value will similarly change.

Theresultspresentedn thetableillustratethe effectivenes®f UAV-basedadaptatiorstrategiesinder

different Shared Socioeconomic Pathways (SSPs) and time horizons. Under SSP1, which represents a
moresustainabl@evelopmentrajectory theexpectedenefitfrom havingUAV -basedstrategyremain
relatively stable across all future periods, ranging from approximatelyi®R%7 in the near future

(2021 2040)to 96.22 96.37in thedistantfuture (2081 2100),with only marginalincrease®bserved.

In contrastSSP2characterizetty afi mi dofithee o asdenarioshowsagradualisein theexpected

benefit, beginning at 98.068.15 in the near future and increasing steadily to 1020BL59 by the

end of the century. The most significant growth is observed under SSP3, which reflects a more
fragmented and unsustainable development pathway. Here, the expected benefit rises markedly from
99.41199.56 in the near future to 115iA115.16 in the distant future. These results suggest that while
UAV adaptation strategies are cost efficient across all scenarios.

5.2 Evaluation adaptation options

In response to these risks, soft adaptation measyragicularly the use of unmanned aerial vehicles
(UAVs)0 are identified as the most suitable approach for the Sorrento context. Drones offer a cost
effectiveandefficient solutionfor reaktime monitoring,enablingearlydetectionandfasterresponseo

wildfire outbreaksTheircapabilitiesjncludinghigh-resolutionmagingandtheability to accessemote

or rugged terrain, make them especially valuabl
addressekey limitations of conventionagroundbasednonitoringmethodsThe integrationof UAVs

into wildfire risk management enhances preparedness and situational awareness. Given that advanced
drone systems range from 050,000 to U200, 000, t
and economicallyustified. Though UAVsarethe bestsolution but inthereareseveral limitationghat

are discussed in the following sections. Therefore, additional adaptation strategies may be considered,
as outlined in Table 2.1.1. These include enhancing the physical protection of assets through the
strategic placement of fire stations and equipment, as well as limiting access-tskigteas by

restricting new development within zones prone to elevated hazards.

6. Barriers and conditionsfor implementation

The deployment of drones as a singular adaptation strategy for wildfire management in Sorrento,
Campaniais subjecto considerableonstraintsAlthoughdronesprovidevaluablecapabilitiesn terms

of surveillanceearlyfire detectionandspatialmappingof high-risk zonestheyareinherentlylimited

in their capacity to directly suppress wildfires or execute preventive land management interventions.
Thephysicalcharacteristicef theregion,includingsteepopographydensevegetationandacomplex
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urbani wildland interface, further impede the operational efficiency of drone technology. Moreover,
drone performance is heavily influenced by meteorological conditions, with operational duration
constrained by limited battery life and range. Their effective utilization also depends on technical
expertise, robust infrastructure, and the integration of advanced data processing systems. In addition,
regulatory frameworks must accommodate flexible and timely drone deployment, particularly in the
contextof emergencycenariogndairspaceestrictions While advancementsuchaslong-endurance

drone platforms and Aénhanced fire modelling hold promise, the integration of drone technology
within a broader adaptation framewadrkncorporating ecological measures and commuipityed
approacheas remains critical for comprehensive and effective wildfire resilience.

Other factors may hinder the implementation of the adaptation options described in Section 3 (Table
2.1.1). Firstly, physical protection is costly and only affects the fire risk very locally. These
interventionsarethereforeonly applicableto particularlyvulnerableassetsLarge scalechangesn land

use and forest management are likely to be resisted by authorities, stakeholders and practitioners,
representing very diversegroupwith highly varyingpriorities,including political andeconomic Not

all tree species are suitable for every location, and in addition some of the main forested areas in the
region are protected, limiting the applicability of taidaptation option. Finallfprest management is

costly, and forest managers may not be aware of potential adaptation strategies or will resist them
becaus¢heyareaccustometb certainpracticessuchasgrowinglocal speciegshatmaynotbeidealfor

wildfire resilience Therecouldalsobealack of trainedpersonneto carryouttheseadaptatioroptions,
e.g.cleaningtheforestfor deadwood,andhiring educatedtaff canbeexpensiveTable2.1.5presents

a summary of the barriers associated with the implementation of thedaa&d adaptation strategy

and organizes these challenges according to a defined set of evaluation criteria.

Table 2.1.5:Barriersfor implementatiorof adaptatiorstrategies.
What are the barriers to adaptation for each strategy? Please describe them briefly and
categorize them as either knowledge, awareness, technology (K); physical (P); biological

(B); economic (E); financial (F), human capital (H), social and cultural (S); or governance
and institutional (G).

Strategy: Barriers: Cat:
Unmanned e Theregion’s challenging physical features— « K.PB
aerial steep terrain, dense vegetation, and a complex

vehicles urban-wildland interface—further reduce the

(UAVs) or effectiveness of drone operations.

also know « Drone performance is also influenced by .

as drones weather conditions and constrained by * K.BB

operational factors such as battery life and
flight range.

o Effective deployment depends on the « FHG
availability of skilled personnel, supporting
infrastructure, and sophisticated data
processing capabilities.
e S G

¢ Regulatory issues, partticularly those
concerning emergency response and airspace
restrictions, must be addressed to enable

7. Conclusionand reflections on adaptation strategiestowards wildfires

Oneof thethingsthatstandsout, whenwildfires areconcernedis thatthesehazardoccuratlandscape

scale, and hence the effectiveness of most stationary adaptation measures are constrained to the local
areas, wheréheyare present. Thmost effectivaesponseat larger scalesaytherefore beo reduce

the probability of ignition in generalandto setup comprehensivenonitoringandresponseschemeso
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ensure that the fires that break out are detected immediately and contained as soon as possible, before
significant damages occur, or the fire goes out of control. In a sense, the most efficient adaptation
towards wildfires is therefore to limit global warming to a minimum.

Interestingly, afforestation is often highlighted as a nabased solution that facilitates both climate
change adaptation to water stresses (droughts and floods) and mitigation of climate warming. As a
result, in some places it is likely that increased afforestation may in fact in the short term increase the
risk of large wildfires taking place by increasing the availability of combustible fuels. To resolve this,
it may here be necessary to consider (moffe or
between mitigation and different adaptation objectives.
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Casestudy 2.21 _Adaptation optionsfor reduction of forest fire

Partner: DTU

Spatial scale:Local, Leksandn Sweden

Stakeholder: ForestownerandmanagemertcompanyMiljé ochSkogi LeksandAktiebolag)

1. Decisioncontext

Swederis thesecondnostforestedcountryin Europe with forestcoveringnearly70%of thetotal land
area(The Royal SwedishAcademyof AgricultureandForestry[KSLA], 2024).Theseforestsarevital

for the Swedisheconomyby supportingkey industriessuchastimberandbiofuel, positioningSweden
asoneof theleadingexportersof forestindustrygoodsglobally. Beyondtheir economic/alue,forests

support biodiversity by offering a habitat for countless species and maintaining essential natural
processes such as water regulation, pollination, nutrient cycling, soil stabilization and climate
regulation. Furthermore, the forests have important cultural value in Sweden, where the concept of
A Al | e ma rtlseRightof PeiblidAccesso Nature)is adeeplyrootedtradition,settingthecountry

apart from many others (Naturvardsverket, 2024).

A large increase in wildfire risks is expected in the Nordic countries because of climate change. The
largest and most intense wildfires typically occur in rural areas facing fiscal constraints due to sparse
populationJimiting fundingfor preventionandsuppressiorfforts, resultingin resourceshortagesnd

low levels of preparedness. Additionally, the remoteness of these areas results in longer detection and
response times, critical factors in preventing fires from escalating (Eriksson, Sjostrom, & Plathner,
2024).

This case study focuses on Leksand, a municipality in central Sweden that is part of the province of
Dalarna. Thdorests around Leksand, likeuchof Dalarna, are aix of coniferous trees sucs pine
andsprucealongwith somedeciduoudreeslike birch. Theseforestsplay animportantrolein thelocal
ecosystem, providing habitat for wildlife and a resource for timber. In the summer of 2018, several
wildfires ignited, burningatotal areaof 25.000hectaresThe provinceof Dalarnawasoneof the most
affected areas (MSB, 2019).

The deep engagement stakeholder in this case study is Miljé och Skog i Leksand Aktiebolag, a forest
management company in Leksand whose head is a forest operator and a forest owner. Forest vehicles
operated by forest managers can sometimes ignite wildfires, for example, when metal components hit
barerock or largestonesandproducesparks especiallyunderwarmanddry conditions which wasthe

case in 2018 and is expected to become more common in the future (MSB, 2015). Because forest
machines travel long distances to transport logs and there is a lag from a spark to the fire, the vehicle
may already be at another location when the fire starts. As a result, there is no immediate response to
extinguishthefire atanearlystagemakingit harderto preventthefire from spreadingandthusprevent

damage from occurring.

Giventhiscontextthes t a k e hpolicydjeestions to determinevhich adaptatioroptionsaremost
effectivein reducingthelikelihood of wildfires andspecifically,whattheirassociatedostsandbenefits
are.

2. Current and future risk

Rising global temperatures and changing weather patterns have increased the frequency and intensity
of dry periods in Swedemncreasing the risk of forefites. Sweden has experienced significant forest
firesin recentyears especiallyduringthe heatwaveof 2018,which alsoaffectedthe Dalarnaprovince.

The SwedishContingencyAgency(MSB) predictghat periodf highfire risk in Swederwill extend

by severalweeksthroughouthis century with thekeydriversof thistrendbeingincreasedvaporation,

faster drying soil, and longer dry periods, which further intensify the drying process and thereby
increase the risk of wildfires (MSB, 2023).

According to MSB (2023), the duration of the fire risk season varies across Sweden, with the most
severampactsexpectedn the southeast-urther the extentof thisincreasedepend®n future climate
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scenarios. However, across all climate scenarios (RCRZB8.5), a significant increase in the fire
seasoris projectedin theprovinceof Dalarna)ocatedn centralSwedenthefire risk periodis expected

to extend by 1050 days compared to historical numbers from 12000. Coniferous trees, which
dominate the study area, are more flammable due to their resin content and the accumulation of dry
needles on the forest floor. Without adaptation, the economic and social costs of wildfire risks and
damage can exceed acceptable thresholds.

While these projections indicate a significant increase in the risk of future wildfires, several key
uncertainties remain. The projecticer® based on weathearameters, buhe exact level ofvarming

and the pattern of weather changes remain uncertain. Warmer and drier summers are expected in
Sweden, but meanwhile, higher levels of precipitatimmexpected too (MSB, 2023), which may help
mitigate wildfire risk, creating a complex and uncertain balance of factors. However, the extent of
increased precipitation remains uncertain, with projections indicating larger increases in northern
Sweden and along the southwest coast (Skogsstyrelsen, 2020). Furthermore, these increases are
expected to be more significant in the wintertime, when the overall risk of wildfires is lower. The
influence of demographic factors on wildfire risks adds an extra layer of complexity. The risk of fire
ignition is strongly correlated with high population density, primarily caused by human activity
(Sjostrom & Granstréom, 2023). Meanwhile, sparsely populated areas are associated with longer
response times due to fewer resources, possibly leading to larger and more severe fires.

Toreduceherisk of forestfires, asix-pointFire Weathedndex(FWI) is usedoy MSB to asseswildfire

risk levels, inform about fire risk, and determine which associated safety measures should be applied
during forestry operations (MSB, 2025)The Fire Weather Index is available online and as a
smartphone application, providing risk maps with FWI values for the next six days across Sweden. If
theindexis abovethree theprincipal,typically theforestowner,mustinform the operatorof theforest

vehicles of the required actions. At this level, two additional fire extinguishers must be added to the
four alreadyonboardwith costscoveredby thevehicleowner.If theindexis four or above fireguards
arerequired.Thenumber dependsn the work: ongguardfor aharvester (movingessthan 1km) and

three for a forwarder (moving longer distances). The principal is responsible for paying the guards,
while the forest operator is responsible for hiring them. A course must be passed to qualify as a fire
guard. Because the reliable fire index forecast is six days, forest operators may struggle with finding
guards on short notice. Since these vehicles involve large investments, ogeedeots cut on other
activities, such as thinning, rather than having the vehicles not operate, and thus workers may be
relocated. This, however, involves an opportunity cost and a fire risk.

3. ldentifying adaptation options

The adaptation options for reducing wildfire damages and enhancing resilience to wildfire focus on
three main categories: (i) grey, (ii) green, and (iii) soft forms of adaptation (Table 2.2.1), and can be
classifiedastransformativef theyinvolve fundamentathangeso thelandscap®r incrementalbased

on the definition by Kates et al. (2012). In this case study, (i) grey adaptation options include
transformative options, such as creating firebreaks. While limited research exists on firebreaks,
significantlymoreresearchasbeenconducteddn fuel breaks Thetwo arecloselyrelated:fuel breaks

involve areas with reduced vegetation, while firebreaks are areas where fuel is removed completely,
such as roads (Gannon et al., 2023). Overall, fuel breaks have been shown to be effective, especially
whentheyinvolve moreintensefuel reduction an@rewell maintained, as older fuel breaendto be

less effective in mitigating wildfires (Urza et al., 2023). (ii) Green adaptation options focus on forest
management, such as reducing tree density, planting fire resistant tree species such as deciduous trees
and birch trees, which do not burn easily, particularly on old arable land, and prescribed burning that
requires largescale forest owners with more than 5.000 hectares to burn five percent of annual
rejuvenatiorarea®nfire-pronelandto preventuncontrolledires. Reducingreedensityandprescribed
burningareincrementahdaptatioroptions,while plantingfire resistantreespeciess atransformative

and costly adaptationoption rarely used(Chung,2015; Keane,2013). (iii) Soft adaptationoptions

4 The Fire Weatherindexis availableat https://www.msb.se/sv/omsb/informationskanaler/appar/brandrisie.
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include(i) usingfire risk appto improveknowledgeandreadiness(ii) training programsby MSB and

the Swedish Forest Agency for fireguards, firefighters, incident commanders, private forest owners,
forestmanagerandforestmachinedrivers,and(iii) employing fireguardgor surveillance. These soft
adaptation options are considered incremental.

Table 2.2.1:Overviewof adaptatioroptions

AdaptationOption Incrementall) or
Transformative(T)
(i) Grey
Creatindfirebreaks T
(i) Green
Reducingreedensity |
Plantingdfire resistantreespecies T

Prescribedburning I
(iii) Soft

Useof fire appwith fire risk indexto improveknowledgeandreadiness |
Trainingprogramdor fireguardsandotherstakeholders I
Employingfireguardgor surveillance |

4. Assessmenbf adaptation options

4.1 Methodology

We conductasimulationdesignedo closelyapproximateheactualconditionsof privateforestswithin

the study area to evaluate the costs and benefits of different adaptation options. Table 2.2.2 lists and
describes the adaptation options that are simulated.

In this casestudy,we do not conducta costsandbenefitsanalysisof the softadaptatioroptions,i.e. use

of fire app with fire risk index to improve knowledge and readiness, training programs for fireguards
and other responsible, and employing fireguards for surveillance (Table 2.2.1). While these strategies
improve knowledge and preparedness, they do not directly influence the physical spread of fire. Our
modeling framework focuses on strategies that directly influence fire dynamics, which implies that
these soft options cannot be included in the model. Nonetheless, their benefits, including improved
awareness and safety for forest workers, remain important, though they are more appropriately valued
through qualitative assessments.

Table 2.2.2:Descriptionof adaptatioroptions

Adaptationoption Description Adaptedarea % of totalarea
(ha) adapted
Creatingdfirebreaks Optionl | Creating an artificial fuefree 6,00 24

gap running diagonally throug
the stakehol de

Option2 | Creatingan artificial fuel-free 16,00 64
gap surrounding the
st akehfadstder 6 s
Reducingreedensity Reducing crown connectivit 25,00 100

and fuel continuity to decreag
fuel availability

Plantingfire resistantrees Plantingfire resistantreespecies 25,00 100
so that the fire spread slowly or
does not spread

Prescribedburning Burning some part of the fore 7,50 30
throughcontrolled,low-intensity
fires so that the surface fuel loz
is reduced for fire season
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Firebreakscreatedasartificial fuel-free gaps areappliedto anareaof 6 harunningdiagonallythrough

thes t a k e hfardstOptrordly andanareaof 16 hasurroundinghes t a k e hfardsttb prevéns

fire crossing into/out of the property (Option 2), corresponding to 24% and 64% of the total area,
respectivelyThereplacemenbf existingspeciewith fire resistantreespeciesvasimplementedcross

the entire 25 ha, ensuring full coverage of the study area. Prescribed burning, aimed at reducing fuel
load prior to the fire season, was applied to 7.5 ha (30% of the area). Finally, reducing tree density to
lower biomass and fuel availability was also implemented over the full 25 ha (100%). The purpose of
this simulation is to provide a structured basis for assessing outcomes under different adaptation
options. The overall analysis is illustrated in Figure 2.2.1.

Fire Simulation Expected

Expected Damage
Cost

(Baselineg) Damage Cost Cost Gap ~
Adaptati
Fire Simulation Adaptation Cost + Benefit/Loss
(Adaptation)

Figure 2.2.1: Structureof thecostbenefitanalysisof adaptatioroptions

The process begins with the selection of a specific study area, which is then analyzed under two types
of fire simulation scenarios: a baseline scenario without adaptation and a scenario with adaptation. In
thebaselinescenariothe outcomess the expectednonetizeddamageesultingsolelyfrom wildfire. In

the adaptation scenario, both the cost of implememtiagdaptation option and the expected residual
damage costs from wildfire are considered. Finally, the difference in costs between the two scenarios
representtheadaptatiorbenefitor loss,allowing stakeholderso determinevhetheradaptatioroptions

are financially coseffective.

The fire simulation is conducted using a msltale probabilistic fire spread model that integrates the
ForeFireClimatemodeldevelopedy Filippi etal. (2014)with thesix-point Fire Weathedndex (FWI)
proposed by MSB (2025). The analysis is applied to a typicdie2tare privately owned forest to
simulate wildfire dynamics and to predict the spatial and temporal progression of fire spread under
scenarios with and without the implementation of an adaptation option. This predictive framework
assesses wildfire risk by incorporating key environmental and meteorological parameters, including
temperature, wind speed and direction, relative humidity, vegetation characteristics, and records of
historical fires. By combining regime meteorological inputs with lorigrm climate projections, the
model produces higtesolution fire danger maps tailored to Swedish landscapes.

In assessinthe benefits we evaluategheavoidedexpectecannualdamage$rom wildfires, specifically

in terms of the reduced loss of forest resources. The analysis considers progressively increasing levels

of warming represented by scenarios SSPG, SSP2.5, and SSR3.08 across multiple temporal

horizons: Historical (1992010), Near Future (2022040), Mid Century (2042060), Far Future
(20612080), and Distant Future (202100). Under a businessusual scenario, wherein no
adaptation options are iIimplemented, it i s assume
affected by wildfire damage. To calculate the wildfire expected damage costs and benefits with or
without adaptation option we use the following equations:

Equation 7. Expecteddamagecostgivenadaptatioroption

T & B(Q] = Ax {1 QCTx “ T+ &
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Equation 8. Expectedbenefitsfrom adaptatioroption
AB(] = A x {1 éx “} Tb b &S]

wherew w 6 denotegheexpectedvildfire costundertheadaptatioroption r) denoteghe probability

of afire occurrence¢di ‘Qaidd® i Gudrrespond$o thetotal burnedareain hectaresvith andwithout
adaptation. The variabl®denotes the timber forest productivity (volume per hectare)' afehotes

the farm gate price of timber. The vectocaptures the costs associated with adaptation, including
investment (construction) costs, revenue losses attributable to adaptation options, and operational
expenses as described in Annek CS2.2.

To calculatethe wildfire risk probabilityr) , a modularwildfire modellingframeworkwasdevelopedo

assess wildfire risk in Europe under both historical and future climate conditions. The analysis is
restricted to the fire season (Ju@etober) and employs multiple climate datasets, including ERAS5
Landreanalysig2008 2023)for historicalevaluatiorandbiascorrectedCLIMEX2 projectiong1991

2010 and 20212100) for future scenario analysis (Asselin, 2024). Central to the framework is a
machine learning (ML:pased fire probability model trained on wildfire observations from the EFFIS
database and 23 predictors encompassing climatic, land cover, topographic, and anthropogenic
variables. Among several algorithms tested, the Random Forest classifier demonstrated the highest
predictive skill and was therefore selected. This model generates daily fire risk maps, from which the
probability of wildfire occurrence is derived. This modelling approach was originally developed and
applied within the ACCREU project (Deliverable D2l#pacts on ecosystems and biodivejsity

To integrate modelled fire probabilities into the economic appraisal, a baseline threshold of 0,5 was
applied,with exceedancérequencyovera 20-yearhorizoninterpretedasthelikelihood of occurrence.

This likelihood, multiplied by the baseline probability, yields an adjusted factor used to scale the
appraisal and capture expected wildfire impacts. Risk projections are assessed for four tim& horizons
Near Future (20212040), Mid Century (2042060), Far Future (2062080), and Distant Future
(2081 2100) althoughdetailedclimatedataareavailableonly for the historicalbaselineandthe Distant
FutureunderSSP1andSSP3with intermediateeriodsrequiringextrapolationFigure2.2.2showsthe
evolutionof globalmeansurfaceaemperatureyherehistoricalwarmingcontinuesnto the21stcentury,
stabilizing under SSP2.6 while increasing steadily under SSR3 and SSR3.0.

282 4 — sspl26
— S5p245

ssp370
281 A

2000 2020 2040 2060 2080 2100
year
Figure 2.2.2:Evolution of the global mean surface temperature for different climate sceréwies The blue,
green, yellow, and black lines represent the climate scenariosBZ6P3SP24.5, SSP3.0, and historical,
respectively.

To address this gap, a temperatbased scaling approach is applied. For the Distant Futurei(2081

2100), the likelihood of wildfire occurrence under SSP2 is estimated using a weighted interpolation
between SSP1 and SSP3, based on their respective temperature differences, as shown in Figure 2.2.2.
The weighting factor, U, is calcul ated as foll ov
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Equation 9. Weightingfactor U
- IV A A
Y T VAV

whereTssp; Tsspz andTssparepresenthe meantemperaturesver Europefor the DistantFutureperiod
(2081 2100) under the SSP1, SSP2, and SSP3 scenarios, respectively.

Usingthe 2081-2100temperaturezaluesfrom the MPI-ESM1-2-LR model,the weightingfactor Uis
calculatedasfollows:
Equation 10. WeightingfactorUconditionalon 2081-2100temperature
281.7 280.6
=_______ =05
281.7 2795

Thescaledprobabilityfor SSP2s thenestimatedasfollows:
Equation 11. SSP2scaledprobability

O y~viiz000 = | D0-yviizo90 + (1 | ) D0y~iz000

wherePssp1.2090Pssp2,200paNdPssps 2006€presenthescaledire probabilitiesfor year2090(representing
theDistantFuture)underSSP1SSP2andSSP3respectivelySinceSSP2atais notdirectly available,
we estimatdssp,, 2000uSing a weighted average Bfsp12000aNdPsspz20od @ s €d on  U.

For intermediate horizons such as Miéntury (20412060), the scaled probability is adjusted
proportionally to the temperature increase relative to the historical baseline, assuming a linear
relationship between temperature rise and fire probability. This is done as well for the other time
horizons as follows:

Equation 12. SSP1scaledprobability

. . . . “Yrvizoso ¥oi o
O vvii2050 = V-eni %o (Uvvijzoo0 Ve 3 -

“ovdi2090  Yoi o

where Pssp1.20s0and Pssp2 20s0are the estimated scaled fire probability for SSP1 and SSP2 in 2050,
respectivelyPssp2,2006S usedasa referencedor futurefire probabilityunderSSP2 Pyist is the historical
scaled fire probabilityTssp1,2050iS the mean temperature for SSP1 in 2050, Bieb 2000iS the mean
temperature for SSP2 in 2090

To conduct a final evaluation for an adaptation option, each adaptation option is assessed through
several criteria. Table 2.2.3 describes the final evaluation criteria for each adaptation option. The
appraisal framework presented in the table adopts a structured approach to evaluating both costs and
benefits by integrating qualitative, quantitative, and monetized criteria. In terms of costs, the analysis
focuseson operationabndinvestmenexpenditureshoth of which areexplicitly capturedn monetized

form to facilitate economic appraisal and comparability across alternatives. The benefits assessment
encompasses both direct impacts and broaddrenefits. Direct benefits include the reduction in
expected annual risk damages, which is evaluated through both quantitative indicators and monetized
estimates, thereby enabling robust integration intoi besiefit analysis. Additionally, reductions in

forest tree loss are assessed quantitatively.
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Table 2.2.3: Evaluationcriteriausedin thecostbenefitanalysisof theadaptatioroptions

Whatappraisatriteriaareconsidered? How arethecriteriameasured?
Whatcostsareconsidered? Qualitative  Quantitative  Monetized
- Operationatosts No No Yes
- Investmentosts No No Yes
Whatdirectbenefitsareconsidered?
- Reductionin expectedhnnualrisk No Yes Yes
damages
- Reductionin foresttreeloss No Yes No
Whatco-benefitsareconsidered?
- Economic No No No
- Social No No No
- Environmental No Yes No
Are distributionaleffectsconsidered? No

Co-benefitsarealsoconsideredn quantitativeterms,with particularattentionto environmentagffects

in terms of carbon emissions reduction. Although economic and sodnedits are acknowledged,

they are not operationalized within the measurement framework. Importantly, the appraisal does not
explicitly considedistributionaleffects,implying thatequity concernsandthedistributionof costsand

benefits across different social groups remain outside the scope of the evaluation. Overall, the
framework prioritizes monetized and quantifiable outcomes while acknowledging the significance of
norrmonetary dimensions, thereby providing a systematic yet partial basis for desaion.

5. Results

5.1 Cost-benefit analysiswith and without adaptation in the absence of climate change scenarios
Table2.2.4presentsheresultsof theforestfire simulation,jllustratinghowtheextentof theareaburned

varies depending on weather scenarios, such as temperature, precipitation, wind speed, and fuel
condition of the study area.

Table 2.2.4: Simulationresultsof adaptatioroptions

Adaptationontion Burnedarea Avoided
P P (ha) burnedarea(ha)
L Option1 10,86 14,14
Creatindfirebreaks ,

Option?2 0,00 25,00

Reducingreedensity 25,00 0,00
Plantingdfire resistantreespecies 16,44 8,56
Prescribedurning 17,52 7,48

The simulation outcomes provide quantitative insights into the relative efficacy of various adaptation
options in mitigating wildfire impacts within the privately managed forest, which extends over 25
hectaresTheimplementatiorof firebreaksshowsthehighesteffectivenessTwo typesof firebreaksare
testedOption1, afirebreakrunningdiagonallythroughthe stakeholdeforest,andOption2, afirebreak
surrounding the stakeholder forest. With Option 1, the burned area is 10,86 ha preventing 14,14 ha of
additional forest loss while with Option 2 the burned area is zero, thereby preventing all the property
from beingburned(25,00ha). Reducingreedensitydoesnotreducethedamagethe burnedareais 25

ha, corresponding to an avoided forest loss of zero hectares. In the case of planting new tree species,
the strategy limited fire spread to 16,44 ha, corresponding to 8,56 ha of avoided burned forest.
Prescribed burning restricted fire damage to 7,48 ha, mitigating the loss by 17,58 ha.

Table 2.2.5 presents the costs and benefits of each adaptation option in monetary terms. Creating
firebreaks shows positive adaptation benefits with moderate adaptation costs in both options. The
resultingbenefitsamounttol 7 4 . aBdll @ 1 . r@spdetivelyFirebreakOption2 preventgheentire
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forest from being burned, as the firebreak surrounds the property and stops the fire from spreading
inside the s t a k e hland,dhesthiie slamagecost is equal to zero. Planting fire resistanttree
speciesnvolves relatively low adaptation costs and generates the second highest adaptation benefits
amongall options. Thebenefitsareestimatedl 8 4 . d8spitéhigherdamagecostscomparedo creating
firebreakslt shouldalsobeemphasizethatplantingnewtreespeciesaspositivespillovereffectson

the overall forest community because it changes the tree composition of the nearby forest properties
protectingthemfrom fire damagesThis suggestshatthe measurés highly effectivewhenlargescale

damage can be prevented. Prescribed buriingharacterized by low implementation costs, but
relatively high damage costs (0137.600). Even
althoughtheyarethesmallesiamongall adaptatioroptions.In contrastreducingtreedensityresultsin

aloss(-u 1 7 . 9His@inding suggestshatundertheassumptionsisedin this analysisthinningis not
costeffective as a stardlone strategy.

Table 2.2.5: Costsandbenefitsof adaptatioroptionsin monetaryalues

1) @)
Damage (2) Damagecosts ()
Adaptationoption costs Adaptation with Adaptation
without cost$ adaptation benefit$
adaptatioh P
Creatingfrebreak Option1 | 196.8000 36.7000 85.3000 74.8000
reatingfirebreaks -
Option2 | 196.800u 105.0000 0u 91.8000
Reducingreedensity 196.8000 17.900u 196.3000 -17.4000
Plantingdfire resistantreespecies 196.8000 17.000u 95.000u 84.800u
Prescribedurning 196.800u 13.6000 137.6000 45.1000

Wwithout adaptationthe entirestakeholdeforestof 25 haburns,meaningthe damagecostwithout adaptatioris
the same for all options (See Section 2 of Annex C CS2.2 for the calculation).

’The adaptatiorcostsin column1 consistof expensesf treefelling, transportatiorof stemsandbranches,
clearing, landbreparationgonstruction, planting, burning and other indirect cést® Section$ and2 of
Annex C CS2.2 for more details).

SThedamagecostsin column?2 arecalculatedasthe burnedareamultiplied by the averagdimbervolumeper
hectare and the timber price per cubic meter.

4The adaptatiobenefitsin column 3are thedifference between the damage castder the businesssusual
scenariovithoutadaptatior(columnl) andthetotal adaptatiorcosts whichis the sumof theadaptatiorcosts
(column?2) andthedamagecostswith adaptatio{column3).

In addition to reducing wildfire damages, forest fire adaptation options also bring important
environmental cdoenefits by reducing carbon emissions. Table 2.2.6 presents the estimated annual
carbonsequestratioby treesnotburnedaswell astheavoidedcarbonemissiongrom treesnotburned

for each of the adaptation options. Creating firebreaks and planting fire resistant tree species are the
most effective options in reducing carbon emissions.
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Table 2.2.6: Co-benefitsof adaptatioroptions

Adaptationoption

Annualcarbonsequestration
by trees not burned

Avoidedcarbonemissions

from trees not burned

Creatindfirebreaks

Optionl

6,509,00tons

2.05062.262tons

Option2

11,5616,00tons

3.6254.000tons

Reducingrreedensity

0,00tons

0,00tons

Plantingdfire resistantreespecies

3,905,50tons

1.2411.370tons

Prescribedburning

3,404,80tons

1.0851.197tons

Notes The carbon sequestration by trees not burned is calculated as the avoided burned area
multiplied by theannualaverageetcarbonsequestratioperhectargseeSection4.1 of AnnexC

CS2.2 for the calculation). The avoided carbon emissions from trees not burned are calculated as
the avoided burned area multiplied by the estimated camission per hectare (see Section 4.2

of AnnexC CS2.2for thecalculation).

5.2.Assessmenbf the expectedadaptation benefitsunder climate changescenarios

The assessment of expected adaptation benefits under climate change scenarios is carried out across
three pathways: SSF2L6, SSP2.5, and SSR3.0, and evaluated over five time horizons: Historical
(1991:2010),NearFuture(2021-2040),Mid Century(2041-2060),FarFuture(2061-2080),andDistant
Future(2081-2100).As indicatedin Equationl, theinclusionof climatechangescenariosncorporates

the wildfire risk probability into the assessment of the benefits. The corresponding wildfire risk
probability for each scenario and time horizon is summarized in Table 2.2.7.

Table 2.2.7:Wildfire risk probability{r}

SSi
Historical NearFuture Mid Century FarFuture DistantFuture
(1991-2010) (2021-2040) (2041-2060) (2061-2080) (2081-2100)
Firerisk
likelihood> 0.50 0,408 - - - 0,438
Temperaturé¢K) 278,7 279,3 279,6 279,7 279,5
wildfire ~ risk 0,204 0,215 0,221 0,223 0,219
probability{p}
SSP2
Historical NearFuture Mid Century FarFuture DistantFuture
(1991-2010) (2021:2040) | (2041-2060) (2061-2080) (2081-2100)
Firerisk
likelihood> 0.50 0,408 ) - - -
Temperaturé¢K) 278,7 279,4 279,9 280,4 280,6
wildfire ~ risk 0,204 0,216 0,224 0,233 0,236
probability{p}
SSP3
Historical NearFuture Mid Century FarFuture DistantFuture
(1991-2010) (20212040) | (20412060) | (20612080) (2081:2100)
Firerisk
likelihood > 0.50 0,408 ] ] ] 0.487
Temperaturé¢K) 278,7 279,5 280,2 280,8 281,7
Wildfire -~ risk 0,204 0,217 0,229 0,239 0,254
probability{p}

Forall scenariosthehistoricalprobability of wildfire occurrences 0.204,correspondingo anaverage

baseline temperature of 278,7 K. Under SSP1, which represents a more sustainable development

trajectory temperatureincreasegraduallyto 279,7K by the Far Future(2061 2080) beforeslightly
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declining to 279,5 K in the Distant Future (208100). The corresponding wildfire risk probability

shows only a modest rise, reaching 0,223 before stabilizing at 0,219. In contrast, SSP2, reflecting a

0 mi eotithee oadd scenari o, demonstrates a more prong
risingto 280,6K by thedistantfuture. Thisis accompaniety a steadyincreasen wildfire probability,

reaching 0,236 by the end of the century. The most severe trajectory is observed under SSP3, where
temperatures escalate to 281,7 K by the distant future, resulting in the highest projected wildfire
probability of 0,254. These results indicate that while all scenarios project an increased likelihood of
wildfire risk overtime, themagnitudeof changds stronglydependenbn the socioeconomigpathway,

with SSP3 posing the greatest letegm threat. A more detailed view of the evolution of these
probabilities can be found in Figure 2.2.3.
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Figure 2.2.3: Wildfire risk probability{p} for differentclimatescenariogndtime horizons .Note: Theblue,
green, and yellow lines represent climate scenarios 23R BSP24.5, and SSR3.0, respectively.

Table2.2.8reportsthe expectedhdaptatiorbenefits conditionalon differentwildfire risk probabilities,
for thethreeclimatescenario§SSP1SSP2andSSP3)andthetime horizonsNearFuture(2021-2040),
Mid Century (20412060), Far Future (2062080), and Distant Future (20&€100).

The simulation results indicate that the use oftfg®istant tree species yields the highest monetary

value. Furthermore, as the wildfire risk probability increases alongside rising global temperatures,
prescribed burning emerges as an additional beneficial adaptation strategy for forest areas in Sweden.
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Table 2.2.8: Expectechdaptatiometbenefitsfor differentclimatescenarioandtime horizons

S{P1
Adaptationoption NearFuture | Mid Century Far Future DistantFuture
(2021:2040) | (20412060) (2061-2080) 20812100
{n}=0.215 {n}=0.221 {n}=0.223 {n}=0.219
Creatingdfirebreaks Option1 -13.000u -12.0004 -12.0000 -12.4000
Option2 -62.800u -62.0000 -61.2000 -6.200uU
Reducingreedensity -17.9004 -17.900u -17.900u -17.9004
Plantingfire resistantreespecies 5.0000 5.4000 5.600u0 5.200u
Prescribedburning -1.0000 -630U -5000 -7500
SSP2
NearFuture | Mid Century Far Future DistantFuture
(2021:2040) | (20412060) (2061-2080) 20812100
{n}=0.216 {n} =0.224 {n}=0.233 {n}=0.236
Creatingfirebreaks Optionl -12.7000 -11.800u -10.800u -10.5004
Option?2 -62.6000 -61.000u -60.000u -58.7000
Reducingreedensity -17.900u -17.900u -17.900u -17.9004
Plantindfire resistantreespecies 4.9000 5.700u 6.6000 6.900u
Prescribedburning -9200 -4500 770 2530
SSP3
NearFuture Mid Century Far Future DistantFuture
(2021:2040) | (20412060) (2061-2080) 20812100
{n}=0,217 {n}=0,229 {n}=0,239 {n} =0,254
Creatingdfirebreaks Option1 -12.600u -11.300u -10.2000 -8.500uU
Option?2 -62.4000 -60.0000 -58.0000 -55.0000
Reducingreedensity -17.900u -17.900u -17.900u -17.9004
Plantingfire resistantreespecies 5.0000 6.2000 7.2000 8.7000
Prescribedburning -8620 -1580 42910 1.300u

6. Barriers and conditionsfor implementation

The adaptation options discussed in this case study can be categorized in three main adaptation
strategies as shown in Table 2.2.9: (i) forest management for damage risk reduction in case of a fire;
(i) fire risk prevention; andiii) capacity building. Several factoc®uld constrairtheimplementation

of these adaptation strategies. One key barrier is the high cost of forest management, especially given
thelargeforestareaswhichrequireextensivework. Forestmanagementperate®nalongtermcycle,

where decisions made today can impact outcomes decades into the future. Thus, experimenting with
new practices, such as planting different tree species, becomes unappealing in the short term, making
traditional practices appear more attractive. Additionally, the fact that not all tree species are suitable
for everyterrainfurther complicates the decision. Thé&salsoalack of trainedpersonnel taarry out

these adaptation options. Hiring additional staff can be expensive for a forest manager, particularly
since they are often required at short notice due to the limited duration of weather forecasts, which
influences the number of workers needed for fire prevention. The costs of adding more fireguards,
improving infrastructure, or implementing fire prevention options can be significant. Furthermore,
awareness of fire risk applications and warning systems is limited, and not everyone is familiar with
these tools. The costs wéaining staff furtheexacerbate thedmrriers. Additionally, cultural attitudes

may prevensome individual§rom changing strategyjewing it asunnecessargr incompatible with

their beliefs. These factors create a complex set of barriers to adopting effective wildfire adaptation
options.
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Table 2.2.9:Barriersto theimplementatiorof adaptatiorstrategies

Adaptationstrategy Adaptationoption Barriers Category

(i) Forestmanagement | - Creatingdfirebreaks Not all tree species suit all terraifl K; B; F; S
- Reducingreedensity costly; forestownersmay be unawareof
- Plantingfire resistant options or unwilling due to habits ar
tree species traditions
- Prescribedburning

(ii) Firerisk prevention | Useof fire appwith fire Trained staff unavailability; hirind K; H; F; C
risk index fireguards costly; fire risk ap

unawareness

(i) Capacitybuilding Training programs for | Trainingis costlyandtime-consuming | F
firefighters and other
stakeholders

Note Barriersto adoptionknowledge awarenesggechnology (K);biological (B); financial (F), humancapital
(H). socialandcultural(S).

7. Conclusion

The case study and simulation exercise show that planting fire resistant tree species and creating
firebreaks provide the largest monetary benefits among the adaptation options, and that prescribed
burning is a valuable complementary adaptation option under warming conditions. By contrast,
reducing tree density appears economically unfavorable, with costs outweighing the benefits.
Collectively, these findings underscore the importance of integrating silvicultural treatments and fuel
management practices into commusbysed forest fire management plans, as they significantly
enhance landscagevel resilience to wildfire disturbances. Despite their potential, several barriers
hinder implementation, including high management costs, long forestry cycles, and limited personnel.
Financial burdens from infrastructure and training further constrain adoption, while low awareness of
fire risk tools and cultural attitudes add social challenges. These factors highlight the need to align
ecological effectiveness with economic and social feasibility. In conclusion, integrated strategies
supportedy policy, stakeholdeengagemengandlong-termplanningareessentiafor effectivewildfire
adaptation in Sweden.
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3 Water-food-biodiversity

Case study 3.14 Integrated adaptation decisions in managing the watefood nexus in Europe:
Thaya river basin (Czech Republic)

Partner: IIASA/Czechglobe

Spatial scale: Thayariver basinscaleandcountryscalei CzechRepublic/ Austria
Stakeholders:River BasinauthoritiesandMinistry of Agricultureof CzechRepublic

1. Decisioncontext

The ThayaRiver Basin,spanninghe southernCzechRepublic(83%)andnorthernAustria(17%),is a

critical area for addressing the wafeod nexus under increasing water scarcity and climate stress
conditions(Fischeretal., 2023).The ThayaRiver, thelongestributary of the MoravaRiver within the

Danube Basin, is heavily influenced by anthropogenic modifications. These include large reservoirs
supporting water supply and irrigation. The Thaya River plays a crucial role in supporting regional
livelihoods. However, its water resources are heavily utilized for competing needs, including
households, industrgnergy, and agriculture. These demands become particularly strained during dry
years when water usage can consume up tetorteof the river's streamflow (Fischer et al., 2023).
Oneof thecentralpolicy questionemergingrom thesechallengess howto achievesustainablevater
resource management while ensuring critical water services, such as drinking water supply and
irrigation, underthe pressuresf climatechangeRiverbasinauthoritiesareparticularlyconcerneavith
improving water management systems to build resilience against climate change impacts, including
water scarcity and extreme weather events. Meanwhile, the Ministry of Agriculture emphasizes
harmonizing public interests in water protection as an environmental component while ensuring that
waterresourcesiresustainablyusedto supportagriculturalproductivity. Additionally, the forestryand
agriculturalsectordhaveexpressedninterestin strategie$o mitigateclimateinducedstressessuchas
forestdegradatiorandirrigation challengesto maintainbothecosystenmealthandeconomicviability.
TheThayaRiver Basinpresents compellingcasegor testingintegratedadaptatiorstrategie$o manage
thewaterfood nexusunderclimatechangeStakeholdersanharmonize&competingnterestsandsecure
long-term environmental and economic sustainability by addressing water scarcity, enhancing
resilience to extreme events, and promoting sustainable land and forest management. Collaboration
among river basin authorities, the Ministry of Agriculture, and local stakeholders will be essential to
achieving these outcomes

2. Current and future risk

The Thaya River Basin faces significant present and future risks driven by climate change and
environmental pressures. Large reservoirs, vital for water supply and irrigation, have demonstrated
vulnerabilityto extremedroughts suchasthosefrom 2014to 2019,whendrinkingwatersuppliesvere

critically threatened, necessitating restrictive measures and the utilization of all 21 reservoirs in the
basinto alleviatescarcity(Fischeretal.,2023).Thefertile lowlands which constitute66%of thebasin's

|l and use, underscore the regionbs agricultural
droughtsThesedroughtsnotonly reducewateravailability butalsocontributeto ecologicakchallenges,

such as a barkeetle outbreak that affected 30% of coniferous forests during the same period.
Hydrologically, the basin is characterized by significant disparities, with high annual precipitation (P)
in the upper areas but much lower runoff (RO) coefficients in the lowlands due to elevated
evapotranspiration (ETo), leaving the lowland regions particularly vulnerable to water deficits.
Projectionsndicateanincreasedikelihood of severeagriculturaldroughtsn centralEurope jncluding
theThayaRiverBasin,with potentiallong-termsoil moisturedepletiornthreateningegionalagricultural
productivity (Trnkaetal., 2022).While centralEuropeis lessproneto hydrologicaldroughtcompared

to southern Europe, the basin's position as a transitional region heightens its vulnerability to shifts in
precipitation and evapotranspiration dynamics. Climate models further predict that variations in soil
waterholdingcapacitycould exacerbatevaterscarcityunderfuture climatescenariosemphasizinghe

urgent need for integrated water management strategies to mitigate these growing risks (Trnka et al.,
2022).
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3. Identifying adaptation options

The adaptation options identified in the case study for managing thefaadenexus in the Thaya

River Basin span grey, green, and soft strategies, reflecting a combination of incremental and
transformative approaches. Grey adaptation focuses on the planned and sustainable expansion of
irrigation systems, transitioning from rainfed to irrigated management systems, which represents a
transformative change in agricultural water use. Green adaptation emphasizes the strategic location of
production by optimizing crop shares at the local level, also representing a transformative shift aimed
ataligningagriculturalpracticeswith environmentatonditions. Softadaptationgncludemeasuresuch

as altering trade dynamics by adjusting trading quantities and partners, managing agricultural inputs

like fertilizers and irrigation use, and modifying food consumption patterns by changing the quantity

and structure of consumption. These soft options primarily involve incremental changes that aim to
enhance flexibility and efficiency within existing systems. Furthermore, water demand from domestic

and industrial sectors is also evolving, driven by changes in-soci@ nomi ¢ pat hways ( O6
2014) projected for the Thaya River Basin. These shifting demands add an additional layer of
complexity to water management and further highlight the need for integrated and flmokang
adaptation strategies. Coll ectively, these optic
complex water, food, and soes@onomic challenges under climate change

4. Assessmenof adaptation options

4.1 Methodology

A robust modeling framework will be employed to assess and implement the Thaya River Basin
adaptatiorstrategiescombiningtheglobalagroeconomianodelGLOBIOM (Havlik etal.,2014),the

global gridded crop mod@&PIC-IIASA ( Bal kovi | et al ., 201@6WatM and t h
(Burek et al.,, 2020) models. This methodology enables the integration ofemmciomic and
biophysicabarameterso evaluateheimpactsof climatechangeandadaptatiormeasuresnderdiverse

scenarios in the Thaya River and the Czech Republic. Adaptation options are clustered into three
overarching strategies:

1 BAU (BusinessAs-Usual): Reflecting agricultural productidrased orsSP2sociceconomic
development, including unplanned irrigation expansion, improved irrigation efficiency, and
gradual increases in international trade. This scenario assumes no constraints on water use or
major policy changes, representing an incremental approach.

1 HTG (Holding the ground): Focused on maintaining the current level of provision services
while leveragingcomparativeadvantagesfferedby climatechangeThis strategyincorporates
planned irrigation expansion, increased irrigation efficiency, and autonomous crop allocation
with higher reliance on trade, representing another incremental approach.

1 TBC (Thebestof climate):Aims for abalancedupplyof provisioningregulatingandcultural
ecosystem services through planned and sustainable irrigation expansion, national adaptation
strategiesandconstraint®onirrigationwateruse.Thistransformativestrategyseek4o decrease
imports and meat demand while improving ecosystem service balance.

The evaluation of adaptation strategies in the Thaya River Basin uses a range of indicators to assess
economic, social, and environmental impacts. Direct costs, such as production and investment costs,
and direct benefits, like increased sustainable agricultural production, are measured quantitatively and
monetized. Economic ebenefits include agricultural yield, production, producer prices, and-value
added, while social impacts focus on food security. Environmental indicators assess GHG emissions,
water availability, and landse changes. General welfare effects are also considered through
distributional impacts and loAgrm sustainability across multiple time horizons, ensuring a holistic
appraisal of outcomes.
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Table 3.1a.1:Evaluationcriteriausedin cascadingnodellingframeworkfor ThayaRiver Basin.
Appraisal criteria (C)

What direct costs are considered? Qualitative Quantitative Monetised
Production cost
Investment cost X

X

What direct benefits are considered?
Increased sustainable agricultural production

What co-benefits and co-costs are considered?
Economic

Agricultural yield

Agricultural production

Agricultural producer prices

Agricultural value added

> X X
>

Social
Food security X

Environmental
*GHG emissions
*Water availability and environmental flows

X
X
*Land use change X

Distributive Temporal Spatial
X X

Are you considering general welfare effects? If so,
how? YES/NO
Use multiple time horizons
Distributional effects between producers and consumers

4.2 Results

4.2.1Watercompetitionwith nonragricultural sectors
Figure3.1a.lpresentheprojectedevolutionandrelativechange$n waterwithdrawalsfor thedomestic

and industrial sectors in Czechia and the Thaya River Basin. The upper panel shows the percentage
change in total withdrawals in 2050 relative to the 128620 mean, while the lower panel illustrates

the full temporal evolution from 1960 to 2100. Across both regions, domestic water use increases
markedly, with values around 30 % above the historical mean bycenitiry, reflecting growing
household demand and lifestyle changescdntrast, industrial water use remains relatively stable or
declines slightly ovethelong term, consistent witbtructuraleconomidransitions andmprovements

in wateruse efficiency. The trajectories reveal that while industrial withdrawals dominated in the late
20th century, their contribution gradually decreases, whereas domestic demand continues to rise and
stabilize toward the end of the century. These results highlight a shift in the composition of water
demandemphasizingheincreasingmportanceof thedomesticsectorandthe needfor adaptivewater
management strategies under changing socioeconomic and climatic conditions when irrigation water
demand is considered.

65



30

20

Change w.r.t 1960

10

Czechia Thaya

Sector . domestic . industrial

2500
2000

1500

Water withdrawals [

1000

500

Year

= Czechia == Thaya Sector — domestic — industrial

Figure 3.1a.1:Projected changes and leteym evolution of water withdrawals by sector in Czechia and the
ThayaRiver Basin.(a) Percentagehangen total waterusein 2050relativeto the 1960 2020mean showing

stronger increases in the domestic sector compared to modest changes in industrial demand. (b) Temporal
evolutionof waterwithdrawals(m?3) from 1960to 2100,with solid linesrepresentingczechiaanddashedines
representing the Thaya River Basin. Colors distinguish domestic and industrial sectors.

4.2.2Waterwithdrawalsfor irrigation

Figure 3.1a.2 projectedigation water withdrawals (km3) under three adaptation scenarios (BAU,
HTG, andTBC) acrosshreeRepresentativ€oncentratioiPathwaygfRCP2.6,RCP4.5,andRCP7.0)

for theyear2050.Acrossall RCPsjrrigation withdrawalsvary moderatelyamongscenariosteflecting
differences in the assumed adaptation strategies and policy interventions Batd@BusinessAs-
Usual), irrigationwaterusereachests highestvalueunderRCP 4.5, exceedind).03km3, while RCP

2.6 and RCP 7.0 both show slightly lower withdrawals (~0.019 km3). This suggests thainged
climate forcing (RCP 4.5) could lead to relatively higher irrigation demands due to warmer and
moderately wetter conditions that sustain both crop productivity and water use intensity.

UndertheHTG (Holding the Ground) scenariojrrigation withdrawalsremainmoderatewith RCP

7.0 producing the largest value (~0.027 km3) and RCP 4.5 the lowest (~0.020 km?3). This reflects the
scenar i @oénsaintdireng cugeant provisioning levels with moderate expansion and efficiency
gainsd where highemission conditions may intensify irrigation needs, partially offset by adaptation
measures.
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In the TBC (The Best of Climate)scenario, irrigation withdrawals are overall the lowest among all
strategies, consistent with its sustainability focus and stricter wagerconstraints. Values range
between 0.013 km3 (RCP 2.6) and 0.020 km3 (RCP 7.0), indicating that under this transformative
approach, both climate mitigation and planned adaptation substantially reduce irrigation demand.
Comparing across both dimensio®®CP 4.5 and RCP 7.0generally produce higher irrigation
withdrawalsthanRCP 2.6, suggestinghatstrongerclimateforcing elevatesvaterdemandevenunder
adaptive management. Meanwhiegnario desigrexerts a stronger control on absolute values, with
BAU > HTG > TBC consistently observed across all RCPs.
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Figure 3.1a.2:Projected irrigation water withdrawals (km3) under three adaptation andesmmi@mic
scenariod8 BAU (BusinessAs-Usual), HTG (Holding the Ground), andTBC (The Bestof Climate)d and
threeRepresentativ€oncentratiorPathwaygRCP 2.6, RCP 4.5, RCP 7.0) for theyear2050.Barsrepresent
themulti -GCM averageof simulated irrigation water use.

4.2.3Sustainablerop production

Figure3.1a.3showsthe projectedcropland area (1000ha) underthreeadaptatiorandsociceconomic
scenariod BAU, HTG, and TB@ and three Representative Concentration Pathways (RCP 2.6, RCP
4.5, and RCP 7.0) for the year 2050. Results are presented separatietigdted and rainfed
cropland, based on the muGiCM average. Under all scenarioajnfed agriculture remains the
dominant laneuse type, with total areas one to two orders of magnitude larger than irrigated land.
Rainfed cropland shows moderate variability across RCPs and scenari@BGhéThe Best of
Climate) scenario yields the largest rainfed @&eaaxceeding 1,600 thousand ha under RCP 4.5 and
RCP 7.@ while HTG (Holding the Ground) displays the smallest, reflecting higher dependence on
irrigation.

By contrastjrrigated area expands markedly under climate change conditions but remains relatively
small in absolute terms. TH2AU scenario shows the highest irrigated extent under RCP 4.5 (~24
thousand ha), whiléiTG and TBC maintain moderate to lower values, consistent with their more
sustainable or balanced management approaches. This pattern indicates that irrigation is increasingly
introducedasa climate adaptation strategy, especiallyunderwarmeranddrier RCPs.Importantly,in

the noni climate change baseline (nampact) simulations, the Czech Republic does not feature
irrigated cropland, as irrigation plays a negligible role in current agricultural production. The
emergence of irrigated area in these climate impact scenarios thus refteetstize adaptation
measuretriggered by projected climate stress, rather than a continuation of pdesentactices.

Overall,resultsdemonstratéhatwhile rainfedagriculturewill continueto dominatdanduse,jrrigation

emergesasa targeted adaptation strategy underclimatechange particularlyin scenario€ombining
higher emissions and planned adaptation.
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Figure 3.1a.3:Projected cropland area (1000 ha) under three adaptation aneesonmmic scenarios (BAU,
HTG, TBC) and three Representative Concentration Pathways (RCP 2.6, RCP 4.5, RCP 7.0) for the year 2050.
Bars represent theulti-GCM average Panels separaigigated andrainfed cropland areas
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Figure 3.1a.4: Countrylevel percentage change in key agricultural and trade indiéafeduction, value

added, producer price , imports , and expdrfer Czechia in 2050 under three adaptation and seoimomic
scenarios (BAU, HTG, TBC) and three Representative Concentration Pathways (RCP 2.6, RCP 4.5, RCP 7.0).
Valuesareexpressedspercentagechangegelative to the noi climate changebaselineandrepresenthemulti -

GCM average

Thefigure showsthepercentagechangein majoragriculturalandtradeindicator® production, value

added producer price, imports, andexportsd for Czechiain 2050underthreeadaptatiorscenarios

(BAU, HTG, TBC) and three Representative Concentration Pathways (RCP 2.6, RCP 4.5, RCP 7.0).
All values are expressed aercentage differences relative to the rielimate change baseling
representingountry-level results averaged across GCMs

Acrossall indicators climatechangenducessubstantiaktructuralresponse the agriculturalsector.
Production andvalue addedexhibit the strongest positive deviations, particularly urik€P 7.Q

where output increases by up to 800% and value added by over 600% compared tonpacho
baseline. This suggests a strong intensification effect, possibly linked to expanded irrigation and
enhancedproductivity under adaptatiordriven managementin contrast,the TBC (The Best of
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Climate) scenario shows smaller gains, reflecting its sustainable focus and stricter ressurce
constraints.

Producer pricesrisemodestly(5i 8%)acrossall scenariogndRCPsconsistentvith increasediemand

and higheproductioncostsunderclimateadaptationimports display divergentrends:theydecrease
under HTGand TBC, indicating greater domestic salfficiency, while under BAUhey rise slightly

with warmingintensity.Exports increasanarkedly acrosall condition® particularlyin TBC, where
export gains exceed 10@/suggesting a strong trade response to enhanced domestic production
potential.

Overall, results highlight thatlimate change and adaptation policies can transform Czech
agriculture into a more productive and exportoriented system with positive economic effects

when supported by sustainable management. The magnitude of change, however, remains sensitive to
both emission pathway and adaptation strategy, emphasizing the need for balanced policies that
maintain economic growth while managing environmental tdtie

Environmentalmpactsof adaptationppathways
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Figure 3.1a.5:Countrylevel percentage change in agricultural greenhouse gas emissions and fertilizer use in
Czechia by 2050 under three adaptation and semimomic scenarios (BAU, HTG, TBC) and three
Representative Concentration Pathways (RCP 2.6, RCP 4.5, RCP 7.0). Values are expressszhiage
differences relative to the ndclimate change baselingrepresenting theulti-GCM average

Figure 3.1a.5 shows thgercentage changen agricultural GHG emissions and fertilizer use in
Czechia in 2050selative tothe nad climate chang®aseline. Results are presenfiedthree adaptation

and socieeconomic scenarios (BAU, HTG, and TBC) and three Representative Concentration
Pathways (RCP 2.6, RCP 4.5, and RCP 7.0), representinguitieGCM average

Acrossscenarios, botemissionsandfertilizer useexhibit strongsensitivity tothe interactionbetween
climate forcing and adaptation intensity. Under HTG (Holding the Ground), both indicators
increase sharply with warming, particularly un&€P 7.0 where emissions rise by ovE20% and
fertilizer use by more thah,800% compared to the nmnpact baseline. This reflects a management
strategyfocusednmaintainingproductionevelsthroughintensifiedinputuseandirrigation expansion

as adaptive measures.

In contrasttheBAU (BusinessAs-Usual) scenarishowsonly modesincreasein bothemissionsand
fertilizer inputs(typically below30%),indicatinglimited adaptatiordrivenintensification Meanwhile,
theTBC (The Bestof Climate) scenariexhibitsrelativelymoderateemissionsandfertilizer growthd
especially under RCP &6consistent with its sustainabiligriented design that constrains water and
input use to balance provisioning and regulating ecosystem services.
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These results highlight thatimate adaptation can have significant side effects on agricultural
emissions especially when adaptation relies heavily on input intensification. While such strategies
sustain production under climate stress, they also risk amplifying the environmental footprint of

agriculture. Hence, integrated adaptation approaches that enhance resilience while minimizing

e mi

SSi

ons and input dependence wi

agricultural sector.

5. Barriers and conditionsfor implementation

The proposed adaptation strategies for the Thaya River Basin face a range of barriers spanning

be

cri

ti

cal

economic, governance, knowledge, and technological challenges (Table 3.1a.2). Economic crises and

the need for large investments hinder implementation, while political disparities and advanced
governance requirements complicate decisimaking. Limited knowledge of effective adaptation

measures;oupledwith uncertaintyin technology furtherrestrictsprogressPhysicalconstraints, such
as water competition and limited irrigation resources, exacerbate these challenges. Social resistance,

driven by negative perceptions of agriculture's environmental impact, and dependence on market

dynamics within the EU, add complexity. Additionally, coordination issues between regional and

national governance create significant implementation hurdles. Addressing these barriers requires

improvedcollaborationknowledgesharing financialresourcesandrobustgovernancérameworksto
ensure successful adaptation.

Table 3.1a.2:Barriersfor implementatiorof holistic adaptatiorstrategie$or thewaterfood nexus

Barriers to adaptation (B)

What are the barriers to adaptation for each strategy? Please describe them briefly and categorize

financial (F), human capital (H), social and cultural (S); or goverannce and institutional (G).

them as either knowledge, awareness, technology (K); physical (P); biological (B); economic (E);

Barriers

0
o
-+

1A — Extreme events and economic crisis
1B — Political disparities among stakeholders
1C — Water competition with other sectors

2A - Limited knowledge about sufficient adaptation measures
2B - Bad public opinion about agriculture’s impact on the environment
2C - Limited amount of water for irrigation

oom
m

3A - Requires advanced governance structures
3B — Can require large investments

4A- Large uncertainty in technology
4B — Implementation require national and subnational governance
4C — Dependance of Czech comperative advantage in the EU market

Moo Ww A

ma@a =

6. Reflectionon holistic supply-demandadaptation strategiesfor the water-food nexus

The results from the Thaya River Basin and natideal analyses highlight that holistic adaptation

strategied linking water management, land use, and agricultural pblene essential for balancing
productivity gains with environmental sustainability. The proposed scenarios (BAU, HTG, and TBC)
demonstrate that climate adaptation has the potentiégnificantly reshape the watdéood nexus by
altering irrigation demand, cropland composition, and input intensity. In particular, irrigation emerges
as areactive adaptation measure introduced only under climate impact conditions, as the Czech

Republic currently relies almost entirely on rainfed production. The projected expansion of irrigation
under highemission pathways underscores its growing role as at@iortresilience mechanism, but
also signals increased pressure on water resources.

Froma supply demand perspective, adaptation stratetfiasemphasizenput intensificationd such
asin the HTG scenarid can sustainproductionand value addedbut also amplify greenhousgas
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emissions and fertilizer use. Conversely, strategies like TBC demonstrateistaihable resource
managemenfcombinedwith nationaladaptatiorplanningandtradediversification,canmaintainfood
security with lower environmental costs. This trade between productivity and sustainability
illustrates the need for integrated decisinaking that accounts for both biophysical constraints and
sociceconomic priorities.

Scaling these strategies beyond the Thaya River Basin requinésxt-specific implementation
recognizing variations in water availability, governance capacity, and agricultural structure. Regions
with comparable water stré&ssuch as Southern Europe or serid zones of Asia and Afriacan
benefitfrom similarframeworksf adaptatiomeasurearegroundedn robustgovernancaystemsand
informed by transparent, cresectoral coordination. The use of integrated modeling tools such as
GLOBIOM, EPIC -lIASA, and CWatM enables the quantification of tradffs and synergies
betweeradaptatioroptions,supportingevidencebasedlanning.Ultimately, a holistic approacho the

wateil food nexus requires harmonizingupply-side measures (irrigation efficiency, crop
optimization) withdemand-side interventions (diet shifts, trade adjustments, and reduced waste),
while ensuring social inclusivity and losigrm resilience to climate and economic uncertainties.

7. Conclusion

The analysis of adaptation strategies for the Thaya River Basin reveals that climate change will
substantially transform agricultural water use, production patterns, and environmental performance in
Czechia. Irrigation, currently absent in the hdimate impact baseline, emerges as a key adaptation
strategy to sustain yields under warming conditions. However, scenarios relying heavily on input
intensificatio® suchasHTGd leadto significantincreasen fertilizer useandagriculturalemissions,
indicating potential tradeffs between productivity and environmental goals. In contrast, the TBC
scenario demonstrates that planned and regulated adaptation, emphasizing sustainability and efficient
resource allocation, can balance economic performance with ecological integrity.

These findings underscore the importancentégrated, multi-sectoral adaptation planningthat
bridgeswaterandagriculturalpolicies.While economicandinstitutionalbarriersremain themodeling

results provide clear evidence that strategic adaptatimmbining grey, green, and soft measéres

can enhance resilience while minimizing environmental costs. Replicating such approaches in other
regions will require tailored governance frameworks, stakeholder engagement, and continuous
monitoring to ensure adaptive flexibility. Ultimately, securing the wébexd nexus under future
climate conditions will depend on the capacity to adagdéptive, inclusive, and sustainability
oriented strategiesthatalign agriculturalproductivity with waterconservatiorandclimatemitigation
objectives.
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Casestudy 3.1b1 Integrated adaptation decisionsin managingthe water-food nexusin Europe i
Ebro river basin (Spain)

Partner: IIASA

Spatial scale:EBRORIiverBasin,Spain

Stakeholder: EbroHydrographicConfederatio{EHC; River BasinAuthority); ScientistyUniversity
of Zaragoza, University of Aberdeen)

1. Decisioncontext

This casestudyfocusesonthe EbroRiver Basinin northeasteri$pain. The Ebrois thelongestriver in
Spain(987km), flowing from north-westto easterrSpain,draininganareaof 85,611km?. At its outlet

to theMediterranearsea the EbroDeltamaintainsarich andimportantwetlandareaof 320km?2. Over

3.2 million people reside within the Ebro River Basin, of which over 600 thousand people live in the
city of SaragossaAbout 53%is forested andapproximately45%is agriculturalland, of which 15%is
irrigated. Theannual wateabstractiongor irrigation, livestock,andaquaculturemount tcover7,310
million m3, followed by domestic and industrial uses, which amount to 506 and 250 miflipeam,
respectively.

Traditionally, cultivation inthe Ebrobasinfocused orwinter cereals, yet thasbeen shifting tavater
intensive summer crops since the 1980s. Currently, diverse summer crops (e.g., fruit, maize, and
vegetables), fodder, and cereals are grown in the Ebro, concentrated mostly in the northeastern sub
catchments of the river, and supported by multiple reservoirs (Figure 3.1b.1\Midateagudo et al.,

2020). Consequently, watsFsources management plays a critioté in maintaining sufficient water

supply to the multiple water users, including farmers, hydroelectric dams, and aquatic ecosystems
(AlmazanGomez et al., 2018).
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Figure 3.1b.1:EbroaveragalischargeRAA irrigation district,andkey reservoirs.

Currently, the reservoir storage in the Ebro River Basin amounts to around 8,000 mil{idnés et

al., 2018), and is currently close to full capacity (Almagmez et al., 2018). Additional storage is
therefore needed to support the planned expansion of the irrigated agriculture, while balancing the
different economic and neeconomic water uses, like the mandatory minimal environmental flows.
TheEbroRiver Basinauthority(CHE; https://www.chebro.ekis engagedsa stakeholdein thiscase

study, aiming to assess the potential effectiveness of different adaptation measures in balancing
irrigation waterusewith environmentaflows undervariousclimatechangescenariosThe overarching

policy questiorfor stakeholderss: Whatarethe costsandbenefitsof adaptivemeasures the context

of climate change, allowing for the maintenance of water's pivotal role in the regional economy and
ecological systems?
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This assessment focuses on the Riegos del Alato Aragdn (RAA) irrigation district (Figure 3.1b.1),
which stretches over 3,762 Knand operates through a complex system of reservoirs, canals, and
irrigation ditches (see Annex C CS3.1b, section 1a). Irrigation in the RAA relies primarily on water
from theCincaandGallegoRivers,throughthe EI-Gradoreservoir andArdisaandSotoneraeservoirs,
respectively (see Annex C 3.1b).

2. Current and future risk

Currently,theEbroRiver Basinsuccessfullynaintainsa balancebetweerwateruseandenvironmental

flows, although its storage capacity to support additional water use is quite limited. Seasonal higher
waterscarcityoftenoccursduringthedry seasorfJulyi September),esultingin ahigheroccurrencef

flows lower thantheminimally requiredenvironmentaflows (AlmazanGémezetal., 2018;seeFigure
C.3.1b.13 Annex C). Droughts pose additional risks to the viggeendent economic and natural
systems in the Ebro. During drought years (e.g., 2011/2), waterhead reservoir replenishment slows
down (Figure C.3.1b.6, Annex C), leading to lower water abstractions (Figure C.3.1b.4, Annex C),
reducing the share of irrigation demand supply (Figure C.3.1b.5, Annex C).

Climate change is expected to reduce water supply, where inflows to the headwater reservoirs may be
reduced by 9.5%15.7% in the Gallego River, and 1291.6% in the Cinca River (Figure C.3.1b.6,
AnnexC). Higherevapotranspiratiomtesimply afutureincreasen irrigation waterdemandf 65%-

80% for different climate change scenarios (Representative Concentration Pathways, RCPs; Figure
C.3.1b.7, Annex C). These trends will result in increased water scarcity, with lower relative irrigation
demand satisfied, where RCP 7.0 presents the most significant decrease (Figure C.3.1b.5, Annex C).
Some studies suggest that land abandonohéven revegetation will increase basicale
evapotranspiration rates and lead to lower river flows (LdgemEno et al., 2014). Planned irrigation
agricultureexpansiomwill introduceadditionalpressuresnthe Ebro'swaterresourcesandwill further
exacerbate water scarcity, especially during the dry season, where downstream uses and ecological
systems highly depend on reservoir water releases and irrigationftetusn(Baccour et al., 2024).

Climatechangeadaptatiormeasuregarerequiredio copewith climatechangekeepecosystemstact,
andenableeconomiadevelopmenin the EbroRiver Basin.Thereareongoingeffortsto modernizethe

Ebro's irrigation systems, aiming to increase the agricultural productivity and water use efficiency.
However, agricultural modernization in the RAA has led to increased seasonal water scarcity due to
irrigation expansiorandatransitionto waterdemandingrops(Jlassietal., 2016).Thisreboundeffect,

termed the 'irrigation efficiency paradox' (Grafton et al., 2018), is addressed in the latest River Basin
Management plan, which proposes to allocate water savings to planned irrigation expansion (CHE,
2023).

3. Identifying adaptation options

The introduction of efficient irrigation systems is an ongoing grey adaptation measure, which requires
complementary management schemeamit@mate potential rebound effects. However, overcoming the
current and expected increase in seasonal water scarcity requires additional storage capacity. In fact,
the pressures on water resources may be more severe due to planned irrigation expansion.

Due to opposition from environmental organizations and the public against new large dams, the river
basin authority considered local storage optioesch as otffiarm ponds and small eftream
reservoir® as viable investments. Nevertheless, recent research suggests that local storage may
compete with large reservoirs, increase the financial burden put on farmers, and may not serve as an
effective measure against droughts (Hetonteagudo et al., 2023).

Waterusersbehaviorandwaterusepoliciescanalsoactasadaptatiormeasureo reducewaterscarcity
anddroughtrisk. Well-timeddeficitirrigation canbeapracticalstrategyto improvewateruseefficiency
in fruit crops growrin waterscarceregions. Crop selection, e.¢pwards watesavingcrops, is a soft
adaptation strategy that can potentially increase water use efficiency.
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4. Assessmenbf adaptation options

4.1 Methodology

The Ebro five arc minutes (~10 km) hydrological and water resources model was developed based on
the global Community Water Model (CWatM; Burek et al., 2020). CWatM is a #magdlution
hydrological model, which includes natural and human components, and simulates key hydrological
processes and human interventions in the water cycle, includingrigation water consumption,
crop-specific irrigation withdrawals, and water storage (see Annex C CS3.1b, Section 1).

The model providea robust tooto explore climate changmpacts ancgdaptation on the water cycle
andonwateroutcomege.g.,cropyields). The modelsetupandcalibrationfocusedon river discharge,
evaluated using the KlinGupta efficiency (KGE), NasButcliffe efficiency (NSE), and R
demonstrating basiwide good performance (see Figure C.3.1b.3, Annex C). As crop irrigation is a
key water user in the Ebro, the model also aimed to capture the water withdrawal quantities and
dynamics. The model successfully captures the seasonal dynamics and estimates about 70% of the
actual irrigation withdrawals. Model adjustments aiming to represent key features of the Ebro better
enhanced the model's performance. These features include reservoir operations (see Annex C CS3.1b,
Section la), crogpecific water requirements (see Annex C CS3.1b, Section 1b), and irrigation
efficiency (see Annex C CS3.1b, Section 1c).

This assessment explores these two adaptation options using CWatM. Theldtéeagudo et al.
(2020)studyinspiredthemodelingof thelocal storageadaptatioroption,which wasfurtherdeveloped

via stakeholdeconsultationsThe narrativeunderlyingthe crop selectionadaptatiormeasureelieson

the ACCREU D2.2 integrated assessment modeling framework, coupling CWatM and Global
Biosphere Management Model (GLOBIOM; Havlik et al., 2018). A detailed description of the
implementatiorof theseadaptatioroptionsis providedin AnnexC CS3.1h(Sectior4) andsummarised

in Table 3.1b.1. With an overall goal to explore the costs and benefits of the different adaptation
measures, we quantify the net revenue and irrigation water use efficiency in the RAA for exploring
sectoral economic outcomes and the efficient use of water resources (see Annex C CS3.1b).

Table 3.1b.1:Modeling and exploring different adaptation options using CWatM. Adaptation measures in bold
were implemented in this assessment.

Adaptation Adaptation Modeling technique Questionsto address
option type
Increase Grey / | Changing water irrigation How much water can be saved
irrigation Incremental efficiencymapsandconductinga | increasing irrigation efficiency
efficiency sensitivity analysis to assess § How much additional croplan
respons®f farmersandreservoir| could be irrigated using theg
operations. savings?
Local storage | Grey / | Setting up grid-cell storage| Can local storage buffer against
Incremental infrastructure as a backup| short-term water deficit or
irrigation source. droughts?
Crop selection | Soft / | Changethe cropping pattern to | Is crop selection a coseffective
Transfomative | represent the GLOBIOM | measure for climate change
narrative. adaptation?
4.2 Results

Both the local storage and crop selection adaptation measures result in reduced water withdrawals in
theRAA undercurrentconditions(2000" 2014)andclimatechangg20152060)acrosRCPs.Climate

change increases the water demand without any adaptation, whereas the crop selection adaptation
presents a distinct reduction (see Figure C.3.1b.9, Annex C).
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Although the adaptation measures reduce the pressures on water resources, they also lead to reduced
crop production and lower net revenue at the RAA scale. Due to the low yields of wheat relative to
other common crops, like maize and nectarines, the crop selection adaptation results in the lowest
production(measured@sall crops'productionin metrictons).Productioraccordingto thelocal storage
adaptations slightly lower thanthe baseling(no adaptation)andis showingthe highest reductionlue

to climatechanggFigureC.3.1b.10AnnexC). Similarly, theRAA totalnetrevenugcrops'salesminus
infrastructure investment) are lower with climate change adaptation compared to the baseline (no
adaptationkcenarioandits current(2000 2014)mediannetrevenuds 220U million, 194.50 million,

and36.6U million withoutadaptationor with thelocal storageandcropselectioradaptationsneasures,
respectively (Figure C.3.1.b.11, Annex C).

The resultsndicatean overalldeclinein RAA economic activity, primarily dute climatechange and
its subsequerddaptatiorefforts.Neverthelesgshewateruseefficiencyis higherunderthelocal storage
adaptatiomeasurg0.360 m?), relativeto thebaselingnoadaptation0.30 m®), andthecropselection
measure results in the | 8®higueC.3.0d2 dmexCse efficien

The effect of climatehange adaptation on environmental flows is complex and changes by river
segmenasafunctionof its upstreanmactivities.We comparehemonthly simulatedandenvironmental

flows in two locationson the mainchannelof the Ebro: upstreamrRAA nearSaragossandmidstream

RAA nearSastagoTheenvironmentaflows exceedancis expressedstherelativenumberof months

in whichtheaveragealischarges lower thantherequiredenvironmentaflows. Higherexceedanceates

occur mostly between July and September. Adaptation measures reduce the exceedance rates under
climatechangen theupstreamocation,butshowhigheror similarratesof exceedanci themidstream

location, depending on the RCP (Figure C.3.1b.13, Annex C).

5. Barriers and conditions for implementation

Theanalysisof thetwo climatechangeadaptatiommeasuregieldedconflicting results Bothadaptation
measures have reduced water use, though the impact on environmental flows' exceedance remains
uncertain. Both measures have decreased the RAA economic activity, yet the local storage adaptation
showeda moreefficient utilization of thewaterresourcesTheseresultspartially represensomeof the
shortcomings of this analysis, though they also highlight some of the barriers and conditions for
implementation.

A. Localstorageaequiressignificantinvestmentanda carefuldesign.
The local storage adaptation measure is designed as a buffer againstraherater deficiency,
e.g., due to high demand, exceeding the canal's daily capacity. It means that canal irrigation is
prioritized,followed by thelocal reservoirs Defining the correctvolumefor thesebuffer reservoirs
is critical to avoid water shortages (volume is too low) or stored water with no use (volume is too
big). Restricting the reservoirs' volume (e.g., by adopting a water quota allocation scheme) will
reduce competition between local storage and headwater reservoirs, as well as between different
local storage reservoirs. Further, increasing irrigation demand due to climate change (Figure
C.3.1b.7, Annex C) may deem installed reservoir capacity too small.

Thetiming andrateof reservoiffilling areanothelimportantparametepf this adaptatiormeasure.

In thisassessmentye haveappliedadaily fixed maximumrate, estimatedasthereservoir'selative

volume multiplied by the canal's daily discharggj@ation 17. However, considering the role of
these reservoirs asbackup watesource andheir plausible sumptimal designwe acknowledge

that other filling strategies should have been explored. One example is to restrict or forbid water
transfers during the peak demand period {Jsdptember), which should keep more water at the
headwateravailablefor canalirrigation. Both of theseflaws (sub-optimal storageandfixed filling
rates)might haveaffectedthe resultsof thelocal storagedaptatiormeasuresimulation,yetit still

shows higher water use efficiency.
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Thelocal storageadaptatiormeasurgosesaneconomidourdenonfarmersor farmingassociations,
due to the additional large investments and ongoing maintenance and operation costs (Haro
Monteagudo et al., 2020).

B. Crop selection shall focus on highlue, lowwater needs crops and irnt@gency cooperation.
Thecropselectionadaptatiormeasurdiadthe highestwatersavingoutcomesbutit resultedn the
lowest benefits (net revenue,water use efficiency), and co-benefits (crop production). The
GLOBIOM:-inspirednarrativethatinformedthis scenarigproposedheshift to wheatcultivationas
a response to global economic dynamics, including changes in price and trade, that were not fully
embedded into the modeling. One shortcoming of the GLOBIOM simulations, within the context
of the Ebro River Basin, is that it does not include keyviglue crops, such as fruit trees (e.g.,
nectarines)lt follows thatswitchingnectarineshigh-yield, high-valuecrops(like nectarinesvith
low-yield, lowvalue crops (like wheat) proves to be an economically inferior strategy. Instead,
high-value, low water needs crops may be a more promising adaptation measure.

However,advancinga basinrwide behaviorakchangecanbe challengingandwill requireresources

to acquire and communicate new technical and agronomic knowledge, advance -cultural
transformationandfosterinter-agencycooperationThelatteris crucial, sinceagriculturalpolicies
arefragmentednddistributedbetweerdifferentagenciesThe EbroRiver Basinauthoritymanages

the water resource and is involved with allocating irrigation water, but it does not affect crop
selection.

6. Reflectionon agricultural modernization asan adaptation strategy
Given its feasibility as an adaptation strategy, as assessed, we focus our reflections on agricultural
modernization, with special attention to the local storage adaptation measure.

As stated above, the local storage measure already shows slight improvement in water resources
efficiency under current and climate change conditions. At the same time, it reduced the overall
economiooutputof theagriculturalsectorin theRAA. Thisresultmayindicatethatcurrentwaterprices

are too low. In fact, the current schemes in parts of the RAA set water prices per unit area, providing
farmers with an incentive to maximize their yields, regardless of their water use. This market failure
may be expressed as maintaining deicient irrigation systems and selecting higibld crops with

high waterrequirementsSettingwaterpricesperunit volumeshouldinsteaddrive farmersto usetheir

water resources more efficiently, which, as indicated, may result in lower total production.

Water use efficiency is particularly important when water is scarce; this is the case in the Ebro's dry
season and during drought years. Further, climate change is expected to increase water scarcity and
intensify intersectoral tradeffs (Baccour et al., 2024). Adopting a holistic, nexus approach to water
planning wouldallow balancingthe waterneeds of different economic sectarsdthe environment. If

well designedalocal storageadaptatiormeasureould probablysupporthefarmerswhile minimizing
theimpacton othersectorf the economyHowever avoidingenvironmentaimpactson downstream

riverine ecosystems requires a proactive reservoir management assuring sufficient water releases to
satisfy the required environmental flows. In the local storage adaptation measure, lower irrigation
volumeshaveledto reducedeturnflows andincreasedheenvironmentaflows. A responsiveeservoir
management scheme shall increase water releases to secure the downstream environmental flows.

Drought's impact is a fundamental challenge in the Ebro, which remained unaddressed by the local
storageadaptatiormeasureln mostyears the Ebrofarmersfaceseasonalvaterscarcity which canbe
resolvedoy addingsufficientstoragecapacity If implementecatorrectly,thelocal storagecouldprovide
an additional buffer in regulating the seasonal gap between water availability and water demand.
However, in drought conditions, the Ebro River Basin experiences a more acute water scarcity,
requiring interannual water transfers, which seems to be impossible considering the current storage
capacity. The explored implementation of the local storage adaptation measure had not provided a
sufficient solution either. Some unexploredcomplementarydemaneside measuresnay be worth
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exploring, including scenarios of deficit irrigation, water quotas, reservoir filling strategies, and
compensatiopaymentor watermarketge.g.,farmerscansell their storedwaterto theriver authority).

7.Conclusion

TheEbroRiverwaterresourcesreintensivelyutilized for irrigation purposesusingacomplexsystem

of reservoirs, ponds, canals, and irrigation ditches. The storage in the Ebro basin has reached its limit,
resulting in water scarcity during the dry season and deficit during drought years. Due to objections
from environmental groups, the construction of large reservoirs seems impractical. As a response, a
combination of small reservoirs, large ponds, andaom storage accompanied the modernization of

the irrigation systems starting from the 1990s.

Constructing distributed storage systems increases the overall storage in the Ebro basin, leading to
reduced water use and crop production, but also to higher water use efficiency, indicating a plausible
market failure. A careful design of the local storage adaptation measure, and exploring a variety of

proactiveirrigationschemedjlling strategiesandreservoirsteleasesnayserveasasufficientclimate

change adaptation measure, yet additional exploration is required.

Crop selection can also reduce water demand, but its associated economic losses and low water use
efficiency deem it impractical. An intergency effort to support innovative agricultural practices,
identifying and promoting the transition to higleld, low-water requirement crops, can, however,
provide a viable pathway for a crop selection adaptation measure.

A holistic water resources management shall seek a balance between a variety of economic needs and
environmental requirements, combining grey and soft adaptation measures.
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Casestudy 3.21 Integrated speciedistribution modelfor estimating potential economicimpacts
of conservation and impact mitigation preservations (Italy)

Partner: CMCC

Spatial scale:Local, Italy

Stakeholder: WWF

1. Decisioncontext

The case study focuses on a small protected area consisting of coastal dune habitats on the Venetian
coast, one of the few remaining examples of this coastal habitat along the Italian Adriatic coast. The
areadenominatedi O afslib e rigpartioféhecoastaktripcalledfi L i dilVbe n e whichséparates

the Venice Lagoon from the Adriatic sea (Figure 3.2.1). The area is protected under the Habitat
Directive (Directive 92/43/EEC) and is part of the NATURA 2000 network (as one element of four
separated areas of the site registered as 173250023 which is protected both under the Birds and the
Habitat directive). The 72 ha of the area are owned by the Venice local authority which gave the
concession for the management of the area to the local section of the WWF-.

Both dunes and beach are maintained or even growing thanks to sediments from erosion processes
takingplaceat otherspotsof thecoastUnderaprospectivenf sealevelrise,this naturalgrowthprocess
might be interrupted as the natural accretion rate might not take pace with the rate of sea level rise.
Several anthropogenic drivers are furthermore challenging the natural dune conservation/regeneration
processes which would allow the dunes to adapt to sea level rise.
1. The area is situated between a small settlement, a@aif and some dispersed urbanization on
the western side the Adriatic sea in the east, and the lagoon inlet with the hard structures of the
MOSE mobiledike which protectghelagoonfrom highfloods.Opportunitiedor dunemigration
towards the inland as a natural answer to rising sea levels are thus hindered (coastal squeeze).
2. Theareasinterestedespeciallyin summertimeby (mainlylocal) beachtourism.Dunestructures
and vegetation are damaged by beach tourists walking across the dune areas without any
limitation, introducing plant species which disturb the dune habitat.
3. In correspondenci® thebeachestablishmentshe duneridgeshavebeeninterrupted(accesso
bars, restaurant), drivers which create, alongside with alien species, the main challenge for the
conservation of the area, reducing the protection function of the dune ridges for the settlement.
In addition,climatechangeelatedimpactsarechallengingheconservatiorof thedunehabitat:
4. Alien species are invading the dune area, displacing key species of habitat which are crucial for
dune maintenance and regeneration.
5. Changes in seasonality of storm surges make such events more frequent during the nesting time
of theiconic bird speciesthe KentishPlower,puttingatrisk of inundationthe nestingsiteswhich
are situated on the margin between beach and foredune vegetation.

The main stakeholder, WWF who oversees the management of the area, is engaged in ensuring the
conservatiorof thearea.Other actoraretheregional authoritywhichis managingheforestedpart of

the dunesystem andthelocal authoritywhich hasdelegatedhemanagemendf the dunesonthebasis

of pluriannual contracts to the WWF and which is in charge of control of planning and control of
urbanizatioraswell asof emissiorandmanagementf concession®r commerciabeachmanagement.

Policy question Howto conservahe dunesystensoto allow for its adaptationto therisk of rising

sea levels and extreme events? Specifically: how to best manage a coastal natural area (s
AHabitato Directive 92/ 43/ EEC), in a way

rising sealevelsare conservedvhile allowing for touristic activitiesandfor flood protectionof the

areas behind the dunes.
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Figure 3.2.1:Map of the Protected Area (source:
https://www.comune.venezia.it/sites/comune.venezia.it/files/page/files/Mappa%20ZS C%20Alberoni.pdf

1.1 Pressuresand conflicts in the area

The area is heavily frequented by beach tourists during summertime, mainly by local residents of the
municipality of Venice and the hinterland of the lagoon, yet the also the pressure of tourism investing
the city of Venice contributes with raising real estate prices, which have an impact also on the less
densely urbanized area at the southern end of the Lido generating requests for new urbanization at the
margins of the protected area.

Thehighfrequencyof beachvisitorscreateswo typesof specificpressuresvithin thearea,oneregards

the nestingsites of themost important protected bigpeciesthe Kentish plovenvhich breedlirectly

on the beach and are thus difficult to protect, and the second regards trampling in the area of dunes
where vegetation is damaged, preventing the natural development and conservation of dunes. Further
pressuresakeorigin from invasivespeciesnvadingtheareaof thedunesandof pinetrees plantedfor
decorative reasons some decades ago substituting the natural forest habitat.

Access to the beaches and structures providing services have been created, for this reason, the dune
ridge has been interrupted in one point for an area of approx. 250 m and substituted by an asphalt
surfaceln thenorthernpartof theareaduneshavebeereliminatedfor theconstructiorof furtherbeach
establishment&hicharein disuse Accesgo theentireduneareafor pedestrianss actuallynotlimited

by any measure and tourists are free to circulate in the whole protected area. The only exception is
presented by the delimitation of nesting areas on the beaches to protect the Kentish Plover.

The main stakeholder, WWF, surveys the nesting are in the periods of major access to beaches, and
organizes dissemination activities (guided tours, beach cleaning campaigns, information tables) to
increase awareness of visitors about the habitat.

2. Current and future risks

The conservatiostatus othe Oasigs threatenedby humanractivities withinthe dune areas. Expected
impactsfrom climatechangerelevantfor the areaof Alberoniincludeimpactsfrom sealevel riseand
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storm surges which will shorten the beach front of the dunes and intensify the impact of storm surges
onthedunesystem While stabledunescanbenefitfrom stormsurgesdecauseheyareableto capture
sediments delivered in these occasions, thanks to their specific structure, fragmented dunes with few
vegetation would be less able to withstand the impacts of waves during storm surges.

2.1 Sealevelrisk & inundation risk

Climateonly sea level riséSLR) is the projected increase in sea level due to climate factors and does
not account for local factors that may influemetative( 6 act ual 6) SLR-omynSLR he ar e
dataareinputtedinto the DIVA model(Global ClimateForum,2024),from which therelative SLR for

the area is projectedror this study, there is no difference between climate only and predicted
relative SLR for the Lido Island area (Figure 3.2.2). Such findings imply that local factors (e.qg.,
subsidence, longshore drift, sediment accretion, human disturbances) have little to no impact on the
relative SLR and that projected SLR is attributed solely to clintaiieen factors. However, these
results should be conservatively interpreted, given the nature of the DIVA model. The DIVA model
projects relative SLR at the floodplain level, and thus it is not possible to incorporate local factors at
the study site that may impact relative SLR. Previous research has shown that the Alberoni shoreline
area is heavily affected by, among others, land subsidence (Tosi et al., 2018), longshore sediment
transportstormsurgesandhumanengineeringnterventiongdMolinaroli etal., 2023).Furtherresearch
andmodeldevelopmenarerequiredfor preciserelative SLR dueto interactionsetweerprojectedsea
levelriseandlocalfactors.Thus,thereportedelativeSLRfor thisareashouldbeinterpretedasa coarse

estimate in the absence of further information.

Climate only
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Scenario * SSP2-RCP26 -+ SSP2-RCP45 SSP2-RCPT7.0

Figure 3.2.2:DIVA modelinputsof climate-only seaevelrise(m) andoutputsof projectecelativeseaevel rise
(m) for Lido Island(LocationID 70944)underSSP2RCP2.6 RCP4.5andRCP7scenariofrom 20152100.

Using the DIVAderived projected relative SLR, and a contemporary digital elevation map, we found
that inundation risk areas within the Alberoni Oasis protected area are projected to increase steadily
until 2100 for all SSP-RCP scenarios (Figure 3.2.3, Figure 3.2.4). The largest inundation risk for all
years is projected under scenario SHZP7. Under this scenario, the area at risk for inundation in
Alberoni Oasis (all habitats and nbabitats combined) will increase from 12.78 % in 2030 (9.26 ha
inundded) to 18.29 % (13.25 ha inundated) in 2100.
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Figure 3.2.3: Total projectednundationrisk area(ha) overtime for the Alberonisitefor 20152100,underSSP2
and RCP 2.6, 4.5, and 7.0.

Projected Flooded Areas by Year and Scenario
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Figure 3.2.4:Projected inundation risk areas due to relasiea level rise in Alberoni f&@030,2050, anc2100.
Calculated from a digital elevation model and DPdArived relative sea level rise projections (m).
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Habitat Type
[ 1210 Annual Vegetation of drift lines (Salsolo kali - Cakiletum maritimae)
l:\ 1420 Mediterranean and thermo-Atlantic halophilous scrubs

[ 2120 White dunes (Echinophoro spinosae-Ammophiletum arenariae)
B 2130 Grey dunes (Tortulo-scabiosetum, disturbed)

[ 2130 Grey dunes (Tortulo-scabiosetum)

[] 2230 Malcolmietalia dune grassland (Sileno coloratae -Vulpietum membranaced
Bl 2270 Dune pine forest Pinea pinea and Pinus pinaster

[ 6420 Mediterranean tall humid grasslands of the Molinio-Holoschoenion
] Mosaic Tortulo-scabi & Eriantho-sc nigricantis

BBl Mosaic Tortulo-scabiosetum-Ammophiletum arenariae

Non Habitat

[ Populus alba community

[ Protected area

Figure 3.25:Veget ati on habitat map of Al beroni Oasi s with
Natura2000 protected area (75.67 I@d)the total area, coded habitat types cover 50.58 ha, and exclude Mosaic
habitat types, Populus alba community habitat, andhaditat areas.

Table 3.2.1: Habitat types and codes of habitats present within Albe@asis (part of Natura2000 Site
| T3250023 Lido di Venezia: coastal biotopeso).
Habitat Type Habitat Represented
Code in habitat
map?

Annualvegetatiorof drift lines 1210 Yes
Mediterraneanand thermoaAtlantic halophilousscrubs(Sarcocornetea 1420 Yes
fruticosi)
Embryonicshiftingdunes 2110 No
Shifting dunesof the shorelinewith Ammophilaarenaria(white dunes) 2120 Yes
Fixedcoastaduneswith herbaceousegetation(greydunes) 2130* Yes
Interdunewet depressions 2190 No
Malcolmietaliadunegrasslands 2230 Yes
Woodedduneswith Pinuspineaand/orPinuspinaster 2270* Yes
Mediterraneanall humidgrasslandsf the Molinio-Holoschoenion 6420 Yes
*Priority habitatfrom Directive92/43/EEC
#KentishPloverpotentialnestingsites

2.2 Sealevelrise impacts on habitats

For all mappedegetatiorhabitat type®f interest in the Alberoni Oasf{Fable3.2.1),thetotal areds
projectedo decreaselueto SLR inundationunderall SSP2RCPscenarios(Figure3.2.6,Figure3.2.7

Paneli AHB b i t a thestatgimappé&tiabitatareas, theres projectedd s h r i in thetogakbadea
availablefor terrestrialspeciesBy 2100, thetotal availablehabitatareais projectedo decreaséo 54.76

ha under SSRRCP2.6 (9.41 % loss), 53.14 ha under SBRP4.5 (12.09 %), with the largest loss
underSSP2RCP7.0(51.37ha,15.02% decreasePerhabitattype,a similar patternof lossdueto SLR
inundationis observedsmallesunderSSP2RCP2.6)argestunderSSP2RCP7.0butvariesaccording

to habitat type (Figure 3.2.6, Figure 3.2.7). Below we discuss the results and implications of SLR
impacts on each of these habitats as they relate to biodiversity and ecosystem services. For reporting
purposes, we focus on animal species of interest and loss of dune vegetation as they relate to their
associated ecosystem services (dune stabilization and potential increased flooding).
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Figure 3.2.6: Actual habitat area (ha), per habitat type, in the Alberoni Oasis under sea level projections SSP2
RCP2.6, RCP4.5, and RCP7.0. Habitat numbers correspond to the WWF habitat types.

The foredune habitats, closely associated with Kentish Plover nesting sites (1210 and 2120; Table

3.2.1),showalargereductionin availablehabitatareaovertime relativeto 2015(Figure3.2.7).Habitat

1210 (Annual vegetation of drift lines) shows an almost complete loss in relative available habitat by

2100dueto SLRfor all threeSSP2RCP scenariofRCP2.6 91.14%; RCP4.5 93.67 RCP7.093.67

%). Habitat type 2120 (shifting dunes of the shoreline Witimophila arenaria.e., white dunes) is

projectedo decreasdy 31.32% underRCP2.6,39.64% underRCP4.5 andby almosthalf (46.82%)

under RCP7.0. As the Kentish Plover nests behind the tide line and forages on the shore, SLR will

severely i
and replace the dune habitats in the future.

In addition to their importance as nesting habitats for Kentish Ploverfra@unesare critical for

mpact thi

S

species due to

0SS

of

nes

protecting and maintaining the back dune priority habitats 2130 (grey dunes) and 2270 (Dunes with

Pinuspineaand/orPinuspinasterforestsjunderHabitatsDirective 92/43/EECHabitats2130and2270
currentlycoveralargeareaof the Alberoni Oasisprotectedarea(woodeddunes= 29.55ha,greydunes
= 5.6 ha). Such vegetated dunes are important ndtamaérs protecting often urbanized areas behind

the dunes from SLR and associated storm surges. Our results show that these habitat types remain

remarkably intact for all SLR scenarios, with only small declines in available habitat by 2100 (Figure

3.2.7). For all SSRRCP scenarios, at least 86% of habitat 2130 (grey dunes) area remain intact by
2100, and 95 % of habitat 2270 (wooded dunes with pine forests). This may be due to the higher
elevation of these habitats providing some protection from SLR than-Igingrhabitats (e.g., white
dunes, shoreline).

However, these results do not consider that habitats 2130 and 2270 only exist due to the protective

functionof foreshorehabitatsan front of them(1210and2120).Accordingto the EU HabitatsDirective,
theforedunehabitatqthosecloseto thesea)l210and2120arecritical for protectingbackdunehabitats
2130and2270.Foreshordnabitatsabsorkthe impactof wavesandwind, therebyreducingerosionand

preventing saltwater intrusion into the areas behind them. The protective function of the foreshore

habitats creates a stable environment for the development and maintenance of the diverse plant
communitiesandhabitatsof the grey(2130)andwoodeddune(2270)behindthem.With the estimated
loss of the foredune habitats under sea level rise (Section 3.2.1), it is difficult to assume that the two

habitatg(2130and 2270rdaptedo lessextremeenvironmentafactorsthanthose presertbwardsthe

sea, can exist without the protection of the foredune habitats.
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The current high proportional area of the two priority habitats (2130, 2270) implies that these habitat
areagouldbeausefulnaturebasedlefenceagainsicoastafloodingin thefutureif managedaorrectly.

However, the maintenance of these habitats is also dependent on the maintenance of the foredune
habitat§1210and2120).Thus,furtherwork is requiredon dunesuccessioandresponseto projected

sea level rise, from which we could derive helpful management tools to maintain or improve the
condition of priority habitats (2130, 2278hdthe protectindoredune habitats (1210 and 2120), in

turn maintaining the natural flood protection ecosystem service benefit
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Figure 3.2.7:Relativeavailableterrestrialhabitattype area(%) undersealevelrise projections.

3. Identifying adaptation options

The protection of biodiversity, and in particular of the dune system in the Alberoni Oasis, depends on
the reduction of anthropogenic pressures, including the reduction of coastal squeeze, and a correct
managemenf the beachandthe dunearea Measure€nvisagedor adaptatiorfocusonthereduction

of anthropogenic impacts on the dune system include (Table 3.2.2):
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Table 3.2.2: Adaptationoptions.
Adaptation strategies (S)

Can you cluster the different adaptation options into more overarching strategies in your case

study?

# Strategy description Individual options that are part of the strategy

1 Forest management Conversion of the pine-wood into autochtonous mixed dune forest
(regional forest agency) (reduction of fire risk, protection of the dune system, implemented by

the regional forest agency)

2 Dune protection and a) Delimitation of pathways crossing dune areas channel the
management accessibility of the beach area for tourists. Installation of fences, and
(WWF) wooden pathways).

b) Intensification of awareness rising among residents and visitors
and stronger surveillance of visitors' behaviours

c) Surveillance of nesting areas and emergency interventions during
storm surges, thinning and elimination of invasive vegetation

3 Dune reconstruction a) Reconstruction and revegetation of missing parts of the dune
(Lagoon authority, Local system (recreation of parts of the dune habitat).
authority) b) (1) cancellation of unused concession (2) closure of existing
establishments at expiry of existing concessions
4 Reduce urbanization Closure of roads accessing to the beaches, creating space for
(local authority) dunes (demolition of buildings and other sealed surfaces)
5 Governance Competences for actions are split between different authorities,
coordination needed

1. ForestManagement
The pine wood covering parts of the furthest dune ridges is gradually being transformed into a
forest composition basemh local species (ash, holm oak and downy oak)-&stablish a local
dunehabitatandreducerisk of forestfire. This procesds managedndfinancedby theregional
forestry department as a management of natural substitution of trees.

2. Protectionandrehabilitationof dunehabitats
The protected area is actually delimited by fences and signposts, while within the area, access to
the more vulnerable parts of the dunes is not limited. To reduce damages to the dune vegetation,
fenced corridors or pathways can channel the accessibility of the beach area for tourists. This
requires investments in fences, combined with wooden pathways and the maintenance of these
structures.
Intensification of awareness raising among residents and visitors and stronger surveillance of
v i s ibehavioar@ctivesurveillanceof duneaccesby WWF andpublic authoritiesvhoareable
to enforce respect of rules. Awareness rising activities include guided tours and beach cleaning
campaignsare currently guaranteed by WWF volunteers.
During the nesting period of the Kentish plover, volunteers of the WWF delimit the nesting areas
and surveythe nests durinthe days of major touristigresence. During storm surge events which
would putthenestsatrisk of beingflooded,theytransporthe nestgo higherareaasanemergency
intervention, thinning and elimination of invasive vegetation.

3. DuneReconstruction
In correspondence of the major beach establishment, a part of dunes has been eliminated to create
a parking lot and bus stop which provides direct access to the beach area and the beach
establishments. Also in the northern part of the protected area, dune areas have been flattened to
makeplacefor beach establishments which are no longer inalfsugh beach concessions have
not been extinguished. The dune ridge should be reconstructed and revegetated to strengthen and
recreate biodiversity of the dune system and provide protection to the settlement situated behind
the dunes.
Reviewof concessioffior beachestablishmentghelocal authoritywould needto immediatelystop
the emissionof newbeach concessiomgthin the protectedarea A successivstepshouldbethe
(1) cancellation of unused concessions (2) closure of existing establishments at expiry of existing
concessions.
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4. Reducaurbanization/coastaqueeze
Furtherto buildingsandartefactgo beeliminatedto allow dunereconstructionalsobuildingruins,
tarmac, etc. in the area behind the dunes could be eliminated and ateasated, to reduce the
coastal squeeze and create space for dune migration.

5. Governance
Governance competences for the area are split between different authorities (region, local urban
planning and environmental services), a better coordination and alignment of objectives would be
beneficial.

4. Assessmenbf adaptation options

4.1 Methodology

Consideringhemainobjectiveof the adaptatiormeasureghe conservatiorof biodiversityin atypical

coastal ecosystem, no CBA has been envisaged. The only monetization could regard the protection
effect of dune reconstruction, closing the interruption of the dune belt. Actually, this breach in the
natural protection belt increases the exposure of the settlement behind the Oasis to storm surges.

Table 3.2.3: AssessmergtrategyAppraisalCriteria

- How are the criteria
What appraisal criteria are considered? measured?

What direct costs are considered? " 'Who Q Q ™ d

Costs for enforcing surveillance, benefits?

installation % 2

(opportunity costs for foregone beach Local

uses/installation of beach establishments) authority

What direct benefits are considered?

Increase of biodiversity, conservation of a  society X

rare habitat and species

What co-benefits and co-costs are

considered?

Economic

ecosystem services: Whole society X

carbon sequestration of dune vegetation Residents and

Flood protection for the residential area establishments X X
in Alberoni,

Social X

biodiversity (cultural, recreation) Lido/Venice "
residents
tourists
Value of biodiversity and coastal habitats society X
Are you considering general welfare Distributive Temporal Spatial

effects? If so, how?

no

Co-effects

The consolidation and conservation of habitats by reducing anthropogenic pressures is expected to
allow for the adaptatiorof the habitatat leastfor themediumterm(until 2050).All optionsselectedare

directly supportinghaturalprocesseandbiodiversityconservatiorandreducinganthropogenitmpacts

by nonrinvasivephysicalinterventionsandchangesn managemerandgovernancef thewholearea.

Costsof measures

Overall(notdiscountedyostsof the envisagetheasuresreof U 8 . 8 Bver254/@ad.SeeTable
3.2.4for costspermeasure.
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Table 3.2.4:Schematioverviewof adaptatiormeasureand(undiscountedosts:

Operational Actor Investmen{ G| 2025 2050 | Source
costs/lossesf (25yrs)
revenue
1. Forestmanagement 2. 646 ,f@ ( RegionalForest | 1 70. 000Q Prezzario Regionale
2023 26ha agency Agroforestale 2022
2. Dune protection
a)fencesvalkwaysfor 052/ m Localauthority |04, 104 . Regione Veneto
2000m 0100/ m Prezzario Regional
for 2000m Agroforestale 2022
b) awarenesgaising U 80 .pér0 0 | WWF 2.000.000 Managementosts
year WWF Venezia
c¢). Nestingprotection, U 30 .péro 0 | WWF 750.000 (personal
thinning/eliminatiorof year communicatiorby
invasive vegetation the stakeholder)
3) Dunereconstruction
a).Physical reconstructio 0 74/ m3 local authority, |G 1. 02 1. https://adriadapt.eu/d
of missing dune ridgq for 11,960m? lagoonauthority daptation
(9200m2; per 1,3m options/dune
11,960m) constructiorand
strengthening/
b) cancellationof unused | (1 9800peryr Local authority U245. 0| https:/dati.mit.gov.it
beachconcessionsloss of [catalog/dataset/cong
publicrevenues essionidemaniah
Closure of existing 0U30. 100/ Localauthority 066 2. 2| maritimea-maggic
establishments and 2021
cancellatiorof concessions
after expiry in 2033
4. Reductiorof coastal Localauthority
squeezedemolitionof
existing artefacts
Total (5.195.200 03.657.200 | 08.852.400

1 PrezzaridRegionalePrezzaridRegionaleAgroforestale?022
2.aRegioneVeneto,PrezzaridRegionaleAgroforestale2022

2 b,cManagementostsWWF Venezia
3 a https://adriadapt.eu/adaptatioptions/duneconstructiorandstrengthening/

3 b, ¢ https://dati.mit.gov.it/catalog/dataset/concessagrmanialimarittimea-maggic2021

4.2 Results

While costs of measures have been quantified at an indicative level (see table 3.2.4), no overall
guantificationof benefitshas beemnvisagedA qualitative descriptiof benefitsfor biodiversityhas

been provided by IIASA, based on information on biodiversity distribution from IIASA. Benefits for
residents and owners of premises in Alberoni would arise from a reduction of reduction of flood risk
thanks to the closure of the dune belt. See Table 3.2.5.
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https://dati.mit.gov.it/catalog/dataset/concessioni-demaniali-marittime-a-maggio-2021

Table 3.2.5: Scorecard

Criteria/ Strategy Reversibility = Costs SocialbenefitsEconomic ~ Ecologic Resilience
description benefits benefits

Forest

management

(Regional Forest 0 + + + + +
agency)

Dune protection
and management

(WWF) ++ + ++ 0 +++ +++

Dune
reconstruction
(Lagoonauthority,

Local authority) ) ++ ++ + + i

Reduce
urbanization

(Localauthority) - ++ 0 0 ++ 4+

Governance + 0 + 0 0 ++

Legend:, -- negativeor strongnegativeampact,0 neutralor noimpact,+, ++ positiveor strongpositiveimpact.

5. Barriers and conditionsfor implementation

Forestry

This activity is actually omgoing as part of a general forestry strategy of the Region which aims at
managing forest habitats in a close to nature manner. The strategy generates benefits in relation to
reduced fire risk and to the-establishment of typical local habitats of dune areas in the northern
Adriatic.

Duneprotection
Theimplementatiorof duneprotectionmeasureslepend$ieavilyon publicawarenesgp betranslated

into political will for active policies irfavor of the protection of the dune habitat. This would, inter

alia, requireanincreaseof fundingfor surveillanceandmanagemenf the areaby the local authority,
inverting a trend of the past 10 years which saw a reduction of the compensations paid by the local
authority to WWF for the management of the site, further to an investment in physical infrastructures
(fences etc. to limit trampling in the dune area).

DuneReconstruction

Thereconstructiorof the missingpartof the duneridge represents majorinterventionwith relatively

high costs, as it might require the use of sand to be transported as the distance of the part to be
reconstructeds too far for naturalbeachgrowth processedurtherto plantingof the newsurfacesand

creation ofadditional infrastructuret® protect the area, and all@gcesdo the beach (included the

gross cost estimates for the dune reconstruction).

Exceptfor thedunereconstructionmmeasureforeseerarereversible excepthedemolitionof (derelict)
buildings. These building, which are located in the northern part of the area, are unused since some
time. Revokingunusedbeachconcessionsvould causea lossof incometo the local authority,which
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wouldtheoreticallybereversible putmightalsohavesomepolitical implicationsdueto resistancérom
concession holders who would need to renounce on potential future economic exploitation.

Potentiakocialandculturalandpolitical barrierscanariseonthesideof beachusersvhowould oppose

a closureof the beachservicesandby economicactorswho would like to exploitthelocationoffering
servicedo beachvisitors. For thisreasonthe existingbeachestablishment coulde conservedt least

for the duration of the concession (actually until 2033), revising the access crossing the newly created
part the dune belt. This establishment could be combined with a small visitors centre and a permanent
office for WWF staff.

Beach concessions in the central part of the area are related to buildings in use or even only recently
built and the management of the beach. The closure of active beach concession of active beach
concessions (services and management of the beach) would entail an economic loss for the local
authority,furtherto political oppositionby the holdersof the concessiomndbeachusersnotwilling to

renounce on the amenities offered by the beach services (restaurant, showers and bathrooms, etc.)

Reductionof urbanizatiomrandcoastakqueeze

The reduction of urbanization and demolition of artefacts on the back of the dune area (streets, etc)
would requirearethinkingof thelocal urbanizatiorstrategytowardsa moreprotectionoriented Jong-

term vision for the whole area, further to important costs for demolition an indemnisation, while
providing benefits for the resilience of the dune habitat and the ecosystem services ensured by a vital
dune system.

Governance

Increasingnulti-level governancendco-ordinationfor a joint managemenif thedunehabitatwould
potentially create synergies and promote coherent policies, with benefits for the management of the
protectedareaandtheresilienceof the dunesystem channelinglifferentfinancialresourcesnto joint
activities.

Table 3.2.6: AssessmergtrategyBarriersfor implementation.
Barriers to adaptation (B)

What are the barriers to adaptation for each strategy? Please describe them briefly and categorize
them as either knowledge, awareness, technology (K); physical (P); biological (B); economic (E);

financial (F), human capital (H), social and cultural (S); or governance and institutional (G).

L Barriers Cat.
F1 Forest management is on-going as a slow transformation process, forest e
orests S 1S iy Pl
surface is limited by urbanization
2 (a) Costs of physical infrastructures for dune protection
Dune ' (b) Costs of surveillance and awareness raising “FEG |
protection (c) Manpower for protecting hatching sites from flooding during storm surges
3 dune Public opposition to limitation of new concessions, eventual indenisations
reconstru High costs of dune reconstruction

ction

Public opposition to limits to urbanization, costs of demolition and indenisation

)
of owners

urbanizati
on

The split of competences between urban planning, beach and forest

5 management and nature conservation would require some coordination.
governan
ce

6. Conclusion
Themajorbenefitsof a strategyfor protectionof the coastahabitatsof the Alberoni Dunesarein terms

of Resilience due to decrease of flood fizkthe Alberoni settlement and of decreasedrisk in the
area close to the pinewood. This comes at costs in terms of foregone income from concession fees for
the Local Authority, from further urbanization and touristic exploitation of the area at expense of the
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coastal dune habitats. Other costs to be borne by society are caused by dune reconstruction, activities
for the management of the area and biodiversity conservation.

The conservatioof the area furthermore providéenefitsto the entire societydue tothe existence of
its biodiversity,andits carbonsequestrationapacitiesyhile visitorsandbeachuserscanbenefitfrom

its cultural and recreational values.

The creation and conservation of these values require a strong political will and dedicated action
(planning, surveillance) to protect the area and avoid further urbanization.
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4 Health & justice

Casestudy 4.11 Adaptation policy assessmenfocuson health and distributional aspectgSpain)
Partner: BC3

Spatial scale:RegionalBasqueAutonomousCommunity NUTS2)

Stakeholder: BasqueEnvironmentalAgency(lhobe)

1. Decisioncontext

This case study focuses on the Basque Country, a region located in the north of the Iberian Peninsula,
with a209km coastlinestretchingalongthe CantabriarSea With anareaof 7,234km?, the population

was 2,175,000 inhabitants in 2017, resulting in a population density of 300 inhabitantsiknthe

fifth | argest economy in Spain, with a per capit

Regional governments play a crucial role in developing and implementing climate adaptation policies
(Setzeret al.,2020).This is particularlyrelevant inS p a icont@xs,asit is not afederal statgethasa

high degree of decentralisatiofhe Autonomous Community of the Basque Country has historical
rights that have enabled it to develop a high degree cfyjsgfrnment since the transition, together

with Navarre. Like many other regional governments, the Basque Country has the authority to act in
areas key to public adaptation policies, such as finance, land use, disaster management, natural
resources, education, and health (Galarraga et al., 2011).

The Basque Climate Change Strategy (Klima 2050), which was approved in 2015, and the Energy
Transition and Climate Change Act, which was adopted by all parties in the Basque Parliament in
January 2024, are currently the key climate policies for adaptation. The Basque Government also has
anEnergyTransitionandClimateChangePlanfor 2021 2024 ,whichis currentlybeingupdatedFrom

a sectoral perspective, the Basque Government has a Health Plan 2030, which provides a framework
for all healthrelated policies and annual heat prevention plans.

In this context, the following research questions arise in both case studies: 1) What are the economic
andfinancialimplicationsof climaterisksfor thehealthsector?2) Whatarethedifferential effectsand

social justice dimensions of adaptation options for different groups? 3) What are the costs and co
benefits of socialljust adaptation options?

2. Current and future risk

Accordingto regionalisedscenariogor the BasqueCountry,therehasbeenatrendsincel971towards
fewercold-dry daysandanincreasen theaverageadaily temperaturef morethan1.0°C.All indicators
calculated from maximum temperatures that are statistically significant show a positive trend. These
trends are projected to continue in future climate scenarios, with increases in minimum and maximum
temperaturesgaswell asin thenumberof summemdaysanddaysabovethe35°CthresholdThisis likely

to result in an increase in the frequency and duration of heat waves (lhobe, 2019).

The expected health impacts of climate change are primarily related to increased temperatures,
worseningair quality,andincreasedlooding andlandslidesThesefactorswill leadto highermorbidity

and mortality rates, an increase in diseases (e.g., respiratory, skin, andbveciretc.) and a
deterioration in human comfort (lhobe, 2019).

3. Identifying adaptation options

Planningfor adaptatiorio climatechangen thehealthsectoris moredispersedn thecaseof theBasque
Country. Table 4.1.1 lists the measures identified in the main planning documents.
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Table 4.1.1:List of themainhealthrelatedadaptatioroptionsincludedin theBasqu policies.
Type of measure

Measure Plan or strate
Grey Green Soft o
Ensuring the resilience of the built BasqueClimateChangeStrategy(Klima
x X X environment and critical infrastructures 2050)
(energywater,food, healthandICTs)in the | EnergyTransitionandClimateChange
faceof extremeevents Plan 20212024
Promotionof energyefficiencyand
X rehabilitationof theurbanbuilding stock. BasquelirbanAgenda(Bultzaiu2050)
. HealthPlanEuskadi2030
X | Earlywarningsystems Klima 2050
EnergyTransitionandClimateChange
X | Improveemergencynanagement Plan2021-2024
Onehealthapproacho identifying, )
X monitoringandevaluatinghealthrisks HealthPlanEuskadi2030
Promotingaresilienturbaninfrastructureoy ;
X X developinggreeninfrastructureandNBS HealthPlanEuskad2030
Mainstreaming/ulnerabilityanalysisand .
X climatechangeadaptatiorinto landplanning HealthPlanEuskad2030
Explorethe co-benefitsof environmental
X (andclimate)policies. BasquelUrbanAgenda(Bultzatu2050)
X Governanceinter-institutional coordination Al

andcollaboration

Promoting healthy lifestyles in cities (e.g.
X | inclusiveandsafeurbanplanning,promoting | BasqudJrbanAgenda(Bultzatu2050)
walkingandc y c |l i ng é)
X | Heatinformation/ awarenessaising HeatPlan2024
Preventive measures during heat waves
(thesdncludeactionsfor localauthorities,
healthandsocialservicescompaniesand
occupational health officers)

HeatPlan2024

We found no reference to transformational adaptation options or adaptation of health services. There
wereno mentionsof climatesheltersput somelocal projectsarealreadyin place.Planningdocuments
barely mention the netemperatureelated health effects of climate change.

4. Assessmenbf adaptation options

4.1 Methodology

The assessment methodology for this case study consists of two main parts: 1) A qualitative social
justice assessment of the Heat Action Plan focusing on the consideration of vulnerable groups in the
pl ands me as u-benefit amalysis (CB)) ofssocialgus adaptation options

4.1.1Socialjusticeassessment

The social justice assessment developed in the Basque Country has been limited by the strategic
characteristics of the adaptation planning documents in force. The methodology follows the
AdaptationJusticdndex(AJl) definedby Juholaetal. (2022). The AJl wasdevelopedo operationalize

thefour dimensionf justice(recognition distribution,participationandrestorativgustice),providing

a comprehensive view of the justice of adaptation plans from a climate justice perspective (see Table
4.1.2).AJdl usesanordinal scaleto comparehe extentto whichjusticeis integratednto the documents.
Theresultingscoresaim to reflectthecomprehensivenessidambitionwith which thevariousjustice

related issues are addressed in the policy documents. However, climate justice criteria have only
recentlybeenincorporatednto adaptatiorplanning,sorather tharobtaininga score we haveoptedto

carry out a qualitative analysis.
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Table 4.1.2:Dimensionsonsideredn theassessment

1. Recognitionaljustice

1.1.Thestrategyacknowledgethatadaptatiomeedsaredifferentacrosgroupsin society

1.2. Thestrategyacknowledgegheimpactof existingsocietalstructureon vulnerablegroupsin adaptingo
theimpactsof climatechange

1.3.Thestrategyacknowledgesadaptatiorasaway to securebasicrights
2.1.A risk mapping/assessmestconducted

2.2.Vulnerability assessmeris conductedandthereis a procesgor identifying vulnerablegroups
2.3.Thereis aprocesghatassessebedistributionof benefitsfrom adaptation

2.4.Thereis aprocesghatassessedsow costsof adaptatioraredivided

2.5.Thestrategyidentifiesthe possibilityof thedistributionof negativempacts,.e., maladaptationpf
adaptatiormeasures

3.1.Adaptationplandetailswho participatesn thestrategyprocess

3.2. Theadaptatiorstrategyhasinvolved participationduringdifferentphase®f the process
3.3.Thestrategyallocategesponsibilitieselatedto adaptation

3.4. Theadaptatiorstrategyhasa structuredplanfor participationin theimplementation.
3.5. Theadaptatiorstrategyhasa planfor updatingandevaluatinghe strategy
4.1.Thestrategyacknowledgetheneedto compensatéor thedivergingimpactsof climatechange
4.2.Thestrategyhascompensatiomeasure$o dealwith maladaptation
4.3.TheunequaMlistributionof resource$or adaptatioris compensatetly redistribution

For each of the indicators presented in Table 4.1.2, Juhola et al. (2022) provide a scoring system that
allows for some consistency in the evaluation process. An example is provided in Table 4.1.3, which
shows the suggested scores for the recognitional justice dimension. As mentioned earlier, the values
shown in Table 4.1.3 were not used in the assessment to produce a single score but to provide an
indication of the level of commitment to aadhbitionfor the inclusion of equity criterign adaptation
planning.

Table 4.1.3: Detailedcriteriafor evaluationasdefinedby Juholaetal. (2022).

Indicator

Dimension

No 0
1.1.Thestrategy Thestrategystateghatadaptatiomeedsaredifferent 1
acknow]edges that Thestrategytakesinto accoundifferentadaptation
SQaptatlomeedsare needsasecbn expertreview 2
|fferen_t across Thestrategyis built ondifferentgroupsidentifying their
groups in society adaptatiomeeds 3
1.2. Thestrategy No 0
acknowledgethe Theexistenceof structuress mentionedn general 1
Recognitional impgctof existing manner _
justice souetabtructuresm Therearemeasureto decreas¢heimpactof structures 2
vulnerable groups in
adapting to the Thereis astructuredplanto assestheimpactof societal 3
impactsof climate structures on vulnerability
change
No 0
1.3.Thestrategy Adaptationasaway to securébasicrightsis mentioned 1
acknow!edges Thestrategydescribefiow adaptatiorcansecurebasic
adaptatlora_sayvayto rightsin general 2
secure basic rights Thestrategyhasmeasure$o securebasicrights 3
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4.1.2Assessmerf costsandbenefits

The assessment of costs and benefits seeks to answer policy qug$tibat are the economic and
financial implications of climate risks for the health sectan® policy questio) What are the costs

and coebenefitsof socially-just adaptationoptions?Based orthework developedn WP2, we havan

estimate at the NUTS3 scale of the costs of climate change in terms -o&lagad mortality and
morbidity. These data are available for a combination of RCPs and SSPs (see ACCREU Deliverable
2.3). Furthermore, the costs of adaptation measures foreseen in thenwrdigmed planning
instruments have been estimated. Based on the literature, an estimate of the potential effectiveness of
these measures will be made, allowing us to calculate the avoided costs.

Table 4.1.4:Evaluationcriteriausedin thecostbenefitanalysis.
Appraisal criteria (C)

S S e : ‘How are the criteria
What appraisal criteria are considered? measured?

‘What direct costs are considered? | " Gualitztive Guantitative Wonetised
- Cost of mortality X *
- Cost of morbidity o x
- Cost of heslth and adapistion options X b A
What direct benefits are considered?

Avoi . 3 X x

voided mortality and morbidity

Reduced healthcare costs ¥ %

Readuced social ineguality x
What co-benefits and co-costs are considered? )
Economic

Effacis on productivity
Social

Social justice

Well-being X
Environments| X

Eiodiwarsity

kS (]

Are you considering general welfare effects? If so,
how? Yes | Distributive Temporal Spatial
We will consider the distributional and wider socizl justice effects = . ®

of heat impacts and how this is integreted in adaptstion policy snd
related messures with relevance for the health sector. This
includes snslysis of vulnerable groups' residence, work confext
and acoass to haalth carvices.

4.2 Results

4.2.1Socialjusticeassessment

This assessment draws pr i mtarmifrdmgwork Klima 2080 (Hasqgseq u e  C
Government, 2015) and complements it with the subsequent Energy Transition and Climate Change
Plan, PTECC2022 024 (Basque Government, 2021), given tl

Dimensionl: Recognitionajustice

Although the term ‘recognitional justice' is not explicitly used in Klima 2050, the strategy recognises

that the impact of climate change is uneven and place specific. Vulnerability and the resulting impact
depend on the physical, biological, ecological, economic, and social characteristics of each territory.
Theexpertprioritisationprocessonsistentlystateghat, underthe equitycriterion,mostsectordoresee

unequal impacts, thereby reinforcing the idea of differentiated effects across society. In recognising
intra-societaldifferencesthepublic healthsection(AnnexV) explicitly callsfor furtherwork ongroup

specificand gendett i f f erenti ated vulnerability. It acknow
soci al groups and between men and womeno.

Regarding structures that shape vulnerability, the strategy identifieslinmatic structural drivei®
e.g.,urbanform/structure/functiongjeficientsanitationsystemsand sociodemographichangé as
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key determinants of exposure and impacts in cities, and routes responses through territorial and urban
planninginstruments. Th® TECCintegrates/ulnerability/adaptation criteria icritical infrastructures

(energy, water, health, education, ICTs, transport, industry), but without a focus on social vulnerable
groups. Finally, while Klima 2050 does not frame adaptation as securing basic rights in explicit rights
language, some lines of action do underpin essential services, such as guaranteeing water supply.

Dimension2: Distributionaljustice

Klima 2050 lays important groundwork for the spatial distribution of climate risks by integrating
climate criteria into territorial/urban planning. However, it falls short of assessing who within society
bearghoserisks or who benefitsfrom adaptatiormeasuresThe PTECCmovesforwardandexplicitly
flags a Ajust t-poveerty smitigation; ryet it stilhdbes @ot effergaycomprehensive
analysis of the distribution of benefits and costs of adaptation across groups or territories.

Concerningisk assessmen{mdicator2.1),Klima 2050requiresdentifying, analysingandmonitoring

the zonesndcritical infrastructuresnost exposetb climate hazardgndincludes a dedicated lire

action (Line 17 under Objective 7). The PTECC builds on by funding municipal planning tools, calls
for adaptation/mitigatioprojectgrantsin municipalitiesandcounties andpilots underLIFE IP Urban

Klima 2050,therebyoperationalisingisk work whereimpactsarefelt. Its monitoringsystenmalsotracks
municipalitieswith adaptatiorplans linking risk work to coverageacrossheterritory ratherthansocial

or vulnerable groups.

Klima 2050embeds/ulnerabilityanalysig(indicator2.2)in planning(DOT, PTP,PTS,PGOU)and,in

the annexes, makes equity a crogting criterion, noting that most sectors foresee unequal impacts,
recognisinghatvulnerabilityis not uniformly distributed.lt alsodetailsnon-climatic structuraldrivers

t hat shape exposure (e.g., urban form). Once m
sectoral/territorial, rather than grogpecific. The PTECC makes distributional concern more explicit

through Line of Action 8 for a just transition, including Measure 24 to provide technical and financial
support to avoid energy poverty and to sustain social cohesion.

Neither document offers a systematic appraisal of who benefits from each adaptation measure by
income, gender, age, or municipality (indicator 2.3) or who bears the cost (indicator 2.4). Klima 2050
prioritises risk hotspots and critical systems, which implicitly concentrates benefits where exposure is
greatest. The PTECC allocates funds to support local initiatives and to building rehabilitation and
retrofitting, and underlines the need to guarat
potentially preequity measures, but it lacks a formal berdiftribution analysis.

With regards to maladaptation (indicator 2.5), the PTECC explicitly warns against it in the context of
developing mitigationadaptationenergy policies. Klima 2050 minimises this risk via planning
integration and attention to critical infrastructures; however, neither document assesses who could be
potentially affected.

Dimension3: Procedurajustice

This is likely the dimension in which the Basque framework performs stronger. Both planning
documents have been developed through broad participatory processes, multilevel coordination,
explicit responsibilities, and structured monitoring. Some remaining gaps exist in relation to enabling
thepatrticipationof vulnerablegroups While the PTECCdefinesamonitoring,evaluatiorandreporting

(MER) system including detailed indicators and reporting, it is less explicit about how stakeholders
engage in this process.

Klima 2050 has a strong procedural basis. In its development, participation was opened up to a range
of stakeholders,ncluding a dedicatedUdalsarea21 forum involving municipalities and local
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organisationsapublic SocialForum,andanopenconsultatioron Irekia®. Thesewereall usedto inform
long-termstrategiesaindadjust actiorplans.While thiswidenedaccessat theagendasettingstage the

text does not spell out bespoke mechanisms to specifically include vulnerable groups in-decision
making processes.

Participation extended across the phases of the plan, with several participatory sessions happening
during the development procdgasdicator 3.2) and into theonitoring andupdating phases (indicator

3.5). Klima 2050 committed to producing follewp reports every two years from 2017 onwards, as

well as intermediate evaluations in 2020, 2030, and 2040. The first evaluation report was published in
January 2022 These provisions are complemented by capditiging and coordination enablers,

such as training for public servants and public information (lind2P0and intetinstitutional
coordination(line 23). Thesemeasureaimto sustairmultilevelengagemerdvertime. Responsibilities

during followrup and evaluation (indicator 3.3) are assigned to the general administration, with
coordination assigned to the Directorate for the Natural Environment and Environmental Planning.

The PTECC 20212024 specifies a clearer governance model, led by the Department of Economic
Development, Sustainability and Environment and a techiioilical commission (EVE, lhobe)
tasked with coordination and evaluation (indicator 3.3). It also establishes a MER system with a
department responsible for each action line (indicators 3.2, 3.5).

For participation in implementation (indicator 3.4), there are measures to support municipalities and
counties, including tools and methodologies to integrate climate into local planning, indicator support
via Udalsarea 2030, working groups, grant calls for adaptation/mitigation projects, and a LIFE project
Urban Klima 2050 pilots designed for transfer across the territory.

Dimension4: Restorativgustice

In Iline with Juhola et al.és (2022) findings,
Basque Countryodés adaptation framewor k. Neither
mechanisms for uneven climate harms, provides ex post remedies for maladaptation, or sets explicit
rules to redistribute adaptation resources towarddapacity groups or municipalities. The PTECC

does advance a just transition framing and-enérgypoverty support, but these instruments sit
adjacent to adaptation redistribution rather than constituting compensation for climate harms.

4.2.2Assessmerf costsandbenefits

Effectivenes®f HeatAction Plans

In theabsencef directdataontheimplementatiorof theHeatHealthAction Plang HHAP), we turned

to the literature to obtain an estimate of the benefits that these plans can have in terms of avoided
impacts, both in terms of mortality and morbidity.

Following the 2003 heatwave, which marked a turning point in Europe, HHAPs have increased
significantly, and today there are numerous plans at national, regional, and even municipal levels
(Martinezetal., 2019).However,Dwyer et al. (2022)arguethat,consideringhe numberof heatplans
currentlyin place thenumberof studiesassessintheir effectivenesén theliteratureremaingelatively

low. This is more so in relation to morbidity outcomes.

A study of thebenefits of heat alerts in 20 US cities found no associationlovitar mortality,except
for Philadelphiawhere heat alertwereassociatedavith 4.4%lower mortality rates (Weinberger etl.,
2018).Mixed resultswerealsofoundin a systematiditeraturereview of HHAP evaluationgDwyer et
al.,2022).Among 11 evaluationof heatactionplans assessednly one reporteénoverallmortality

5 Irekiais the Open Government platform:
https://www.irekia.euskadi.eus/en/site/tos?label=about&requirements%5Blabel%5D=%28%3F
Mix%3A%5Cw%2B%29

5 https://www.ihobe.eus/es/publicaciones/primevaluaciorestrategiscambicclimatico-paisvasceklima-
20502
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https://www.ihobe.eus/es/publicaciones/primera-evaluacion-estrategia-cambio-climatico-pais-vasco-klima-2050-2

reduction; two of three morbidity evaluations found reductions; and one-citylstudy observed a
protective effect in a single city only. Overall, positive signals are limited and capesific.

In Spain, after the HHARwas introduced, the extrepmeat mortality fraction decreased (from 0.67%

to 0.56% ,arelativereductionof 16%),butthis wasoffsetby anincreasen the moderateheatmortality

fraction (from 0.38% to 1.21%), so the total hattibutable mortality increased. On plaativation

days, the attributable fraction was reduced. Interestingly, those provinces with more actions being
implemented within their HAPs showed higher decreases in mortality attributable to extreme heat
(MartinezSolanas and Basagafa, 2019).

I'n 1Italy, ¢2618)Donrmd shat amorgtadulisiover 65 years, thedtad@diutable mortality
fraction for extreme temperatures fell from 6.3% to 4.1% across 23 cities (35% relative decline), after
the introduction of the national HHAPs.

Feldbusctetal. (2025)analysedhe effectivenes®f the nationalheatandhealthwarningsystemin 15
German cities using a differengedifferences approach. After adjusting for city characteristics, heat
alertswereassociatedvith 15%lower all-causamortalityonalertdays(RR=0.85;95%CI 0.75 0.97).
Whencity characteristics weneot considered, nprotectiveeffect was foundRR = 1.00; 0.981.01).
City-levelreductionsverestatisticallysignificantin Berlin (RR = 0.95),Frankfurt(0.94),andHamburg
(0.95).

On balance, the evidence of a reduction in mortality is stronger than the evidence for no effect or an
opposite effect.

Estimatingthe benefitsof heatrelatedadaptatiormeasures the BasqueCountry

The benefits of adaptation measures aimed at reducing the effects of heat on human health are usually
measured in terms of avoided mortality and morbidity. As done in the case of Bremen, we adopt (i) a
centr al effectiveness of 15 %measures foratalBamogalitg Co unt
(Feldbusch et al., 2025). Assensitivity analysis, a lower bound of 5% (Weinberger et al., 2018), and
anupperboundof 30%(e.g.,d e 6 D cetala 20b8)couldalsobeapplied.Fortheeffectson morbidity,

we follow the approach applied by Markandya et al. (2025) that relatesetetad mortality and

morbidity basedn datafrom Adelaideetal. (2022).Mortality data(referredto adultsover65)is taken

from Lorofio et al. (2025) and morbidity from Markandya et al. (2025).

GiventhattheBasqueC o u n tagsgsgmemeliesheavilyontheheatemergencylanandthishasbeen
in place since 2006, no maturity ramp has been considered.

Thecostof heatrelatedadaptationmeasuref the BasqueCountry

The measures considered in this CBA are drawn from multiple Basque planning frameworks and are
therefore heterogeneous in scope, maturity, and budgeting. They span strategic directions in KLIMA
2050 (umbrella adaptation strategy), sectoral initiatives in the Energy Transition and Climate Change
Plan (PTECC), urban actions in the Basque Urban Agenda (Bultzatu 2050), andsystaithn
responses (Basque Health Plan 2030). These plans emphasise resilient cities and green infrastructure,
preparedness and governance, and the need to align health, environment, and urban policy; however,
itemised heaspecific budgets are not always provided.

To developthe CBA, we havegroupedheidentifiedadaptatioroptions(Table4.1.1)asfollows:

i. Strategic measures. High level objectives that lack adpeatific package or budget in the short
term (e.g., ensuring the resilience of the built environment and critical infrastructure). They are
excluded from the CBA due to the difficulty of measuring their cost, as well as to avoid
misattribution and doubleounting.

ii. Preparedness and emergency response. Heat plan or health system measures and include early
warning communications, targeted outreach to vulnerable groups, clinical and occupational
protocols, and monitoring and evaluation. These measures are operational and can be costed
following previous studies from the literature (e.g., Hunt et al., 2016).
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iii. Urbancoolingandgreen/greyinfrastructure Actionssuchasurbangreeninggreen/cooloofsand
pavements, unsealing, and broader rehabilitation that appear in the UrbaniAdtzdau 2050
and PTECC as programmatic lines, rather than-imiggation projects. They are muhliazard,
multi-benefitandcurrentlylack heatspecificpackagesandspecificbudgetsattributableo the Heat
Plar.

iv. Crosscutting governance measures, including Histitutional coordination, preparedness and
routinesurveillanceof theimpactsof heat.Thesemeasureareconsideredvhencostsareavailable
(e.g., estimates of fixed annual costs).

TheCBA includesgroup(ii) andthoseitemsin group(iv) with clear,heatrelatedcosts We exclude(i)
strategic and (iii) urban cooling/gregney items from quantification at this stage because they were
not defined as heapecific packages and/or assigned specific budgets. This makes our results
conservative for both costs and benefits.

Thefirst actioninvolvesanannualprogrammecost,which coverstheplanning,oversightcoordination,
andreportingof theidentified adaptatiormeasuresThis costis estimatecht a conservativé.5%share
of the public health programmkte vel oped i n the Health Pl an
objectivesarenot brokerdowninto specificbudgetiinesfor heat.The cost of allactivity-driveneffort
is allocated to each operational measure. We budget for monitoring and evaluation as a small, fixed
cost. On heatvarning days, we allocate an additional budget to cover alert notifications, increased
outreach activity, overflowing helplines, and other minor expenses (Table 4.1.5).

2030

Table 4.1.5: Detailedcriteriafor evaluatiomasdefinedby Juholaetal. (2022).

Costper

Measuregroup year( 0 )

Planning documents

Governancandcoordination ﬁi%lggggétgﬁlﬁgfggoentatiorandcoordination 150,000
Heatportal/ webinfo HAP Action 2. Informationandawareness; 20,000
Generabublicawarenessampaign | HAP Action 2. Informaciény sensibilizacion 40,000
Attentio_nto vuInerabIeg(oups: _ HAP Act!on 2. Informatipnandawareness; 20.000
preventiveneasureandinformation | HAP Action 4.2 Preventiveneasures ’

Training HAP Action 4.2 Preventivaneasures 20,000
81?5 #%iggr;ﬁ?gjggotecnon HAP Action 4.2 Preventivemeasures 10,000
Monitoring & evaluation HAP Action 5. Monitoring the healtheffectsof heat 34,000
Alert activationdaybudget{10heat | HAP Acti_on 3. Forecasting_andgssessm_em;ystem 100.000
days per year) HAP Action 4.1 Communications by risk level '

Total (peryear) o} 394,000

Theseestimates@reconservativeyet consistentvith thoseof previous studies. freviouscostbenefit
assessment in the Basque Country modelled HHAP spending using a fixed component and a variable
peralert term based on assumptions about staff time (Chiabai and Sainz de Murieta, 2017). The
resourcebased costing for heaealth programmes follows the methodology of Hunt et al. (2016). A
recentEuropearsynthesigeportscostsof aroundd 7 , Bebheatdayfor warningoperationsaloneand

bet ween 09,261 and 0Ul1l4,000 per heat day when
casesnvolving anadditionalfixed annualcontract/disseminatiocostof aroundd 2 0 0 (HOnDedal.,

2016; Rao et al., 2025). Historical evidence from Philadelphia also puts diregapengday cash
costsataround$10,000which supportgheideathattheactivationcostswe assumeretypical of alert
andresponse models (Ebi et al., 2004).

he

" Someinitiativesin the PTECChaveheadlinebudgetge.qg.,themunicipalNBS programmehasabudgetof i 4 . 7
M in the 20212024 period) but they are not hesgecific. Therefore, do not allocate them to this CBA unless a
heattargeted package is specified.
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Comparingcostsandbenefits

Over 20252030 the Basque Heat Plan yields very large benefits relative to its cost. Using our central
effectiveness prior and valuing mortality with
marginally),total benefitsareaboutl 4 in 2025(partialfirst year)and~ U 1 ra deryearfrom 2026,

across emission scenarios. With the programneest set at 0394, 000 per yea
activation envelope consistent with 10 hdady s ) , t he presenti76dmbat0% of be
and G®9®%7 m at 3 %, while the present val ue of cCos
produce8BCRsof 277 323at0%and275 323at3%,andNPVsaroundl 5 BU56 8n&t3%depending

on the SSP. Results are robust to discounting and to scenario choice; the dominant driver is avoided
mortality, with the firstyear ramp explaining the lower 2025 benefit. These totals also align with the
costarchitecturausedin prior evaluationgfixed governancandstandingcapacityplusa perheatday
operationaknvelope)while remainingconservativdecausédroaderstructuraladaptatiorinvestments

are excluded from this CBA.

Asin theBremencasgseecasestudy4.2),theheadlineresultsaredrivenby thewayin whichmortality

is valued. We wuse a VSL of 01.3 million and a c
Basque programme would prevent over 90 deaths per year from 2025 to 2030 across SSPs. Given the
programmeds annual cost of 01394,000, that impl i e

avoided. Even ithigher or lower mortality valuations are used, the benefits vastly exceed the costs.

This is without taking cdoenefits into account, as these they are not included in Basque adaptation
policies. However, research shows that the willingness to pay for climate policies increases when the
co-benefits of these policies can bring are considered (e.g., Roditqiena et al., 2014). The
literatureonthistopic hasgrownin recentyears particularlyin the contextof climatechangeadaptation
(SainzdeMurieta,2020; SurminskiandTanner 2016),alsowithin the healthsector(e.g.,Sharifietal.,

2021). Including these benefits in calculations can enhance the legitimacy of such policies (Krook
Riekkola et al., 2011) and could be an effective means of addressing dkegtecismor lack of
concern (Bain et al., 2016).

5. Barriers and conditionsfor implementation

The Basqueplanningframeworkhasalreadyidentified severafactorsthatfacilitate adaptatiorto heat.
KLIMA 2050 committed to strengthening early warning and monitoring systems, developing a public
portal,andinvestingin trainingandcommunicationTheinitiative alsopromotesnterdepartmentaind
inter-institutional coordination.

The 2023 Environmental Profile Report highlighted specific information gaps irhkalih work. It
recommended systematically linking environmental information with health data, upgrading
information systems to measure environmental stressors and population exposure, and ensuring that
territorial diversity and axes of vulnerability are explicitly included in estimates. Until these gaps are
closed, attribution and equifpcused targeting will remain limited.

Monitoring, evaluationreporting,andlearning(MERL) areoftenareagor improvementn adaptation.
The annual Heat Emergency plan combines weather warnings with public health surveillance of
mortality, but the effectiveness of the implemented policies and measures is not evaluated.

TheBasqueHealthPlan2030makesreducinghealthinequalitiesa crosscutting objectiveandrequires

all objectives and lines of action to reflect diversity and incorporate axes of vulnerability (including
age, gender, social class, education, origin/ethnicity, and territory). This clearly mandates the
integration of equity criteria into the planning, delivery and monitoring of heeliéibed actions.

6. Conclusions

The BasqueCountryhasanannualheatemergencylanandsolid strategidrameworkincluding plans

for climate, health and urban development. However, it does not yet have a dedicated programme on
health and heat with its own budget and implementation tools that would allow for maeetin
monitoringandevaluatiorof policies.SomesocialjusticeelementarepresentThereis recognitionof
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uneverrisk, coordinationproceduresandsomedistributionaltargetingvia guidanceandmessagingo
olderadultscaresettingsandsocialcareusersThe planfocusesondistributinginformationandshort

term protections, but would benefit from addressing structural drivers of vulnerability, such-as heat
unsafe housing. Within the Heat Action Plan, meteorological and mortality (impact) indicators are
tracked, but Monitoring is present than in many contéxtthe system tracks it still needs to be
disaggregated by place and population to show who benefits, who is missed and where course
corrections are needed after each season.

The socioeconomic appraisal indicates that the programme is highheftexttve, even under
conservative assumptions. A modest fixed annual budget, plus an operational envelope for each heat
day,generatebenefitsprimarily in theform of avoidedmortality. However theestimatesarebasedn
uncertainreffectivenessaissumptionsandonthep r o g r aamilitygcresachthoseatrisk on activation

days bothof whichrequireongoingscrutiny.Thetotalsarealsolimited: structuralcoolinginvestments

and most cébenefits are excluded from both costs and benefits.

If the Basque Country were to transition from seasonal arrangements to a comprehensiealtheat
programmethreekey areasvould enhancdothequityandvaluefor money:(i) formalisingadedicated
heat budget with clear allocations and egfiliyused monitoring; (ii) ensuring distributional impact
checksandequity criteriaarerequired;and(iii) publishingdisaggregatedyostseasorevaluationghat
inform next year's targeting and spending.
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Casestudy 4.21 Qualitative assessmendf socialjustice dimensionsof climate policy (Germany)
Partner: Ecologic; BC3

Spatial scale:Bremen City(NUTS 3) and Federal (City) StafBremen andremerhaven]NUTS 2)
Stakeholder: Ministry for Environment, Climate anficience of the Free Hanseatic City of Brerfien
Directorate for Climate Adaptation (Landeszentrale Klimaanpassung), in coordination with Ministry
for Health, WomenandConsumeProtectiorof the HanseaticCity of Bremenandthe HealthAuthority
(AGesundheit samt o) .

1. Decisioncontext

This case study focuses on the State of Bremen (pop. 684,000) which comprises the cities of Bremen
(pop. 570,00) and Bremerhaven (114,000). The State of Bremen faces socioeconomic disparities,
indicatedby relativelyhighunemploymenandpovertyratesin partsof thecity (Senatorirfir Soziales,

Jugend, Integration und Sport, 2021). In addition, Bremen has the highest share of migrants of all
GermarBundeslandefFederalStatespndarelativelylow life expectancyrankingl4 outof 16 Federal

States (Bund.ander Demografie Portal, 2025). At the same time, Bremen is, as many other regions,
confrontedwith increasingemperatureandprolongecheatspells,which areexpectedo becomenore

severe in the future (Senatorin fir Umwelt, Klima und Wissenschaft, 2024). In 2018, the State of
Bremen adopted a Climate Adaptation Strategy, which was revised with a new Strategy published in
July 2025. In 2024, a specific Heat Action Plan (HAP) was also adopted, setting out further measures
to protect t he Statebs drelatedadinnate anpacts. ThedMinibtry fot e r m €
Environment, Climate and Science is responsible for planning and monitoring, developing and
implementing the statlevel Adaptation Strategy, mapping of climate impacts including areas with
higher social vulnerability or heat stress. The Ministry also led the design and development phase for
theHAP. Responsibilitiefor measurearedistributedacrosgelevantactorsin theadministratiorwith

some roles allocated to the Health Ministry. Key policy questions for the Federal State of Bremen are
to understand how heat impacts are distributed i.e. to understand which areas are affected by heat and
how, andto understandhow this transectsvith differentialvulnerabilitieswithin differentgroupsin the
population. This leads to the following specific questions:

1) Whataretheeconomicandfinancialimplicationsof climaterisksfor the healthsector?

2) What are the differential effects and social justice dimensionsof adaptationoptionsfor
different groups?

3) Whatarethe costsandco-benefitsof socially-justadaptatioroptions?

2. Current and future risk

Althoughadaptatiortio heathasbeernincreasingheateventsemainanimportantthreatto humanhealth

in Germany. The years 202820 were significant in this regard, with 2018 being the second hottest
year since 1881 and registering 8700 he&ited deaths (Winkimayr et al. 2022). Regionally, in the
period1881-2023,averageannualtemperaturem the Stateof Bremenhaveincreasedy 1.6°C(DWD

2024). There has also been a notable increase in the number of hot days (Tmax >= 30 °C) from the
period 19712000(23 days inBremen,14 days in Bremerhaven) the periodl991 2020(30days in
Bremen, 21 days in Bremerhaven) (Senatorin fir Umwelt, Klima und Wissenschaft, 2024). This trend
is expected to continue and for individual hot days to be associated with prolonged periods of heat. In
Bremen daytime temperatures tend to be higher than in Bremerhaven, while warmer nighttime
temperatures affect Bremerhaven more strongly than Bremen (Senatorin fur Umwelt, Klima und
Wissenschatft, 2024). During years with extreme heat, as witnessed in 1994, there was an observable
regional difference in the number of tropical nights (Tmin > 20 °C). In 1994, 10 tropical nights were
registeredn Bremerhavenvhile only onewasregisteredn neighbouringBremen(DWD 2013; DWD

2016).

By the end of the century (20i72100) there is an expected increase of between +0.6°C and +6°C in
averagesummertemperaturegor the north Germanmetropolitanregion of BremenrOldenburg(of
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which the Bremenregionis part)ascomparedo 1961 1990levels(NorddeutscheKlimaatlas)® With
regardgo othertemperaturagelatedchangesn thisregion,thereis presentlyonly low-level agreement
between different climate models. The range for the mean number of summer days (Tmax >= 25 °C)
variesbetween1 and+40days,while boththemeanmumberof hot days(Tmax>= 30 °C) andnumber

of tropical nights (Tmin > 20 °C) range from27 days.

3. Identifying adaptation options

TheBremenHeatAction Plan(HAP) (seeSectionl above)identifiesadaptatiormeasurethatfall into

five categories: A) Structure and coordination; B) Risk communication, information and awareness
raising; C) Extreme event management; D) Cliradapted urban development; and E) Measures for
Monitoring and Evaluation.

Categories AandE areprimarily administrativewhile measures categories BD arefocusedonthe
implementation of practical adaptation measures. A full overview of the measures is visible in the
assessment in Section 4.2.1. Among the specific measures included in the Heat Action Plan are a
number of grey, green and soft interventions. These include for example:

Grey
A Coolingin healthsectorinfrastructure buildings
A Identificationof potentialroomsthatprovidecooling
A Drinking water provision either throughwells or throughwater bottles, esp.for vulnerable
groups in focus areas
A Provideseasonathading

Green
A Naturebasedransformatiorof public spaceglong-term)
A Plantingandmaintenancef city treesandgreenspaces
A Provideseasonashadingoptionsthroughtrees
Soft
A Heatinformation/ awarenessaisingof vulnerablegroups
A Creationof anonlineportalon heat
A Trainingof staffin socialfacilities
A Exchangendnetworkingon climateadaptatiorat statelevel
A Communicatiomegardingoptionsfor cooling

4. Assessmenbf adaptation options

4.1 Methodology

The assessment methodology for the Bremen case study consists of two main parts, each answering
different elements of policy questions identified in Section 1 Decision Context.

1) A qualitative social justice assessmertf the Heat Action Planfocusingon the consideratiorof
vul nerable groups in the plands measures (Policy
2) Costbenefitanalysig CBA) of socially-justadaptatioroptions(Policy questionsl and3)

These two components will be taken together to consider the economic costs of risks of heat to the
healthsector and howheserisksandtheir costsaredistributedacrosssocietyandwhat thebenefitsof
a more socially just form of adaptation could be.

4.1.1Socialjustice assessment
Thequalitativesocialjusticeassessmemibcuseson policy question?) Whatare thedifferential effects
and socialjusticedimensionf adaptationoptionsfor differentgroups?The assessmens basedon

8 TheNorth GermarClimateAtlasusesA1B ARPEGERM 5.1to showpossiblemeanchangebutthereareother
scenarios and RCPs that can be applied for other results https://www.norddeutscher
klimaatlas.de/klimaatlas/2072100/sommer/durchschnittlichemperatur/metropolregieimremen
oldenburg/mittlereanderung.html
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three recent frameworks developed for the evaluation of the justice dimensions of climate adaptation
policies (Juhola et al., 2022; Heyen 2023; Brousseau et al., 2024). The assessment comprises three
major steps (see Figure 4.2.1). The evaluation criteria and scoring system were developed by the case
study team in close collaboration with the local lead stakeholder. The evaluation of the strategy and
measures were conducted by three members of the project team, first individually and then through
discussion to reach consensus. The evaluation approach was then discussed with the local lead
stakeholder in Bremen.

Stage 1: Strategy features |Stage 2: Expected impacts Stage 3: Actual impacts

Assessment
of actual
distributive

Assessment Assessment
of how of expected
different distributive

justice
impacts of
measures and
strategy

dimensions of justice
justice are impacts of
integratedin measures in
the strategy the strategy

Figure 4.2.1:Conceptuaframeworkfor socialjusticeassessment

In a first step, different dimensions of justice (recognition, distribution, participation and restorative
justice) are assessed for their level of integration in the policy. For each of these dimensions, specific
features have been identified (see Table 4.2.1).

Table 4.2.1:Dimensiongonsideredn strategyassessmeliStepl)

Recognition

1.1 Thereis a processor identifying vulnerablegroups

1.2 Consideratiorof climateimpactson marginalisecand/orvulnerablegroups
1.3Consideratiorof differentialadaptatiomeedf marginalisecand/orvulnerablegroups

1.4 Consideratiorof impactsof adaptationinterventionsonmarginalisedand/orvulnerablegroups
1.5 Consideration of impacts of societal structures and existing injustices on marginalised and/or vuln
groups

Distribution

2.1Thereis aprocesgo mapandassesthedistributionof risksfrom climateimpacts

2.2Thereis aprocesshatassessethedistributionof benefitsfrom adaptatioracrosshe population
2.3Thereis aprocesshatassessesow positiveor negativeeffectsof the strategyarespatiallydistributed
2.4Thereis aprocesshatassessesf howpositiveor negativeeffectsof thestrategyaretemporallydistributed
Participation

3.1 The creation of the strategy involved participation of relevant stakeholders (e.g. expert groups, pr
actors) during different phases of the process

3.2 The creationof the strategyinvolved participationof the generalpublic during different phasesof the
process

3.3 Thestrategyhasastructuredplanfor participationin theimplementation

3.4 The strategyhas a structuredplan for participationof vulnerableand marginalisedgroupsin the
implementation

3.5 Theadaptatiorstrategyhasa participatoryprocesgor monitoring,evaluatiorandlearning(MEL)
Restorativejustice

4.1Thestrategyacknowledgeandaddressetherootsof marginalisatiorandvulnerability

4.2 Thestrategyacknowledgetheneedto compensatéor thedivergingimpactsof climatechange

In a second step, the measures of the strategies/plans are examined more chogelyfegusing on
their expected distributive justice impacts (Table 4.2.2).
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Table 4.2.2:Frameworkfor ex-antedistributivejusticeassessmermif measuregStep2)
Name ofmeasure:

Total score(out of 8):

Distributive justice impact Evaluation scale Score

1. Training and employment 0: Not addressednotrelevant

Measure enhances capacities of workforce to support 1: General description: Describes in general ho
marginalised vulnerablegroupsor supportshesegroups capacitieof workforcewill beinreasedo address
directly marginalisation / vulnerability

2: DetaileddescriptionDescribesn detailhow
employment/training will be implemented to
reduce marginalisation / vulnerability, such as
funding, activitiesandtargetgroups

2. Assets buildings, transport 0: Not addressed notrelevant
Measureenhancesacces®f marginalised vulnerablegroups | 1: GenerabescriptionDescribesn generahow

to housing and other community buildings, public transpd public access to climate resilient buildings and
infrastructure equipped to deal with climate impacts transport will be enhanced

2: DetaileddescriptionDescribegletailedactions
to enhance vulnerabl e
access to climate resilient buildings and transpg
through specific funding, activities and targeted
objects and locations.

3. Publichealth and safety 0: Not addressed notrelevant
Measureenhancesacces®f marginalised vulnerablegroups | 1: GenerabescriptionDescribesn generahow

to public health resources and emergency support beforg public access to public health resources and
during, and after extreme events emergency support will be enhanced

2: DetaileddescriptionDescribesletailedactions
to enhance vulnerable / marginaligead o u p s
access to public health resources and emergen
support through specific funding, activities and
targeted objects and locations.

4. Blue and green infrastructure, mental health, leisure | 0: Not addressed notrelevant
Measureenhanceacces®f marginalised vulnerablegroups | 1: GenerabescriptionDescribesn generahow
to public blue and green infrastructure (parks, canopy | public access to green and mental health

coverage, water) and/or enhances access to health infrastructure and leisure activities will be
infrastructure to compensate for mental stress and proviq enhanced.
access to leisure activities 2: DetaileddescriptionDescribegletailedactions

to enhance vulnerabl e
access to green and mental health infrastructur
and leisure activities through specific funding,
activities and targeted objects and locations.

In a third and final step, actual distributive impacts can be assessmbtedmplementation, using
process and outcortmmsed indicators. A framework for evaluation is suggested (Table 4.2.3) but for
time reasons, this will not be assessed in the lifetime of the ACCREU project.
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Table 4.2.3: Frameworkfor monitoringandevaluatiorof distributiveimpactsof measure$Step3)
Impact on distributive justice Indicators to measureprogress Scoreand rationale
towards impact

1. Training and employment

Measure enhances capacities of workforg
to supportmarginalised vulnerablegroups
or supports these groups directly

2. Assets buildings, transport

Measure enhances access of marginalise
vulnerable groups to housing and other
community buildings, public transport
infrastructuresquippedo dealwith climate
impacts

3. Publichealth and safety
Measureenhancesacces®f marginalised
vulnerable groups to public health
resources and emergency support before
during, and after extreme events

4.Blue and greeninfrastructure, mental
health, leisure

Measureenhanceacces®f marginalised
vulnerablegroupsto publicblueandgreen
infrastructure (parks, canopy coverage,
water) and/or enhances access to health
infrastructure to compensate for mental
stress and provides access to leisure
activities

4.1.2Assessmenbf costsand benefits

The assessment of costs and benefits seeks to answer policy qlgsibat are the economic and
financialimplicationsof climaterisksfor the healthsector?andpolicy question3) Whatare thecosts

and coebenefitsof socially-just adaptationoptions?Based orthework developedn WP2, we havan

estimate at the NUTS 3 scale of the costs of climate change in terms -oflagsd mortality and
morbidity. These data are available for a combination of RCPs and SSPs (see deliverable 2.3).
Furthermore, the costs of adaptation measures foreseen in thenadotened planning instruments

will be estimated. Based on the literature, an estimate of the potential effectiveness of these measures
will be made, allowing us to calculate the avoided costs.

Researclshowshatthewillingnessto payfor climatepoliciesincreasesvhentheco-benefitsof climate

policies are taken into account (e.g. Rodrigderena et al., 2014). The literature in this area has
grownconsiderablyn recentyearsin thecontextof climatechangeadaptatior{SainzdeMurieta,2020),

including in the health sector (e.g. Sharifi et al., 2021). Accounting for these benefits can promote the
legitimacy of these policies (Krook Riekkola et al., 2011) and could be a powerful tool to overcome
climate scepticism or lack of concern (Bain et al., 2016). For this reason, the assessment includes a
gualitativeassessment ab-benefitsof climatechange adaptatiokVe alsoexplorethe potential costs

of adaptation options in health services, to which the literature has paid little attention so far.

4.2 Results

4.2.1Socialjustice assessment

The Bremen HAP consists of a main document and
step thesocialjusticeassessmentasconductedor the HAP maindocumentlooking attheintentions

of the strategy as a whole. The results are presented in Table 4.2.4.
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Table 4.2.4: Socialjusticeassessmermf theoverallaspect®f the BremenHeatAction Plan(Stepl)

1. RECOGNITION

vulnerablegroups

Strategyfeature | Evaluation scale Scoreand rationale

1.1 Thereis a 0: No process 31 The assessment and results are shown in th
process for 1: Marginalisedand/orvulnerablegroupsare | HAP. Definitionsaredefinedandclearlyfollowed
identifying identified and basedn this vulnerablegroupsareindicated.

2: Thereis anexistingassessmeirocess
that will be adapted.

3: Theassessmemtf marginalisedand/or
vulnerablegroupsis clearandconnectedo
adaptation planning and monitoring

1.2 Consideration
of climateimpacts
on marginalised
and/or vulnerable
groups

0: Thestrategydoesnotidentify marginalised
and/or vulnerable groups

1: The strategyidentifiesa link between
climateimpactsandmarginalisecand/or
vulnerable groups

2: The strategy identifies that marginalised
and/or vulnerable groups are
disproportionatelaffectedoy climatechange
3: The strategy identifidgsowmarginalised
and/or vulnerable groups are
disproportionatelyaffectedby climatechange

31 Theassessmemif heatimpactsonvulnerable
groups are shown in the HAP. Definitions are
defined and clearly followed and based on this,
vulnerablegroups aréndicated. In thenaps also
the intensity of heat days, night temperatures is
linked to different criteria, such as age, secio
economic indicators, etc.

1.3Consideration
of differential
adaptation needs
of marginalised
and/orvulnerable
groups

0: Thestrategydoesnotidentify marginalised
and/or vulnerable groups

1: Thestrategyidentifiesthatmarginalised
and/or vulnerable groups may have
differential adaptation needs

2: Thestrategyidentifieswhatthese
differential needs are

3: Thestrategyidentifiesmeasureso address
the differential adaptation needs of
marginalised and/or vulnerable groups

31 Themeasurebavetheaimto addresslifferent
vulnerable groups and their needs, e.g. specific
measures for pregnant women, parents, babies
elderly, sociallyisolated, people working outside
etc. (partially via multiplicators, e.g.
schools/teachers, doctors, social volunteers)

1.4Consideration
of impacts of
adaptation
interventions on
marginalised
and/orvulnerable
groups

0: The strategydoesnot identify marginalised
and/or vulnerable groups

1: Thestrategyidentifiesthatadaptation
interventionscanhavenegativeimpacts
marginalised and/or vulnerable groups

2: Thestrategyidentifieswhatthesenegative
impacts on marginalised and/or vulnerable
groups are

3: Thestrategyidentifieshowit will mitigate
these negative impacts.

1i TheHAP mentionsn generathatnegative
impacts of measures should be avoided.

1.5Consideration
of impacts of
societaktructures
and existing
injustices on
marginalised
and/orvulnerable
groups

0: No acknowledgement

1: Theexistencef structurainjusticesis
mentioned in a general manner

2: Therearemeasurethattacklesome
structural injustices

3: There is a detailed plan to consider the
impacts of structural injustices on
marginalisecand/orvulnerablegroupsaspart
of the strategic approach to adaptation

17 Structural injustices are mentioned. The
measures focus mainly on information and
behaviourduringanheateventbutdonotaddress
structural changes, such as heat insulation in
buildings.

2. DISTRIBUTION

Strategy feature

Evaluation scale

Scoreand rationale

2.1 Thereis a
process to map
and assess the
distribution of
risksfrom climate
impacts

0: No risk assessmerocess

1: Procesdor risk assessmeiis partof the
strategy but does not consider differential
aspects

2: Procesdor differentialrisk assessmeiig
included

3: Process for risk assessment is
implementedrisksareprioritizedand

271 A process for risk assessment is in place,
definition of indicatorsandmappinghasbeen
implemented
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measureareidentifiedto addresslifferential
distribution of risks

2.2 Thereis a
process that
assesses the
distribution of
benefits from
adaptatioracross
the population

0: No process for assessing benefits

1: Procesdor identifying benefitsof
adaptation measures in general

2: Process for assessing distribution of
benefitsacrosghepopulationis included

3: Distribution of benefits across the
populationis understoodn detailandinforms
measure$o addressnequalities

21 Benefitsaredescribedor targetedjroupsin
qualitative terms

2.3 Thereis a
process that
assesses how

0: No procesdo considerspatialeffectsof
strategy
1: Spatialdimension®f adaptatiorare

07 Spatialeffectsarementionecbutno processs
described for taking these effects into account

positive or considered
negativeeffectsof | 2: Procesgor assessinghedistributionof the
strategy are s t r a tefeegspobosdifferentspatialareas
spatially is included
distributed 3: Spatialdistributionis mappedn detaile.g.
according to proportional socgtructural,
economic and socispatial criteria and is
used to inform measures to address
inequalities.
2.4 Thereis a 0: No procesgo considetemporal 17 Temporaldimensionis consideredn general,

process that
assesses how
positive or
negativeeffectsof
strategy are
temporally
distributed

dimensions of strategy

1: Temporaldimension®f adaptatiorare
considered

2: Procesdor assessinthedifferenteffects
of the strategy for different generations is
included

3: Temporal distribution is understood in
detail and is used to inform measures to
address the inteand intragenerational
dimension®f adaptatiorcostsandbenefits

e.g.viameasuresor children

3. PARTICIPATION

Strategy feature

Evaluation scale

Scoreand rationale

3.1 The creation
of the strategy
involved
participation of
relevant
stakeholderée.g.
expert groups,
private actors)
during different
phases of the
process

0: Noparticipation

1: The strategy process has involved
information provision about adaptation (at
leastonceduringtheprocesdeforethefinal
output publication)

2: Thestrategyproceshasinvolved
consultation.

3: Theparticipationin thestrategyprocess
has been collaborative and continuous

21 The strategy was developed with participatio
of relevantstakeholderérom thesocialandhealth
sectors. Several meetings aimed to include thei
knowledgeandpreference theprocessin order
to define the measures and to ensure consisten
with ongoing activities.

3.2 The creation
of the strategy
involved
participation of
thegenerapublic
during different
phases of the
process

0: Noparticipation

1: The strategy process has involved
information provision about adaptation (at
leastonceduringthe procesdeforethefinal
output publication)

2: Thestrategyproceshasinvolved
consultation.

3: Theparticipationin thestrategyprocess
has been collaborative and continuous

17 Severapublicpresentationsiereheldaround
the development of the HAP including the
university, local councils and the parliament. Th
publicwasnotinvolvedin thedevelopmenbf the
strategy. However, to a limited extent, their inpu
may have been included via the inclusion of
interest groups (see 3.1.)

3.3 The strategy
has a structured
plan for
participationin its
implementation

0: No participationin theplanfor
implementation

1: Theimplementatiorplaninvolves
informing different stakeholders
2: Theimplementatiorplaninvolves
stakeholder consultation

21 Theplandoesnotprovideastructuredplanfor
participation. However, it does refer to citizen
participation in the description of several
measures. While not yet incorporated in a
structured way, the plan is fdre Actors Network
to beakey way to deliveron this point.
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3: The implementation plan involves
stakeholdeparticipationin acollaborative
andcontinuousmanner

3.4Thestrategy 0: Theadaptatiorstrategyisimplementedy | 27 The plan explicitly addressing vulnerable

has astructured public bodies without participation of groups in its measures as recipients, e.g. throug
plan for vulnerable and marginalised groups information campaigns. Vulnerable groups will b
participation of 1: Marginalisedandvulnerablegroupsare representethroughtheactiveparticipationof their
vulnerable and targeted by and informed about representatives (health and social workers)
marginalised implementatioractivitiesin theadaptation

groups in the strategy

implementation 2: Marginalisedand vulnerable groups are
invited to participatein adaptatioractivities

3: Marginalised and vulnerable groups are
engaged directly and can take appropriate
levelsof responsibilityfor adaptation

activities.
3.5 The 0: Noplan 21 The strategy aims to develop a plan for MEL|
adaptation 1: Thestrategyinvolvesaplanfor MEL but thatincludesexternaiinputsandfeedbackrom the
strategy has a this is done by the authorities Steuerungskreis (Steering group) and
participatory 2: Thestrategyinvolvesaplanfor MEL that Akteursnetzwerk (actor network) as stakeholder
process for includes external inputs and feedback from| The Plan is, however, not yet available and will
monitoring, stakeholders only be developed in the future.
evaluation and 3: The strategy has a detailed plan for
learning(MEL) stakeholdeimvolvementn MEL throughout

its implementation.
4. RESTORATIVE JUSTICE

Strategyfeature | Evaluation scale Scoreand rationale

4.1 The strategy | 0: No acknowledgemendf pastharmsor 07 No acknowledgemendf pastharmsor
acknowledgeand | injustices injustices

addresses the 1: Past harms and injustices are mentioned

rootsof 2: The impact of past harms on current

marginalisation experiencesf marginalisationyulnerability
and vulnerability | or injustice is recognised

3: Action is takento repairandrestorepast
harmsthroughrecognitionor redistribution

4.2 The strategy | 0: Noacknowledgement 17 In some of its measures, the strategy
acknowledges the| 1: Thestrategyacknowledgeganeedfor acknowledgeaneedto addressocialinequalities,
need to compensatory action on climate change however, without explicitly calling for
compensate for | impacts for certain individuals or compensatory actions.

the diverging communities

impactsof climate | 2: Thestrategyforeseeproceduregor

change defining compensatory action.

3: Thestrategyhasa planfor addressingnd
compensating for the impacts of climate
change

The HAP shows a clear awareness of the differential effects of heat for groups in the population. It
identifiesvulnerablegroupsandtheeffectsof heatonthesegroups Mapshavebeendevelopedo show
thedistributionof heatimpactssuchasnumberof hotdaysor tropical nights,linked to differentsocic
economic indicators. These have identified the unequal distribution of climate risks for vulnerable
populations. To this end, measures have been defined to target different vulnerable groups and their
needsn relationto heat.This includesspecificmeasure$or pregnanivomen,parentspabiesglderly,
drugusers, the sociallisolated, people without housing and people working outside. This is done
primarily in partnership with existing multipliers such as schools, social and health care facilities,
neighbourhood outreach centres and volunteering initiatives. Despite identifying these vulnerabilities
and strategies to support groups, the measures focus mainly on information campaigns to support
adaptive behaviour during heat events. There is little to indicate that broader structural action is being
takento addresshesevulnerabilitiesattheirroot. At the sametime, thisis in partbecausét is beyond
thescopeof aHAP; manyof therootcausesuchasstructuraleconomiaisadvantageannotbetackled
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at the level of the state or municipality. Whilee distribution of risks has beemapped in detail, how
the benefits of adaptation are distributed across the population is only briefly considered. Temporal
dimensions, such as intergenerational effects of impacts or adaptation are not considered.

Concerning procedural justice, the strategy was developed with participation of relevant stakeholders
from thesocial anchealthsectors Several meetingaimedto includetheir knowledgeandpreferences

in the procesf definingmeasureandto connectwith ongoingactivities.However,generaimembers

of the public were not involved in the development of the strategy. Only where they belonged to a
particular interest group or vulnerable group, were they included via third party representatives. The
HAP primarily foresees interactions with the public through communication and awareness raising.
Whether citizens will be invited to participate in the implementation of measures is unclear.
Nevertheless, there are processes planned for ongoing MEL to accompany the implementation of the
HAP. Thesehavenotyet beenestablishedhut therewill bea procesof ongoingfeedbackhroughthe
SteuerungskreigSteeringgroup)and Akteursnetzwerkactornetwork). Restorativgusticeis, asyet, a

very nicheareaof justiceconsiderationin climateadaptatiorstrategiesWhile it hasbeenincludedin

the assessment framework for theoretical completeness, there are no indications that Bremen or any
other of the strategies analysed for the ADT are considering this issue through, for example,
compensatory measures.

The second step of the assessment examined the individual measures of the HAP for their expected
distributivejustice impact$.Each measure was allocated a score of 0 (faneation or relevance), 1

(for general reference) @r(with specific details) ohow themeasure considered distributiofadtice

issues. Drawing on Heyen et al. 2023, we developed four clusters in which distributional justice
concernsnight be takerup: 1. Training and employment; 2. Assets, buildiagd transport; 3. Public

health and safety; and 4. Blue and green infrastructure, mental health and leisure.

The results reveal that scores in the third cluster on public health and safety were around double the
scores in the other categories. This means that while distributional justice issues were considered in
other activityareasthe primary wayin whichmarginalisecandvulnerablegroups areonsidereds in

relationto public healthresourceandemergencgupportoefore during,andafterextremesventsLess

attention is paid in the consideration of these groups in urban planning, although for urban renewal
projects, the participation of vulnerable groups is an integral part. Looking at the five action areas
identified by the Bremen government (see page 2), we see a focus on B) Risk communication,
information and awarenesaising measures and C) Extreme event management measures. Activities
to address distributional justice are less present in A) Internal management and organization; D)
Measures for climatadapted city planning; and E) Measures for Monitoring and Evaluation. An
overview of the evaluatiois presented ifable 4.2.5with highscoringareas highlighted ibold and
purpl e. Il ndi vi dual high scores (where measures
highscoringweremeasurethatfocusedlirectly onvulnerablegroupsanddevelopedargetedneasures

to support these groups through infrastructure such as cooling provision or undertaking capacity
building of multipliers to inform and support these groups (e.g. measures C4, C5, C7, C8).

9 All measuresan be found in detail on pp 33-83 of the BremenHeat Action Plan availablein Germanat
https://www.klimaanpassung.bremen.de/sixcms/media.php/13/Hitzeaktionsplan.pdf
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Table 4.2.5: Socialjusticeassessmemf individual measure@ the BremenHeatAction Plan(Step2)

Call to actionfor GPsandpharmacist$o check
medication plans

Measurenumber | Measurename 1. 2. 3.Public 4. Overall
(bracketsshow Training Assets, health Blueand score
corresponding and buildings, | and green
measuref employ | transport | safety infra-
Bremen/ ment structure,
Bremerhaven) mental
health,
leisure
Al Coordinationbureau 0 2
A2 Coordinationgroup 0 0
A3 HeatAction PlanStakeholdeNetwork 0 3
B1 Warningandinformationplan 0 0 0 1
B2 HeatPortalfor the FederalStateof Bremen 0 2
B3 Generabwarenesgaisingcampaign 0 0 1
Informationandawarenesgaisingfor vulnerable 0
B4 groups 3
0
4
0
4
| B7 |Heatprotection for particularly exposecemployees [SN20|  © [NAEH 0 | 4
Distributionof heatalertsfrom theGermanweather 0
C1 service — 1
0
4

o Z
Climateadaptednanagementf greenspaces
(D5) (Bremen) 0 1
D2
(D6) UrbanTreesAction concep2.0 (Bremen) 0 1
D3 Pilot, naturebasedeconfiguratiorof publicspaces
(D7) (Bremen) 0 3
D4 Adaptationof public buildings(Bremen) 0 2
Adaptedmanagementf greenspacesn urbanareas
D5 (Bremerhaven) 0
D6 UrbanTreesAction concep®2.0 (Bremerhaven) 0
Pilot, naturebasedeconfiguratiorof publicspaces
D7 (Bremerhaven) 0 3
Concepffor summerheatprotectionfor publicand
D8 social facilities (Bremerhaven) 0 2
Climateadaptatiorof existingindustrialzones 0 0 0
D9 (Bremerhaven) 0 0
El Monitoring of implementatiorof measures 0 0 0 0 0
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E2

Monitoring of morbidity andmortality duringheat

periods

Total Total

0 0
0 2

Total

Total

17 18

32

15

In Step 3 (Table 4.2.6), indicators are suggested for the monitoring, evaluation and learning around the
distributive impact of the measures discussed in Step 2. These will not be used for assessment in the
ACCREU project due to the longer timeframe in which the Bremen HAP will be implemented. However,

someinitial ideasare proposed and che adapted according itedividual measures andata availability.

Table 4.2.6:Suggesteéhdicatorsfor monitoring,evaluatiorandlearningon distributivejustice(Step3)

Impact on Aim / Definition / Suggestedroxy indicators Source
distributive Category
justice
1. Training and | 1. Measure enhances | Training and continuing education for professig HAP Bremen(B.5)*
employment capacitieof workforce | groups who deal with vulnerable people: Percentag
to supportmarginalised | employees reached through qualification measures
/ vulnerablegroupsor | Continuing education for family carers and volunte| HAP Bremen(B.6)
supportsthesegroups | Numberof athomecarersandvolunteerseachedhrough
directly qualification measures
Heat protection plans for health and care facilities: HAP Bremen(C.2)
Creation of guidelines,proportion of facilities with a
specific heat protection plan, monitoring of heslated
illness burden
Activation and support of paediatripractices an( HAP Bremen(C.3)
midwives: Proportion of participating practices 3
midwives, feedback/interviews with  participating
practices
Climate adaptation in existing industrial/commer{ HAP Bremen(D.9)
areas: Continuous updating of the industrial zq
recorded with regard to the need for action and
measures implemented.
2. Assets, Measure enhances Percentagef socialbuildings(housingnurserieselderly | EI*
buildings& acces®f marginalised | homes shelters)with activeor passivecooling or green
transport vulnerable groups to | infrastructure (green roofs, shading, ventilation)
housing and other elements.
community buildings, | Number of publicly accessible cooling centers (librarj El
_pUb"C transport community halls, senior centers) per 10.000 resident
lnf[jast:uc_u;lrel_equpe Accessibilityto coolingcenterswith publictranspor{e.g. | El
) ezl vt ellliis stopscloseto cooling centers/ averagetravel time for
Impacts vulnerablegroups).
Publictransport(density) El
Percentagef publictransporfleetthatis air conditioned| El
Provisionfor homelesshomelessand addicted/mentallyy HAP Bremen(C.7)

ill peoplein public spaces:Frequencygf use of the
services

Concepffor summerheatprotectionfor publicandsocial
facilities:Percentage of heat resilient buildings.

HAP Bremen(D.8)

Heatprotectionin schoolplaygroundsanddaycarecentre
playgroundsproportionof facilities with shadedutdoor|
areas.

HAP Bremen(C.8)

3. Publichealth
and safety

Measure enhances
acces®f marginalised

Proportion of residentsreachedby the early warning
system

Tuomimaeetal. 2023

vulnerable groups to

Numberof hospitalbedsperdistrict perkm2

El

public health resourcey

Numberof physiciangerdistrict perkm2

El
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andemergencyupport
before, during, and

Access to water/Water fountain concentrations (n=xx
coverage)

El

after extreme events

Number of interactionsbetweensupportworkers and
vulnerable groups in preparation for extreme heat ev|

El

Awareness of cooling spaces and of physical effects
heat

El

Downloadd distributedprint outsof coolingspacesnaps

El

Drinking water in public spaces: number of drink
fountainsinstalledor participatingshopsasrefill stationg
per km2

HAP Bremen(C.9)

4. Green Measure enhances Greenareaperinhabitantin the city Catalan Climate
Infrastructure® | acces®f marginalised Adaptation Plan (S2)
leisure vulnerable groups to | Availability and equitabledistribution of bluegreen |EU 2021.7A Ev a | U

public blue and green

space (Unit: map) availability of green space and

the impact of Nb §

infrastructure (parks,
canopy coverage,
water) and/or enhance
access to health

indicators

Accessibility to (public) green spaces (e.g. mea
through distance of public transport stations from g

(19.6)
Bohmeetal. 2023

: spaces)

infrastructure o Urban tree index / Tree survival rate / Tree cover per | El
compensate for menta canita P
stress and provides _ P .

access to leisure Time spentoutdoorsin summemonths El

activities

Catalan Climate
Adaptation Plan (JC7)

Indoorandoutdoorswimmingpools,lakes riversandsea
(right to health)

* HAP Bremen(indicatormentionedirectly in theHeatAction Plan);El (Ecologiclnstitute)

4.2.2Assessmenbf costsand benefits

Effectivenes®f HeatAction Plans

In theabsencef directdataon theimplementatiorof the HeatHealthAction Plans(HHAP), we turnedto

the literature to obtain an estimate of the benefits that these plans can have in terms of avoided impacts,
both in terms of mortality and morbidity.

Following the 2003 heatwave, which marked a turning point in Europe, HHAPs have increased
significantly,andtodaytherearenumerougplansat national regional andevenmunicipallevels(Martinez

et al., 2019). However, Dwyer et al. (2022) argue that, considering the number of heat plans currently in
place, the number of studies assessing their effectiveness in the literature remains relatively low. This is
more so in relation to morbidity outcomes.

A study of the benefits of heat alerts in 20 US cities found no association with lower mortality, except for
Philadelphia, where heat alerts were associated with 4.4% lower mortality rates (Weinberger et al., 2018).
Mixed resultswerealsofoundin a systematiditeraturereviewof HHAP evaluationdDwyer etal., 2022).

Among 11 evaluationf heatactionplansassessednly onereportedan overallmortality reduction;two

of threemorbidity evaluations foundeductions; and one muitity study observed a protectiegectin a

single city only. Overall, positive signals are limited and corspetific.

In Spain, after the HHAPwas introduced, the extrenteat mortality fraction decreased (from 0.67% to
0.56%, a relative reduction of 16%), but this was offset by an increase in the mdwettateortality
fraction(from 0.38%to 1.21%),sothetotal heatattributablemortality increasedOn planactivationdays,
theattributable fractionvasreducedInterestingly thoseprovinceswith moreactionsbeingimplemented

0 This plan is framed as a Hedealth Prevention Plan (HHPP), but we continue with the HAP (Heat Action Plan)
notation for every heat and healtated plan.

112


https://www.klimaanpassung.bremen.de/sixcms/media.php/13/Hitzeaktionsplan.pdf

within theirHAPsshowedhigherdecreasem mortality attributableto extremeheat(MartinezSolanasand
Basagana, 2019).

In Italy, d(2z088pfounchthabameny adalts over 65 years, the-dta#tutable mortality
fraction for extreme temperatures fell from 6.3% to 4.1% across 23 cities (35% relative decline), after the
introduction of the national HHAPSs.

Feldbusch et al. (2025) analysed the effectiveness of the national heat and health warning system in 15
Germarcitiesusingadifferencein-differencesapproachAfter adjustingfor city characteristicdeatalerts

were associated with 15% lower-alluse mortality on alert days (RR = 0.85; 95% CI1007/%/7). When

city characteristicsverenot consideredno protectiveeffectwasfound (RR = 1.00;0.98 1.01).City-level
reductionsverestatisticallysignificantin Berlin (RR = 0.95),Frankfurt(0.94),andHamburg(0.95),while
Bremenébés estimate was not significant.

On balance, we can say that the evidence of a reduction in mortality is stronger than the evidence for no
effect or an opposite effect.

Estimatingthe benefitsof B r e m éleatAstion Plan

We measure the benefits of the i mplementation of
impactg(mortalityandmorbidity). Giventheheterogeneityn theliterature we adopta centraleffectiveness

of 15% of B r e meansé mortdlit, Bn limeowith tteelpboled protective effect found by
Feldbusch et al. (2025), once city characteristics were considered. While they did not find a significant
reductionfor Bremenjt shouldbe notedthattheyevaluatedhe nationalheathealthwarningsystenrather

than full regional or municipal HAPs. Secondly, the newly adopted HAP for Bremen was developed with
astrongfocusontheegi ondés characteristics aassumahigleveleofr abi | it
effectiveness as an-@nte portfolio assumption.

To account for uncertainty, we also use lower and upper bounds of effectiveness. The lower bound is 5%,
in line with Weinberger et al. (2018), and the upper bound is 30%, in line with the higher effectiveness
estimates (e.g., debébDonato et al., 2018).

B r e mélAP@sticipatesinnuaimplementatiomeviewsandpostsummethealthevaluationsandseveral
structural measures have a myitiar setup. For this reason, we assume a maturity ramp that assumes a
partial effectin 2025(40%), nearfull effectin 2026(75%),andafull protectiveeffectfrom 2027to 2030.

To estimate effects on morbidity, we follow the approach applied by Markandya et al. (2025) that relates
heatrelated mortality and morbidity based on data from Adelaide et al. (2d02®xglity data (for adults

over 65) is taken from Lorofio et al. (2025) and morbidity from Markandya et al. (2025).

Finally, althoughB r e m &lAPinsludesspecificmeasure$B7) to reducehealthimpactsandproductivity
lossesexperiencedby workersparticularlyexposedo heat,we wereunableto assesthe economiceffects
as the impact has not yet been quantified.

Thecostof B r e m éleatAstion Plan

As noted in Section 1, the measures | m) SBucteremends H
and coordination; B) Risk communication, information and awareraésing; C) Extreme event
management; D) Climatadapted urban development; and E) Measures for Monitoring and Evaluation.

We treat the Coordination bureau (Al) as a fixed annual programme cost, covering planning, oversight,
andcoordination(central estimaté 2 5 0 withiGtOh e HA P 6 §270@@adge)d Beteforethese
costsdo notvary with the numberof alerts/heatvavedays.Any activity-driveneffort is costedundereach
relevanimeasurde.g.,outreachtraining).A2i A3 tasks,n-kind stafftime with only minor eventexpenses
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(room/catering), are assumed to be included in Al. Considering about 80% of the coordination costs are
salary costs, we have assumed that nominal these will increase by 2.5% per year, which is likely a
conservative assumption given recent wage growth trends in Germany.

For measures in group B, related to communications, information, and awareness, we made the following
calculations. Costs are obtained using resebesed costing (Hunt et al., 2016): task hours times the
Eurostat wholeeconomy hourly labour cd$tf or Ger many i n 20 2laboul iteMs5/ hour )
estimatedbasedn observedveraganarketcosts.Thecentralannuabudgetsumstod 1 2 0 ,wBhidh@e,

find consistent with a communicaticheavy packageWe have assumed that the first year of
implementation will incur additional expenses that wilt be necessary in subsequent years, such as web

design, training packs or information guides.

We budget Group C on considering consumption supplies (materials, printing, media/placements, small
outsourced tasks, supplies/equipment), keeping internal staff time under Al.

Concerningstructuralmeasure$inked to the adaptatiorstrategy(GroupD), we optedto considetthec i t y 6 s
strategyfundedinvestmentge.g.,greening shading puilding upgradespasbaselineandthereforeexclude
their full costs from the codtenefit analysis of Bremen HAP to avoid doubteinting.

We cost Egroup measures using the same resehased approach as above but assume that the bulk of
monitoring/analytichoursaredeliveredby the A1 CoordinationCentreandGroupE 6bsidgetonly covers

minor office items associated with the monitoring process (e.g., software/data access if needed, annual
reviewmeetingsetc.).Onthis basisthecostist 1 2 , 0 Of@ duts@uadtem costs.Table4.2.7shows

the summary of the HAP costs.

Table 4.2.7:Costof BremenHAP, by areaf action.

Measures 2025 2026 2027 2028 2029 2030
GroupA 250,000 255,000 260,100 265,302 270,608 276,020
GroupB 120,000 96,000 96,000 96,000 96,000 96,000
GroupC 174,500 147,500 147,500 147,500 147,500 147,500
GroupD - - - - - -
GroupE 12,000 12,000 12,000 12,000 12,000 12,000
HAP cost 556,500 510,500 515,600 520,802 526,108 531,520

Comparingcostsandbenefits

Overtheanalysigeriod,20252030 thebenefitsaredominatedy avoidedmortality, whichis valuedusing
thevalueof a statisticallife (VSL) of 0 1 miBion (Szewczyketal.,2018) Avoided morbidity valuesare
taken from Markandya et al. (2025), but they contributers small share (less than 1%)monetised
benefits. In theentral scenari¢considering an effectiveness of 15%), annual benefitgefrom G 5i B5
million, depending on the climate scenario considered, while programme costs fothl0 j 556,000
per year.

Using a3%discountrate and endof-year timing, thepresentvalue of benefitsst 2 680 million, and

thepresent value of cosisi 2 . 8 mi | | i @ benefitfb-host satioy(BCR) ofl BLO5. The results
are robust to discounting (BCR remains essentially unchanged bebvaad 3%), and even with
substantially lower effectiveness (e.g., @hied of the central scenario), the ratio remains well above 1.

1 Eurostat: Labour cost levels by  NACE Rev. 2  activity. Available  at:
https://ec.europa.eu/eurostat/databrowser/view/Ic_Ici_lev/default/table?lang=en&category=Ilabour.lc.Ican
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Whenconsideringa maturityrampwhereefficiencygraduallyincreasegrom 40%in 2025to 60%in 2026,

75% in 2027, before reaching 100% in 2028, the results vary slightly. Nevertheless, the programme
continues to deliver substantial benefits between 20252030. Using this maturity curve and a discount

rate of 3%, the present value of the benefits ran
emissionsscenario.The presentvalue of costsremainsat i 2 milion, resultingin an NPV of between

G 2 Onélion andu 2 3nillion, anda costbenefitratio of betweer73and82.

The outcome of the CBA carried out depends largely on the method used to calculate the value of a
human 1|i fe. Her e, the value of a statistical [
considertoo high, despitehighervaluesalsobeingfoundin theliterature(e.g.,OECD,2012;Alberini

and Glasnl, 2024). Assuming a 15 %45aéathepertyeav enes s
thanksto theplan.Giventhattheplanincursanannualcostof i 5 2 9 this €qQateso aninvestment

of 00X, Z,7P00 per | ife saved.

5. Barriers and conditionsfor implementation

The HAP takesclear account of thdifferential impactson vulnerablegroupsandhasintegratedhis asan
important dimension of the strategy. However, whether adaptation measures will truly target and benefit
these groups remains to be seen. This will depend on overcoming potential barriers listed below. There
appear to be systems in place, particularly after the €®igandemic that can be mobilised to reach
vulnerablegroupsin neighborhoodsHowever,whetherandhow this canbe deployedfor heatandhealth

remains to be seen and will depend on adequate funding and human resources. Furthermore, actions that
providewider benefitsto the public but from which vulnerablegroupscanbenefitsuchasincreasinggreen
infrastructurein public spaceselieson beingableto recruitappropriatelytrainedpersonneto takecareof

the planting. Some of the initial barriers identified by the stakeholders in Bremen with regards to
implementation are listed in Table 4.2.8.

Table 4.2.8: Measuresn theHAP andtheir barriersto implementation

Measures Barriers Type of barrier
Communication 1 Lackoflong-termfundingto implement 1 Financial
campaigns strategies
1 Difficulties to reachspecificvulnerable 1 Socialand
groups(e.g.dueto technicalbarriersor cultural

cultural ones, limited accessibility via
different media)

among vulnerable groups e.g. homeless
people

1 Lackof staffin socialcareandhigh 1 Humancapital
workload of existing ones
Managemenof 1 Lackoflong-termfundingto implement 1 Financial
extreme events strategies
1 Lackof ability to inducebehaviourathange 1 Socialand

cultural

lack of trained personnel

1 Governancef crosssectorameasuregiven 1 Governance
sectoral organisation of Senate
Long-termresilience 1 Lackof long-termfundingto implement 1 Financial
building strategy for strategies
heat events 1 Low support from relevant stakeholders in 1 Governance
planning,implementatiorandmaintenance
of measures
1 Vulnerablegroupsnotprioritiseddespite 1 Socialand
higher impacts cultural
1 Lackof trainingtime to skill up personnebr

1 Humancapital
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6. Conclusionsand reflections on socially just adaptation to heatimpacts on health

TheHAP wasdevelopedy the StateMinistry for EnvironmentClimateandSciencewhich hasalsobeen

in charge of developing the climate adaptation strategy (KAS) in parallel. The HAP takes a targeted
approactio addressinghe heatimpactsof climatechangefor health.TheHAP is interpretedasthe policy
through which the more O60social 8 components of the
addresshedistributionalandsocialjusticedimension®f heat. Thishasincludedthe strategiacdevelopment

with partners from across the regional administration, engaging with representatives from civil society
organisationd-dowever jt meanghatwhile somewhatentionedihesdssuesarenotdealtwith in asmuch

detail in broader adaptation activities being conducted through the KAS. The assessment of the HAP
indicates that there is some level of justice as recognition, procedure and distribution being considered in
termsof impacts but thatrestorativgusticeis ratherambitiousfor the sulrnationallevel, beinga criterion

that would need longer consideration and/or embedding at the national levclih®f these actions is
primarily on the distribution of heat impacts across the population who have already been identified as
vulnerableratherthanaddressingheunderlyingcause®f vulnerability. TheHAP is intendedo bethefirst

of many iterations and will be monitored in an online portal to make progress transparent. A number of
possible indicators have been proposed in this case study which could be used to specifically account for
the saocial justice dimensions of the HAP.

The assessment of the distributional justice of the HAP measures conducted in Step 2 suggests that it is
predominantly through risk communication and sensitisation of the population at large that distributional
justice is accounted for. There is some promising consideration of differential needs of those who are
physicallyvulnerableand/ormarginalisedwingto their sociceconomicircumstancesThe HAP foresees
softadaptatiormeasureshataim to inform andprotectvulnerableandmarginalisedyroupseitherdirectly

or throughsupportworkersandrepresentatived.herearealsoarangeof greenandgreymeasuressuchas
improving green areas and shading. However, the distributional dimensions of budget allocations for
greeningarenotyettakenaccounof in a systematiavay. Without this beingfactoredin, investmentsnay

end up being captured by higher income groups and/or implemented in locations where the need for
greenings notashighfrom asocialor environmentaperspectiveThemappingthataccompaniethe HAP

has been used to develop spatially differentiated planning of measures that account for distributional
inequalities, which in the beshse scenario are expected to be taken up in public urban planning. In the
private sector on the other hand there is no requirement to consider the differential impacts of urban
development. This is thus a blind spot in understanding the full extent of the distributional effects of
investment and planning decisions on climate adapted urban development.

As elsewhere, the economic benefits associated with health and heat protection measures in Bremen are
expected to exceed a bendfitcost ratio well above 1, even where substantially lower effectiveness is
accountedor. However the measuresf the HAP will notreachtheirfull protectiveeffectuntil theperiod

2027 30. At thesametime, funding of adaptatiormeasures is oashorterterm,rolling basis. Théack of
investmentertaintycanaffectretentionof humanresourcesvhich havehigh startupcostsfor recruitment

and training meaning that the efficiencies to be gained from retention of staff with appropriate skills and
capacitiesnaynotbereachedWell-trainedandlocally engagedtaff cansupportactionthatis sensitiveto

differential and complex needs and vulnerabilities in different locations. Long term planning and
investment coupled with retention of staff with targeted skill sets is thus an important factor in delivering
on socially just forms of adaptation.

116



5 Financeand private sector

Casestudy 5.11 Adaptation optionsfor enhancingfinancial stability (Netherlands)
Partner: Deltares

Spatial scale:National,Netherlands

Stakeholder: DutchCentralBank

1. Decisioncontext

De Nederlandsche Barfk D N B ) is the central bank of The Nethe
financial stability and thus contribute to sustainable prosperity in the Netherlands. Among its objectives

are: safeguarding price stability and balanced macroeconomic development; ensuring-r@sshheak

financial system; and ensuring sound and ethical financial institutions. In addition, they are an economic
policy advisor to the Dutch governmé&nt

In thecontextof the ACCREU project,the primaryfocusis on financial stability monitoring,with possible
additional considerations for macroprudential policy. Without adaptation, flood risk and other climate
hazards might possibly develop into risks with substantial adverse impactsstatiitigy of the financial
system, in particular for banks, that have exposures in assets that are vulnerable to climate risks.

The overarching policy question of DNB in this project is: do climate hazards pose a substantial threat to
financial stability in The Netherlands and what are the possible implications for macroprudential policy?
Some related questions are: through what transmission channels may climate hazards impact the financial
stability of banksandotherfinancialinstitutionsVhatarethe possibleadaptatioroptionsto reducethese
vulnerabilities? How would adaptation to climate hazards interact with macroprudential policy
considerations?

In terms of scope, we have focusedonflood | at ed ri sks and banksd mortga
estate serves as collateral.

The wider decisionmaking context is that many central banks and international organizations are starting
to work on climaterelated financial risks (CRFR). This work is ultimately aimed to ensure that financial
institutions support, rather than hinder, a timely and orderly climate transition, given their pivotal role in
the economy. At the European level, the European Central Bank (ECB) has conducted aeliveate
stresgestexercisan 2022(EBA, 2023),andseveralnationalcentralbanksareworking on CRFRaswell.

In The Netherlands, the choice to start with flood risk is natural, given the large exposure to floods in the
country.

2. Current and future risk

Thestrengthenin@f dikesandotherflood protectioninfrastructurdas notthefirst focuspoint of DNB, but

rather of institutions like the Ministry of Infrastructure and Water, and the 21 waterboards in The
Netherlands. At the same time, the success of the national flood risk adaptation strategy is highly relevant

for the research questions of DNB. Therefore, we will briefly describe the Dutch flood risk adaptation
strategy and ités expected i mpact on future risk
ACCREUresearch.

Thelargestscaleflood eventan The Netherlandsarecausedy flooding from the seajnlandlakesandthe
largerivers. Themainclimatedriversfor theseflood typesaretherisingseadevel,andtheexpectedncrease
of extremepeakdischargen therivers.Anotherimportantreasorfor focusingonriver andcoastaflooding

2 https://lwww.dnb.nl/en/abouis/missiorandtasks/accessed Jan.2025.
DISCLAIMERHEVIEWEXPRESSHERE IEFULLYWITHTHEAUTHORANDDONOTNECESSARILY
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is that unlike other flood types (such as pluvial flooding, breaches in regional water systems) these are
typically not covered by Dutch insurance.

Floodprotectionstandardin TheNetherlandarederivedfrom CostBenefitAnalysis(CBA), which seeks

the optimumbetweerflood protectioncostscomparedo flood risk reductionbenefits.ln 2017,newCBA-

optimal protection standards became formally in place (Kind et al., 2014). By then, in many locations the
flood protectionin placedid notmeetthe newstandardsTherefore|argescalereinforcemenprojectswere

started, and to date these are still going on. By 2050, all flood protection structures need to meet the new
standards.

Thisflood protectionstrategyhasthe paradoxicatonsequencthattheflood risk in 2050is projectedo be
substantially lower than at present. In other words, till 2050, successful adaptation would reduce the risk
faster than climate change is increasing thé-isk

The macroprudential policy perspective is somewhat different from a classical flood risk management
perspective. Instead of looking at flood risk in each individual location, the focus is on extreme but
physicallyplausibleeventghatmayinduceaconsiderablenagnitudeof damagendmayhaveimplications
onamacroefinancialscale Hence pouremphasifiasbeenon calculatingthe (financial) systemwide impact

of extreme and catastrophic flooelated shocks. The event selection process has been carried out as part

of ACCREU Task 2.5 O6Extr emes, catastrophic event :
corresponding ACCRELUhilestone M2.d 6 FI ood damage6) ,as assepdrataliCCREUb e d e
deliverable D2.5.

3. Consideredadaptation options/strategies

We havedoneno quantitativeanalysisof theadaptatioroptionsandstrategiegexceptor creditrestrictions,
seesectionb). Insteadwe havefocusedon the questionthatcomesprior to that: whatwould betheimpact

of flood risk onfinancialstabilityin TheNetherlandsTheresultsof thisanalysigsectiord), arethestarting

point for further (qualitative) reflection on the adaptation options and strategies which will be elaborated
here.

We haveidentifiedthreeoverarchingstrategies:

1. Fully relying on (physical)flood risk adaptatioroptions(mainly greyoptions)
Theessencef thefirst strategyis thatflood risk adaptations stronglyfocused andlimited) to thephysical
domain: the strengthening of dikes, storm surge barriers and other flood protection structures. The role of
(soft nonphysical) financial adaptation instruments to reduce risk is limited to a minimum. Also, there is
no activelandusepolicy in placethataimsto reducethe exposureof realestateandeconomicactivitiesto
floodrisk. In this strategymanagindlood risk remainghedomainof engineeringthroughtechnicaimeans
the flood risk is kept within tolerable levels.

In this strategy, a possible role from a financial stability perspective could be to regularly stress test the
macrofinancial impact of flooding. By assessment of this impact and the probability of occurrence, the
stress test can serve as the basis for an advice to the Dutch government on the sufficiency of the physical
flood risk adaptation measures that have been planned. If needed, this could lead to a recommendation to
take more technical measures to make sure the risk remains within tolerable levels.

13 Comparefor examplethe foverstromingsrisicanorm 2 0 5 @ith theiover st r oané n gmsapdiod i c o
https://basisinformatieverstromingen.nl
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Theadaptatioroptionsthatfit this strategybearthemostresemblancio the statugjuo. Thestrategymeans

that adaptation options are focused on the technical/physical engineering domain. In the Netherlands it is
not possible (or very uncommon) to take insurance against large scale coastal and river flooding. Instead,
the Dutchgovernmenpromisesa form of financialcompensatioof individual real estateownersthrough

national law’. There is no largscale land use policy through which developments in the hazard zone are
discouraged or forbidden (with the exception of some highly exposed unprotected areas).

2. Active steeringwith financialadaptationnstrumentg§mainly soft nonphysicaloptions)
Theessencef thesecondstrategyis thatthephysicalmeasurearecomplementeavith arangeof financial
instrumentghroughwhich (systemic)inancialrisksaremitigated.Socalledé r t s m n s f oalremdyt i on 6
is one of the textbook tasks of a financial system (e.g. Boonstra & Van Goor, 2021). The novelty of this
strategy is that it would be actively extended to the domain of clirebtted financial risks.

Both within the central banking community and academia there is quite some discussion on the extent to
which climaterelatedrisksare,andshouldbe,within the mandateof centralbanks(e.g.Boltonetal., 2020;
ESRD,2016;ECB andESRB,2023).Whendescribingadaptatioroptionshere we takeno positionin this

debate, we simply seek to sketch some possible directions of thought.

Sometypical adaptatioroptionsthatlie within thefinancialdomainare:

1 FloodinsuranceThis adaptatioroptionis addresseth casestudy5.2.

1 Differentiatingloanpricingor lendingstandardshasednthedegredo whichacollateralis atrisk
from floods. In Endendijlet al. (2024, under review) we have done some pioneering modelling
work on the benefits of reduced lending standards, which will be discussed in section 5.

 Make portfolio diversification compulsory: i.e. force banks to include climaltged
considerations in their risk management practices to complement the-peaaedpart of their
portfolio with assetshatarenotor lessexposedo flood risk (or thatcannotbe affectedduringthe
same event)

T Inducerisk reductionsegmentatiomandtransferby makingtherisk tradeablei.e. securitizeat-risk
loans.

1 Establish a real estate flood risk label in The Netherlands to increase risk awareness and
transparencandcontributeto incorporatingflood risksin real estateprices.This canbeaseparate
option, but also is a building block for most of the other options that were mentioned above.

1 Macroprudential options for containing systemic risk. Some options that have been discussed in
this context include climatspecific capital surcharges (e.g. buffers or -igight floors),
concentration limits, or borrowdrased measure&s

Arguably, opting for this strategy would involve a large role of financial stability policymakers compared
to the first and third strategy. Because these adaptation options have a stronger overlap with the mandate
of the central bank.

3. Active steeringonlanduseplanning(mainly greenoptions)

Theessencef thethird approachs thatthenationalspatialplanningpolicy would activelyseeko decrease

the exposure of real estate (and economic activities) to flood hazard. Real estate development in flood
prone areas would be discouraged, whereas developments on safer grounds would be encouraged.

Though more located in other policy domains, this approach may have some benefits from a financial
stability perspective.Quantifyingthe financial stability benefitsassociatedo certainspatialpoliciesand

M wWettegemoetkomingchadebij rampenhttp://wetten.overheid.nl/ici1.3:c:BWBR0009637

15 ForfurtherdiscussionseeECB/ESRB(2023)
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warn about the risks connected to the underlying transition are examples of tasks that could be fulfilled
within theadvisoryrole of the centralbankevenif thelanduseplanningtaskitself would notbepartof the
central bank mandate.

4. Method and results
Havingdescribedhe decisionmakingcontext,andtherangeof adaptatioroptionsandstrategiesye now
turn to describing our quantification of risks.

The method and results of this analysis have been extensively described in a working paper by De
Nederlandsche Bank (Caloia et al., 2023) and (with more focus on the flood risk dimension) in a Dutch
water magazine (van Ginkel et al., 2023). The process of scenario selection has been described as part of
ACCREU T2.5 (D2.5 and M2.2). Here, the method, results and recommendations for further research are
briefly summarized.

The objective of the study was to investigate financial stability risks througlestdé exposures in The
Netherlands, in case of largeale flooding fronthe river and/or sea. The resultere expresseit terms
of CET-1 capital depletions of major lenders.

4.1 Method

As describedn M2.2,32s ¢ e n dor indiviGusl dike breachesvereselectedQut of 1800scenariosthe

ones with the largest damage to residential and commercial real estate were selected. Aiming at a good
geographical spread, scenarios in different parts of the country were identified. In addition, 6 Worst
Credible Flood scenarios were examined, where dike breaches occurred at multiple locations at the same
time. These should be seen as very low probability, yet physically plausible flood scenarios.

For each scenario, the real estate damage was calculated with the SSM (SSM stands for damage and
casualties method, in Dutch) standard method (Slager and Wagenaar, 2017) for calculating flood damage
in The Netherlands.

These damages were connected to a model tracing out howrélladeld damages impact credit risks for

major lenders. Real estate damage was reflected as a reduction in real estate value, and therefore as an
increasen LoanTo-Value(LTV) ratio of themortgageThefirst channethroughwhichthis affectscredit

risk is an increase of the Lo&ivenDefault (LGD). The second channel were increased risk weights in

the calculation of the CET ratio. The third channel, which played a minor role, was the increase in the
Probability-of-Default (PD) of the mortgage. All these three channels lead to a decrease in t#ie CET
indicator, which is a key indicator for monitoring the financial resilience of a bank. For a detailed
description of these procedures, we refer to Caloia et al., 2023.

4.2 Results

Figure5.1.1showsthe propertydamageandcapitaldepletionunder38 flood scenariosCapitaldepletions

mostly are in the range of BBO basis points. The third and second Worst Credible Flood scenarios are
substantially higher: 75 basis points, whereas the most extreme scenario leads to a depletion of 110 basis
points.

Thisamountof capitaldepletionseemgnanageablalsogiventhelevel of existingcapitalbuffersof banks

in The Netherlands. For example, the most extreme scenario represents a capital depletibmafET

from 15%to 14%.Thisdepletionis substantiallysmallerthantheimpactof asevereeconomicshock which

was estimated at 459 basis points in a 2023 banking stress test of the European Banking Authority (EBA,
2023). The outcomes of this EBA stress test did not lead to large concerns about the stability of European
Banks.

DISCLAIMERHEVIEWEXPRESSHERH IEFULLYWITHTHEAUTHORAND DO NOTNECESSARI
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At the same time, these results should be interpreted with caution. After all, we only examined one
transmissiorchannelhowtheflood damagegrepaircosts)on residentiabndcommerciakeal estatevould

impactthe balancesheetof banks Evenwithin this transmissiorchannelthereis someindicationthatwe

might have underestimated the real estate damage. For example, there is new evidence that the real estate
flood damage curves give a significant underestimation of the flood risk in The Netherlands (De Moel et
al.,2025).Moreimportantly thereareseverabthertransmissiorthannelshroughwhichfinancial stability
mayalsobeimpairedin theaftermathof abig flood. Forexamplepusinessnterruptionmaycauseadecline

in economic output and impact corporate loans directly and indirectly.

These scenarios are derived given the present climate conditions (i.e. hydraulic boundary conditions such
as river discharge and sea level). However, because they represent very extreme, that is: very unlikely
circumstances, they are still representative for moderate degrees of climate change. For example, in the
year 2050, these boundary conditions are still extreme, they only have become somewhat more likely. At
thesameime, dikesareexpectedo be strengthenedy then,sothattheactualrisk might evendecreaséy

2050. In the most unfavorable yet still highly uncertain scenarios (e.g. Bamber et al., 2019), a large
acceleration of sea level rise might occur after 2050. This would also change the hydraulic boundary
conditions to such a degree that they may be no longer representative. For that reason, one of our
recommendations for further research is to explore the sensitivity of the results for a substantial degree of
(high-end, accelerated) sea level rise.
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Figure 5.1.1: Propertydamageandcapitaldepletionunder38 flood scenariosfrom Caloiaetal. (2023).

5. Adaptation: reducing lending to 90% of taxation value

5.1 Benefits

Endendijk et al. (2024, under revi¢pave done pioneering modelling work on the benefits of reduced

l ending standards. Their study presents a +nhovel f
relatedriskstor e si dent i al and commerci al mortgage and r ea

of this studydiffers from the studyby Caloiaetal., thatwe discusse@bove Caloiaet al. examinethereal

16 On behalfof Deltares Keesvan Ginkel contributedto this paperusing ACCREU-funding,which is acknowledged
in the publication.
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estateportfoliosof multiple largelendersin The Netherlandswith realworld data.Moreover,Caloiaetal.

take a systemwide financial stability perspective. In contrast, Endendijk et al. examine the (hypothetical)
portfolio of a single mortgage provider or real estate investor. Thus, Endendijk et al. take the perspective
of asinglefinancialinstitutioninsteadof a systemwide perspectiveThis stylizedapproachallowsfor the
inclusion of more transmission channels, and allows for exploring the effect of adaptation measures.

Endendijket al. model the effect of a reduced lending standard for properties exposed to flooding, as a
financialadaptatioroption.Before2018,The Netherlandsillowedmortgagedo exceedhetaxationvalue

of therealestatqundersomeconditions).This meanghatundersomeconditions theloanto-value(LTV)

ratio couldexceedl00%.Since2018,theLTV ratio hasbeencappedo 100%,meaninghat themortgage

value would at maximum equal the real estate taxation value. The essence of the adaptation measure
considered here, is that for floguone properties, this cap would be further lowered, from 100% to 90%.
This means that households in flepbne areas can only finance 90% of the value through a mortgage,
and would need to fund the other 10% through other means, for example from their savings.

First, Endendijk et al. examine how much the credit risk for the financial institution would be reduced by
capping the LTV, in the case dfk-based pricing They find that capping the LTV to 90% will cause a
substantiateductionin mortgagecreditrisk. Theyapplythe capto four hypotheticalp o r t f Fofthiree 6 s .
p or t fthelcapavil sompletelabsorb the credit risk. For one portfolio, the measure caases risk
reduction, but cannot fully absorb the risk.

SecondEndendijk etal. also examindiow muchthe credit riskwould bereducedy cappinghe LTV, in

the case otventbased pricingAgain, they find that the capping the LTV to 90% causes a substantial
reduction in mortgage credit risk. The LTV cap even reduces the credit risk more than it increases due to
the flood event.

In conclusionthis studyfinds thatcappingthe LTV to 90% provesto beavery effectivemeasurdo reduce
the credit risk of a real estate investor or mortgage lender.

5.2Limits, barriers and distributional impacts

If an LTV-cap is such an effective adaptation measure, why would one not simply implement it? First of
all, one must be aware that it mainly is effective in reducing the risk fanttgage providerThis is
becausehe LTV -capreduceshemaximumexposuref thelender relativeto thecollateralvaluepledged.

A lowerLTV usuallymeansalower monthlypaymenbbligationaswell, whichalsoreduceshelikelihood

of a borrower default.

Moreover,animportanteffectof this measurés thatlesshouseholdsvill beableto afford ahousejf 10%

of the value needs to be funded from their personal savings. This will have a strong distributional effect:
households with less wealth (savings) will have reduced access to living irpflone areas, whereas
wealthier households gain a relative advantage over them. Very practically, it will for example become
much harder for younger people (fitshe homebuyers that have not yet accumulated capital) to buy a
house in these areas.

A second order effect of the measure, is that reduced market accessibility may decrease the total demand
for houses in floogbrone areas, which may reduce the house price in-floode areas. In turn, the price

of houses without flood risk, outside the hazard zone, may increase. Rentyaidedikely be impacted

too, given the shifts in demand and the reduced accessibility in the-oasgried segment.

In summarythebarriersanddistributionalimpactsof imposinga creditconstraintare:
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T It may reduce the accessibility of the housing market for younger and less wealthy people. For
financial institutions, this in turn may have implications for credit growth (less loans, smaller
loans).

1 Hence it may cause a distributional effect across generations and between wealthier and less
wealthy households;

1 It may reduce house prices in flepdone areas (and increase prices in areas without flood risk).
This may be deemed desirable or undesirable, depending on thewiagospatial policies, but
would induce wealth losses for some homeowners.

1 While it may reduce the risk for financial institutions, it does not necessarily so for an individual
homeowner.

The effects that we describe here for the concrete adaptation measure of credit constraints, exemplify
principlesthatgo beyondthis singlemeasurePolicy instrumentssuchasLTV -caps,servemanydifferent
objectives, which do not necessarily align with the climate adaptation objectives. In this case, one of the
objectives is accessibility of the housing market, which has been an increasorginent political issue

in recent years. A credit constraint may have climate adaptation benefits, but at the same time reduce the
accessibility to the housing and credit market. In the adaptation decision type report, we will see that this
kind of considerations also play a role for the other macroprudential policy adaptation options.

6. Recommendationsand conclusion
Within this case study, we have been doing pioneering work on calculating the impact of large scale
flooding on financial stability through a credit risk channel (Caloia et al., 2023). At this point, this risk
seems manageable. However, this study rather provides one puzzle piece (credit risk channel real estate
exposures) than that it gives a complete picture of all impacts of flooding on financial stability that may
result from various transmission channels. Also, there are several uncertainties that require further
investigation. We therefore give the following recommendations:
1 Fortherealestatdransmissiorthannelinvestigateheuncertaintyin therealestatelamagecurves
and the consequence of a sudden capitalization of risk in the real estate price (for all properties in
the hazard zone, and not only for the ones affected by one particular flood).
1 Expand the analysis to other transmission channels that may also affect banks, e.g. credit risk on
corporate loans or market risk on sovereign and corporate bonds.
Investigatehe othermacroeconomiimpactsof suchlargescaleflood scenarios
1 Investigatevhethersedevelriseandclimateadaptatiorcouldleadto asubstantialhdifferentflood
risk profile (when the Randstad area would be exposed to larger water depths)

==

Although we concluded in Caloia et al. (2023) that the risk seems manageable, we have nevertheless
exploredthe effect of oneadaptatiormeasure: imposing a credit constraintrégiucinglendingto 90% of

the taxation value (Endendijk et al., 2024). The results show that this is a very effective measure for
reducing the credit risk of the lender, mainly because it reduces the risk for the lender by imposing a
downpaymentonstrainto thehouseholdA mainbarrierfor thisadaptatiormeasurés thatit wouldreduce
theaccessibilityof the housingmarket,andwould likely haveavery strongdistributionaleffect: favouring

wealthier households over firBine buyers.
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Casestudy 5.2 i Stimulation of private sector adaptation through insurance arrangements
(Netherlands)

Partner: VU

Spatial scale:NUTS3regionsandnationalscalein the Netherlands

Stakeholder: Dutch Associatiorof Insurers

1. Decisioncontext

Flood events cause large disruptions to society by causing both direct and indirect damage (Dottori et
al.,2018;Kreibichetal.,2014) whichwill befurtherexacerbatetly climatechangeandsocioeconomic
development (IPCC, 2023). In comparison with households, businesses can experience business
interruption damages alongside direct impacts due to flooding (Botzen et al., 2019; Kreibich et al.,
2014). Moreover, when businesses are not operational because of flood damage, this can have far
reachingeconomicconsequencg$sertzetal., 2019;Koks etal., 2019; Taguchietal., 2022).Insurance

is a tool to spread this risk across space and time, thereby softening the impact of a flood event. The
Netherlandgurrentlymaintainsaninsurancesystenrun by privateinsurancdirms, wherehouseholds

and businesses are free to decide whether to purchase insurance or not.

Furthermore, insurance can be used to increase policyholder adaptation effort, thereby decreasing the
total flood risk. Evidence for this has been found in studies concerning housshallthsurance and
adaptation (Hudson et al., 2016, 2019). A comparable analysis has not been carried out for business
level insurance. Furthermore, the Dutch Association of Insurers is involved in this case study as a
stakeholder. The policy question of the stakeholder revolves around the possibility of stimulating
privatesectoradaptatiorthroughinsurancearrangements hereforejn casestudy5.2,it is assesseih

what capacity insurance incentives can increase policyholder adaptation effort in the private sector in
the Netherlands. To aid in this question, the Dutch Association of Insurers has actively been involved
in this research through discussions on how to shape the insurance market for businesses in the model
we will beusingto carry out thigesearchand by acquiring data dheavailability of floodinsurance

for businesses in the Netherlands.

2. Current and future risk

This case study considers impacts from both riverine and coastal floods and follows the classification
of flood events by Landelijk Informatiesysteem Water en Overstromingen (LIWO). LIWO classifies
flood risk in the Netherlands into four types: Type A, floods in unembanked areas; Type B, floods
resultingfrom thefailure of aprimaryflood defenseTypeC, floodscausedy thefailure of asecondary

flood defense; and Type D, floods originating from regional water bodies. In the current situation,
impacts resulting from a Type A and Type B flood are considered uninsurable. Therefore, in this case
study,we consideltwo scenariosonein which we look at the effectof insurancencentiveson private
sectoradaptatioreffort usingtherisk resultingonly from Type C andType D floods,andonein which

we look atthe effectof insuranceéncentives orprivate sectoadaptation effort usinthe extendedisk

(all flood types together).

Risk is operationalized as Expected Annual Damage (EAD) to facilitate the calculation of insurance
premiumsat alaterstage.To calculatethe EAD, the6 S| a ¢ brniSchadEBvord u (SEVH)(Slager&
Wagenaar, 2017), version 2023, is used. Future rifkeiMetherlands is projected to increase. In this
case study, the GLOFRIS model (Ward et al., 2017; Winsemius et al., 2016) is used to estimate the
EAD for future periods. Using the SSP2 scenario in combination with RCP4.5 scenario, the EAD is
expected to double in 2050 and more than triple in 2080 compared to the current EAD.

3. Adaptation options

The main adaptation options of this case study are buildivej adaptation measures for businesses.
Insurance as such can also be considered an adaptation option, but the focus of this case study is how
insurance incentives can promote the adoption of buildingl adaptation measures. Policyholder
adaptation measures come in the form ofghgofing (preventing water from entering the building),

and wetproofing (minimizing the damage when water does enter the building), with the aim of
minimizing damagevhenaflood eventoccurs(Aerts,2018).Incentivedor theseadaptatiormeasures
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are given irthe form ofinsurance premium discountghere policyholderseceive a discourdn their
annual premium equal to the amount of risk reduced by the applied measure.

4. Assessmenbf adaptation options

4.1 Method

Building-levelfloodproofingmeasuresanbeincentivizedby aninsurancesystendueto therisk signal

and by providing premium discounts when adaptation measures are taken (Hudson et al., 2016, 2019;
Unterbergeetal.,2019).Weassesfour stylizedinsurancanarketformsusingthe6 Dy n antegrated

FIl ood I nsurancedé6 (DIFI) model, adapted from Hud
insurancamarketformsinvestigatedtartfrom thebaselinesituationin which only TypeC andTypeD

floods are eligible for insurance and reinsurance is organized by private reinsurers. The next market
form is a scenarim whichthe coverage is expanded from Typar@ Type Dto alsoinclude Type A
andTypeB floodings,andreinsurancés organizedy privatereinsurersThelasttwo insurancenarket
formsreplacethe privatereinsurersn thefirst two scenariosvith apublic reinsuranceystemin which

the government plays a larger role. Assessing these four scenarios, we gain insights into how the
insurance incentive to stimulate builditeyel floodproofing measures behaves under different
insurance market situations.

The DIFI model is a partial equilibrium model that computes insurance premiums based on flood risk
and then operationalizes these insurance premiums in a behavior module which simulates insurance
uptake and adaptation effort. In this way, the effects of (increasing) flood risk and insurance system
design on insurance uptake and adaptation efforts can be assessed. The insurance premiums are
calculated on a NUTS8cale (corresponding to the Dutch COROP regions). Therefore, insurance
uptake (the percentage of companies that purchase an insurance policy) and adaptation effort (the
percentage of companies that apply buildiengl flood adaptation measures) are also aggregated on

this scale.

The baseline adaptation effort, and percentage of businesses purchasing an insurance policy are
calibratedon surveydatafrom the Limburg floodsin 2021.Implementatiorcostsof building-level dry-
proofingandwet-proofingmeasurearetakenfrom Aerts(2018)andKreibich etal. (2015)andadapted

to businesses, taking building size into account. By using an incentive system in which policyholders
get an insurance premium discount equal to the EAD reduction when they implement ctenphny
adaptation measures, the increase in adaptation effort compared to the baseline can be quantified.
Consequently, the decrease in flood risk resulting from this increase in adaptation effort can be
guantified in monetary terms. This exercise can be carried out for the baseline risk and the future risk.

The partial equilibrium model applies a subjective expected utility framework to simulate whether
businesses are willing to apply adaptation measures under diverse types of insurance systems. In this
framework, businesses compare expected utility with and without investing in adaptation efforts. In a
risk-basednsurancesystempusinessegeceiveanadditionalfinancialincentiveto investin adaptation

through a premium discount.

More detailsof themethodologyareavailablein AnnexCi CS5.2.

4.2 Results

The left side of Figure 5.2.1 shows the percentage of companies that have an insurance policy in
combinationwith adaptatiormeasuregor differentinsurancemarketforms; the right side of Figure

5.2.1 shows how this percentage changed after the insurance incentive is applied. The insurance
incentiveis adiscountfferedto currentpolicyholders|oweringtheirannuapremiumwhentheyinvest

in measure$o reduceflood risk. Thefigure showsthattheinsurancencentiveis mosteffectivein areas
wherethereis alreadyalot of adaptationtheseareasalsohapperto havethehighestE AD percompany.
Furthermore, the increageadaptation efforis highest for the Extended Coverage scenario, followed

by the Extended Coverage & Public Reinsurance scenario. This means that applying the insurance
incentive is most effective in the Extended Coverage scenario, for which the EAD (both direct and
business interruption) per company is generally higher.
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Figure 5.2.1:Percentagef companiesnsuredandinvestedn adaptatiorwith andwithoutincentive

Table 5.2.1 shows the insurance uptake and adaptation effort for the four different insurance market
scenariogonsideredThetableshowsthatextendinghecoverageesultsin similar uptakepercentages
(eventhoughthe number ofexposed companigés greatetin the extended coverage scenario). Moving

from a private reinsurance system to a public reinsurance system where the government covers the
largest risks leads to a reduced insurance premium. This reduced insurance premium results in higher
uptake percentages for both the Baseline scenario and the Extended Coverage scenario. Moreover,
Table5.2.1showstheaverageercentagesf businesseareinsuredandhaveinvestedn floodproofing
measuredyeforeandaftertheinsurancencentiveis applied.It canbeseerthattheaveragegercentages
increase but that the effect is greatest under the two Extended Coverage scenarios. Furthermore, the
averageercentagef businessethathaveinvestedn adaptations remarkablyhigherfor theextended
coverage scenario. This can be explained by the higher EAD in this scenario, which makes the
investment in floodproofing measures more profitable.
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Table 5.2.1: Averageinsurancaiptakeandadaptatioreffort at NUTS3level

Baseline | Extended Public Extended Coverage &
Coverage Reinsurance Public Reinsurance
% insureddirectEAD 38.75 38.70 41.34 41.28
% insured business| 36.07 35.63 38.83 38.40
interruption EAD
% of businessesnvestedin | 4.39 10.76 4.39 10.76
adaptation
% of businesseénsuredand | 0.97 2.39 1.13 2.74
adapted
% of businesseénsuredand | 1.44 3.95 154 4,01
adapted after incentive

Table5.2.2showstheaverageercentageacrossNUTS3regionsof businessefor whichtheinsurance
premiumor theadaptationnvestments notaffordable Notethatthesenumbersarebasednthecurrent

assets of the companies and can therefore be viewed as upper bound values. The table shows that the
insurance premium is only unaffordable for a small humber of businesses, even if the insurance
coverage is extended to also include Type A and Type B floods the percentage remains low. The
adaptation investment cost is unaffordable for a larger number of businesses but stays under 8%. For
the extended coverage scenario, the percentage of businesses for which the adaptation investment is
unaffordable is even a bit lower.

Table 5.2.2: Average percentage across NUTSS3 regions of businesses for which the insurance premium or
adaptation investment is unaffordable

Baseline Extended Public Extended
Coverage Reinsurance Coverage &

Public
Reinsurance

% premiumdirect | 0.28 0.60 0.33 0.52

EAD unaffordable

% premium

business 0.45 0.69 0.38 0.59

interruption EAD

unaffordable

% adaptation

investment 7.41 7.31 7.41 7.31

unaffordable

Table 5.2.3 shows the average insurance uptake and adaptation effort at NUTS3 level for two future
EAD levels,EAD at2050andEAD at2080,basedn SSP2/RCP4.&5LOFRISruns.Table5.2.3shows

that, compared with Table 5.2.1, the insurance uptake percentages remain relatively stable over time
but do dropslightly. Scenariosncorporatingoublic reinsuranceonsistentlyexhibit the highestuptake

rates. It is important to keep in mind that even though the percentage insurance uptake decreases
slightly, thisleadsto a substantiallyhigherabsoluteamountof damagesthe EAD doublesn 2050and

more than triples in 2080. On the other hand, the Table also shows that while the intention to insure
diminishes, the intention to invest in adaptation measures increases sharply. This can be explained by
the fact that the higher EAD levels also increase the potential profitability of the investment in
adaptation measures. Whereas the insurance premium reflects the rising EAD, the adaptation
investment cost remains flat. This same effect can be seen when looking at the insurance incentive in
2050 and 2080. Since adaptation becomes more attractive in general due to the increase in EAD in
combination with a flat investment coiieinsurancencentive also becomesore effectivan future

periods.
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Table 5.2.3: Averagefutureinsurancaiptakeandadaptatioreffort at NUTS3level

Baseline Extended Public Extended
Coverage Reinsurance Coverage&

Public
Reinsurance

% insureddirectEAD 37.22 36.26 39.89 38.95

2050

% insuredbusiness 35.32 35.57 37.97 38.26

interruptionEAD 2050

% insureddirectEAD 35.54 33.93 38.31 36.73

2080

% insuredbusiness 33.39 33.14 36.13 35.96

interruptionEAD 2080

% of businessemvested 15.00 25.12 23.68 25.12

in adaptatior?050

% of businessemvested 23.68 35.45 23.68 35.45

in adaptatior2080

% of businessemsured 3.25 5.57 3.76 6.36

andadaptec?050

% of businessemsured 5.13 7.80 5.93 8.95

andadaptec?080

% of businessemsured 6.65 12.86 6.43 12.22

andadaptedafterincentive

2050

% of businessemsured 12.90 21.17 12.48 20.86

andadaptedafterincentive

2080

Table5.2.4showsthe estimatedbtal direct EADandbusinessnterruptionEAD for boththe Baseline
Scenario (flood Type C and flood type D) and the Extended Coverage scenario (flood types A, B, C,
D). By comparing the increase of companies that are both insured and adapted after the incentive is
applied, it becomes possible to estimate the yearly damage reduction. The damage reduction is
calculated by taking into account the deductible of 15% for insurance policies (hence a 85% damage
reduction) and the 35% damage reduction for adaptation. Combining adaptation and insurance then
leadsto anassumedlamageeductionof 90.25%(adaptatiomeduceshedamagedy 35%,afterwhich

15% remains as the deductible).

Table 5.2.4:Direct EAD andbusinessnterruptionEAD

Baseline ExtendedCoverage
DirectEAD 029,644,896 uil25,844,571
BusinessnterruptionEAD 039,118,158 uaul41,210,528
DirectEAD 2050 059,586, 240.96 (0252,947,587.71

[

BusinessnterruptionEAD 2050 78,627,497.58 |u432,905,324. 24

DirectEAD 2080 0101,978,442.240283,833,161.28

BusinessnterruptionEAD 2080 0134,566,463.52 0485, 764,216. 32
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Table 5.2.5 shows the estimated EAD reduction for businesses that is achieved due to the insurance
based incentive for adaptation investment. The table shows that in the current situation (Baseline) the
EAD reductiondueto theincentiveamountgo aboutd 3 0 0 ,TRISEAD reductionincreasesharply

in the future due to the increase in adaptation effectiveness. In 2080, the EAD reduction due to the
insurance incentive in the baseline amounts to over 16.5 million euros. The effect of the incentive
becomegvenmorenoticeablevhentheinsurancesystem iexpandedo alsocover Type AandType

B floods. Undettheextended coverage scenatiwgtotal EAD savings du¢o the incentive amourb
over90million eurosin 2080.Whenconsideringhe public reinsurancescenariosthe EAD savingsare

lower than under the corresponding private reinsurance scenarios. This is because, in the public
reinsurance case, there is already a larger initial group of companies that both hold insurance policies
and have invested in adaptation measures. As a result, the incentive has less room to drive additional
companiego adoptbothinsuranceandadaptationleadingto a smaller overalincreaseandthuslower

EAD savings.

Table 5.2.5:EAD reductiondueto insurancencentive

Baseline Extended Public Extended
Coverage Reinsurance Coverage& Public
Reinsurance
EADreductiondue | U291, 675,03, 759, 86/0254, 440./]03, 060, 91
toincentive
EAD reductiondue |G 2, 595, 57045, 123,802,038, 25036, 272, 3
to incentive2050
EADreductiondue |U16, 587, 092,862, 8 013,983, ( uaug82, 722
to incentive2080

5. Barriers and conditionsfor implementation

The main barriers that affect the effectiveness of insurbased incentives concern the costs and
coverage of insurance. Although expensive premiums in-iisghareas may be considered an
appropriate incentive for businesses to reduce risk in some way, the high premium may discourage
insurance uptake, which is undesirable from a societal perspective. Moreover, without insurance
coverage, businesses will not be exposed to potential adaptation incentives generated by premium
discounts. It is, therefore, important that a balance is struck between emitting-sigmsk and
maintaining affordability. This can be achieved by enforcing a degree ofsubsglization between

low- and highrisk policyholders. A limited degree of such crasbsidization of risknay ensure that
incentives for riskeeduction are given, while issues concerning the affordability of insurance are
minimized. A potential barrier concerning the feasibility of granting insurance premium discounts for
adaptatioreffort includes uncertaintgboutthe effectiveness of adaptatianeasurestreducingflood

risk. Such uncertainty may complicate the estimation of such premium discounts for insurers.

Therearealso barriers concerning the investment in-prtofingand dryproofingmeasures. Whea
company has insufficient capital available to invest in an adaptation measure, this might be a barrier.
Moreover,companiesvith largerpremiseswill havelargeradaptatiorinvestmentostswhich canalso

limit the willingness to invest in adaptation measures.

Furthermore, practice shows that it is difficult to change political support concerning public risk
management strategies. The Netherlands recently rejected a proposal to change the current voluntary
flood insurancesystento a public-privatepartnershipwherethe governmento-fundsflood coverage.
Germany has, several times, rejected plans to introduce flood insurance uptake requirements based on
theideathatthisinfringesconsumefreedom Politicalidealsconcerninglisastecompensatiogystems
aredifficult to changewhichis abarrierthatneeddo beconsideredvhenreadingour casestudyreport.
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6 Transport and supply chains

Casestudy 6.17 Adaptation to minimize the risk of disruptions of trade corridors (Austria)

Partner: Deltares/UniGraz

Spatial scale:Nationalscale jin Austria

Stakeholder: Federal Ministry for Agriculture and Forestry, Climate and Environmental Protection,
Regions and Water Management (BMLUK)

1. Decisioncontext

Case 6.1 focuses on the potential risks of flooding impacts on transport infrastructure, specifically rail
and major roadway corridors. In contrast to other case studies in ACCREU, this work takes a broader
spatial view and assesses current and future flood risk at the national scale for Austria. As a relatively
smallcountrywith amix of heavilymountainousAlpine regiongtransitioninginto lowlandsin theeast,
Austriahasalargeamountof experiencevith flood hazardn a numberof contextsdueto therangeof
geography. This variation presents unique challenges for different regions.

The deep engagement stakeholder is the Federal Ministry for Agriculture and Forestry, Climate and
Environmental Protection, Regions and Water Management (BMLUK), as well as a contact at the
Ministry of Innovation, Mobility and Infrastructure (BMIMI) (responsible for transport policy). The
BMLUK has a range of responsibilities e.g. policy development and implementation across domains.
Our interest lies in the Ministryds devel opment
domainsghiefly viaits draftingandrevisionof the NationalAdaptationStrategy The Ministry focuses

such planning at a national level, focuses on highlighting good adaptation practice, avoiding
maladaptation, crossectoral measures and emphasizing spillover effects, with emphasis on
coordination between different ministries and governance levels (national, federal state, municipal).

GiventheB ML U Kbdoadmandaten this aspectisanadvisory/strategylefining ministry, theaim of

the case is to provide a framework for discussing adaptation strategy between infrastructure builders
andoperatorsptherMinistriesandrelevantgovernancéodiesandprovideanindicationof thepossible

costs of current and future flooding impacts on the transport sector, as well as start to discuss the
possible benefits of adaptation. The goal of the case is to focus on potentiatagersicenarios and
understandrom theperspectiveof the BMLUK the hierarchyof whatinfrastructurds mostvulnerable

and determine likely impacts of corridor disruption. We can then contrast various futures with higher
or lower costs and determine if some tipping points exist, where current Bugtessal (BAU)
approaches to adaptation would be untenable, and shift to transformative adaptation would become
more attractive (economically, politically, socially).

2. Current and future risk

Floodrisk, specificallyexposuren termsof flooding extentanddepth,is well-depictedfor currentrisk

in Austria,with detailedspatialmappingof exposedareagBML 2024).In termsof risk to roadandrail
infrastructure, the Austrian Program on Ciritical Infrastructure Protection (APCIP) emphasizes
protectionagainsihaturalhazardsuchasflood, andmajortransportatiomouteshavebeenthefocusof
technical measures to increase resilience to current risks. In the recent past, targets have been set to
protect significant transport routes against flood events of up teyd®Oreturn periods (Nachtnebel
andFaber2009).Currentrisk is alsoaddressetdy the Austriandisasterelief fund,sourcedromincome
andcorporatdaxrevenuesywhichfundsbothpreventativeDRM aswell asrecoverycosts(butit should

be noted that the fund covers a wide range of DRM and recovery costs beyond infrastructure). While
operationafor currentrisk levels,researchasassertedhatit will likely beinadequat¢o addres$uture

risks (Reiter et al. 2022).

Given the uncertainty surrounding future flood hazard in the Alpine region (see Bloschl et al. 2017),
there is the potential for some river basins (e.g. Innviertel and Muhlviertel) to see an increase in the
frequency of a 100 year event by 10%, while others (Traun, Enns, Erlauf and Traisen) could see a
reducedoccurrence-@%). Other works project more extreriganges, with future recurrence of the
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currentlyl00yeareventflood changingo upto a 10i 20 yeareventfor smalltributariesof the Danube,
and more major tributaries seeing a 100 year event occurring betwie@® yars (Hattermann et al.
2018).

Risk reduction measures relating to transport could be the responsibility of a number of agencies and
firms e.g.spatialplanningregulationsaretypically establisheét Federalstatelevel, andresponsibility

for implementing technicaheasures is taken lejtherthe highwaymanagement authority ASFINAG

or therail operatoitOBB, while othermeasuresay originatefrom the Ministry of Landor Interior (the

latter is responsible for disaster management).

3. Identifying adaptation options

In our initial discussions with the BMLUK, we focused on the different considerations at play in
developing a national adaptation strategy and the possibility and criteria for pursing more
transformative adaptation e.g. netwodnd systerievel versus the current approach focused on
incremental, hazardand adaptationlevel. As discussed in Section 5 on barriers to implementation,
stakeholder workshops identified clear preference for incremental approaches, given perceived
political, institutional and financial barriers relating to broader transformative strategies.

As such, we focus our analysis in the case on the current and future impacts of flooding, in order to
identify if climatechangampactsmight maketransformativestrategiesnoreattractivein afuturewith
steeplyrising damagesTo do so,we undertakea hazardanalysisfor roadandrail infrastructureacross
Austria,estimatingcurrentandfuturedamage$or keyreturnperiodsandassumingvarietyof possible

climate impacts. To focus more concretely on the near term and strategies relevant to the stakeholder,
we thenassessghe potentialcostsof moreincrementaktrategiegin this case assefevelimprovements

such as raising road or rail corridors in exposed areas) and assess different possible approaches to
spendinglimited adaptatiorbudgetin thenearfuturebasedn differentapproacheto climatejustice.

4. Assessmenbf adaptation options
4.1 Methodology
4.1.1Riskmodelling

Climate change increases the speed and intensity of the hydrological cycles, creating more changes in
flooding due to extreme precipitation (Eingriiber & Korres, 2022). Thus, understanding the impact of
flooding (fluvial in this study),underchangingclimateoninfrastructuresystemsecomesrucial.Such

an understanding can be gained by performing impact assessment analyses under the current climate,
and future climate change scenarios.

In order to estimate the economic impacts of fluvial flooding events, the physical damage caused by
flooding on the current Austrian rail and road networks are assessed. The physical damage costs are
limited to the costs of repairing the standard cisesgion rail and road segments. In the presented
analysis, we will specifically assess the present road and rail network and not the future network
developments.

The methodology for estimating floedduced damage costs on road and rail infrastructure includes
threemainstepgFigure6.1.1):graphcreation exposureanalysisanddamageestimationTheRA2CE
opensourcetool (Deltares2025)wasusedo createdetailedrail androadnetworkgraphdby extracting

data from OpenStreetMap, focusing on motorways, trunks, primary, and secondary roads. Exposure
analysignvolvedoverlayingflood mapsonthesenetworksto estimatenazardseverity(waterdepthand

velocity) ateachsegmentDamageestimatiorutilized Kellermanretal. (2015)curvesfor rail networks,

which predict damage based on inundation depth. For roads, OSdeummage by van Ginkel et al.
(2021) were adapted to account for higlsolution flood maps, offering infrastructespecific
vulnerability estimatedasedn Europearrepaircostdataor the potentialfuture damagesrisingfrom

climate change, possible shifts in the return periods (likelihood) of the input flood maps (under the
current climate) are considered. The damages for flooding events with return periods exceeding 300
years (the highest return period available to this study) are extrapolatede@oiglin
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Figure 6.1.1:Damagesstimatiormainsteps

Theflood mapswereobtainedrom the WaterinformationSystemAustria(WISA). Themapsillustrate

the spatial extent of flooding based on various flood scenarios derived from simulations of different
flood discharge values and characteristics (BML, 2024). Next to a baseline scenario (return periods of
30,100,and300years) representinghe currentclimate,theexpectedahiftsin thereturnperiodsof the
baselinescenarioglueto climatechangeuntil 2100areconsideredin this approachthe flood severity

(the flooding extent, water depths, and flow velocity) is assumed to stay the same, while the return
period (or likelihood) is changing. These return period shifts are based on a literature review of the
studies relevant to the context of Austria and benchmarking the most robust and widely accepted one.

The National Flood Risk Management P{&ML, 2021) cites the Bloschl studi€®010, 2017pasthe
primary reference for understanding the hydrological impacts of climate change in Austria, a
perspective supported by national flood risk experts. Bloschl et al. (2017) project locally varying
changes in RP100 discharge betwe®¥ and +10% by 2050. While more recent studies suggest
significantlylarger changeshesearebasedon coarsehydrologicalmodelsandlack the credibility of
Bloschl'swork. Giventhe complexitiesof assessinydrologicalimpactsandthe uncertaintyin recent
competingstudiestheapproachakenis to anchorprojectionsn Bldschletal. (2017),usingits findings

to estimate an uncertainty range.

The return period shifts resulting from the discharge changes estimated by the Bléschl et al. (2017)
study are minor; therefore, no return period shift is considered due to future climate change. On the
other hand, the study conducted by Hatermann et al. (2018) is used to demonstrate the implications of
more sever@looding return period shifts on the damages to roadraidetworks. This studyeports

larger changes, including those affecting the Upper Danube catchment, which spans a significant
portion of Austria.

Assessing these different scenarios can allow for identifying potential tipping points or thresholds at
which shifts towards transformative adaptation in future national adaptation strategies may be
warranted, insights which could directly suppor:
informing future National Adaptation Strategy updates and discussions on when and why a shift from
incremental to transformative adaptation may be warranted.
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4.1.2 Assessingdaptationstrategies

To evaluate the potential benefits and affctiveness of incremental adaptation measures (e.g.
hazard andassetlevelinterventions)we developa costbenefitanalysiframeworkatthesubregional
(NUTS-3 scale)for Austria,basedntheresultsof Sectiord.1.1.Wefocusonidentifying howtargeted
adaptatiorcanreduceexpectecannualdamage$EAD) to roadandrail infrastructureundercurrentand
future flood hazard conditions.

Our methodology consists of the following steps. We first conduct a statibe&ostit assessment for
eachregionto estimatg(i) adaptatiorcosts basedonrepresentativeneasureg¢andestimatedosts)for

asset protection taken from literature and (ii) avoided damages, based on the difference in expected
annualdamagedeforeand after adaptationUsing the currentflood hazardscenariodrom Section

4.1.1. allows us to estimate cdmnefit ratios at the regional level, for a range of potential adaptation
costs and impacts given different assumptions.

Costbenefit analysis (CBA) is a welistablished approach in economics, in this case, allowing us to
measure the potential impact of disaster risk reduction policies at a sectoral scale, and provides an
avenudowardsrankingor prioritizing projectsin differentlocations(ShreveandKelman,2014).Based

on the return periodpecific losses for exposed assets, we define two different adaptation scenarios at
the regional level and assess the costs thereof, indicating respectively a more conservative and
ambitious approach to adaptation. For each case, we calculate the change in expected annual damages
using the results of Section 4.1.1. for 30, 100, and 300 year return periods, assuming they change as
described below.

In our conservativeease we estimatehe coststo protectassetatrisk to high-frequencyjowerimpact
eventg(30yearreturnperiod events). Famil, thisis 0.67%of all Austrianrailways (77 km)for road,
0.89% or 428 km. These assets exposed to 30 year events are made more resilientlgiglasset
adaptation, in this case, raising the level of the road or railway (as suggested in the EU TEN
adaptation report) until they are protected against up to a 100 year event.

In our model, we assume that all damages for a 100 year event or lowdtigaeed for all protected

assets (all road and rail exposed to 30 year events), but for a 101 year event or higher, damages are
identicalto the original estimategalculatedn sectiord.1.1. Forthoseassets which are netiinerable

to a 30 year event, but are to a 100 year event, no adaptation is undertaken.

In ourambitious scenariaye assum¢hatthe samemeasuresre appliedbutin thiscase protectiois
appliedto all assetyulnerableto 100yeareventflooding. Beyondthis level,impactsareasin thecase
of noadaptatiormeasuredn this caseupto 1.85% ofall rail asset$n Austriawould beadapted213
km) and 1.89% of roads (907 km).

Calculating the average annual losses (AAL) expected after adaptation is straightforward in the
ambitious case; for the return periods below 100 years, we assume no losses, and from 101 years
onward, impacts are as in the baseline with no adaptation. For the conservative case, we are unable to
recalculate the effect of increasing resilience for assets exposed to 30 year events. These assets would
thenberesilienceto a 100yearevent,andthuswould lowerthe 100yeareventlossesput notentirely,
astypically moreassetsvould beexposedo thislargerflood event.An approximatiorof thedegreeo

which damages for a 100 year event are reduced is required.

We conservativelylassumehatfor a 100yearevent,damagesrecalculatedasfollows:

AL ERIT Qo-PREL R pE Q 300 'Q (MGQN(» N £ @ iQIMBEOONCETQO
00 100 100 M Q MIQ M 1) € 6 IQIBE NCREDQO

As anexamplefor aregionsuchasMittelburgenlandvherethetotal roadassetsglamagedy a 30 year
RP eventare 75% of the length of assetsdamageddy a 100 year RP event,the baseline(without
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adaptation) 10§@ear event expectddssis multiplied by 25%, since asse¢xposed t@a 30 year event

most likely will be exposed to a 100 year event as well. This is a simplification, as hazard modelling
damage functions are more sophisticated and may assign only partial damage to an asset for a 30 year
eventandhigherdamagesit moreextremeimpacts putwithout moreextensivemodelling,we feel our
assumption is conservative and indicates a laamrge for benefits. In reality, benefits of adaptation

may likely be higher.

Giventheassumptionabovedeadingto newestimate®f 30,100,and300yeareventdamagesaverage
annual damages (AAD) can be calculated using the Simpson rule. Given two return periods and
expected losses we can estimate the probabilistic range between the two periods and multiply this by

the average loss within this range, as follows: )
U

o . ()
000 mn2=(M2 N2( ?)
Thetotal AAD is simply the summatiorof the AADs from eachrange(0i 30, 30i 100,100G' 300).

The adaptation measures we apply in our two scenarios have cost ranges betwéenttfgtusand

EUR perkilometerof assetetrofitted(Schadeetal.,2024).For our centralcasd andfor comparability

to other analyses we use an estimated cost of 400 thousand EUR consistent with recent literature
undertaking similar assessments. Typically, CBA produces two values of interedieest ratios

(benefits divided by costs) and net present value of a project or measure. In this case, the costs of
adaptatiorarelump-sumup-front costs while benefitsaccrueovertime in theform of reducedaverage
annualossesThis renderghe costbenefitratio lessinformative,andinsteadwe assesghe netpresent
value of our conservative and ambitious scenar.i
which we aggregate the costs and benefits of 25 years. This represents a median range of expected
lifetime for asphalt road assets in the EU, although the expected lifetimes of rail assets are typically
longer, e.g. 3050 years, although this depends heavily on types of track and other assumptions.

In short, to prioritize the limited available funding on adaptation for transport infrastructure, we
calculate the net present value (NPV) of our conservative and ambitious adaptation measures for road
and rail assets separately, using the same assumptions, e.g. a 3% discount rate consistent with other
literature.We sumthe discountedosts and yearlgenefitsof thesemeasurestthe regiona(NUTS3)

level. Thetablebelowindicatesour mainassumptionandsensitivityanalysegpresentedh the Results

section.

Table 6.1.1: Overviewof scenaricassumptions

Variable Main scenario Sensitivity analysis

Discountrate 3% 1i 5%

Paybacktime 25years 20i 30years

Adaptation cost 400,000EUR 200,000 560,000EUR

Road damages Low damagdunction High damagdunction

Adaptation measures Adaptall assetexposedo 30year | Adapt all assetsexposedto 100
events yearevents

Beyond identifying the direct costs and benefits of adapting all vulnerable assets, we are interested in
the potentialdistributionof adaptatiorgivenbudgetor otherimplementatiorconstraintsFully funding

all potential projects where benefits outweigh costs is higher than typical budgets for such in Austria
(seeResults)andassuchwe assessgariousregionaldistributionsof a pre-emptiveadaptatiorapproach

based on the operationalization of different fairness principles.

To demonstrate the impact of different principles and their implementation, we assume that only one

third of all exposed assets can be improved, which would correspond to a total cost for both road and
rail of about70 million EUR(210.29 million forrail, 57.1 million forroad), roughly in linavith future
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indicative funding levels for adaptation found in other assessments, such &6 dd&dtation costing
study claiming pledged 50 million EUR until 2030 for Austria).

Based on van Marle et gR023), we investigate the implications of different fairness principles in
allocating an adaptation budget for our case, leading to different hypothetical operationalizations and
adaptatioreffort by regioni butit shouldbe notedtheseprinciplesdo not necessarilyeflect e.glegal
requirements or limitations:

a. Utilitarian T maximizing utility or benefits: here we allocate the available adaptation
funding to regions in two ways, reflecting two possible interpretations of a utilitarian
principle. In the first approach, we allocate the funding for adaptation, corresponding to
kilometers of road/rail adapted, in order to maximize total NPV of the net benefits of
adaptation across Austria. In the second approach, we allocate the funding for adaptation
among regions based on regional GDP, reflecting a focus on prioritizing economically
productive areas.

b. Egalitarian 1 equal benefits across spatial groupghis approach aims at minimizing the
sum of squared deviations in NPV per capita from the average value for all regions using a
nonlinear solver to identify an optimal allocation of funding across regions.

c. Prioritarian 71 prioritizes more socially-vulnerable areas: in this case we allocate
adaptation funds based on regional GDP per capita, with poorer regions receiving a larger
share of funding, relative to average GDP / capita.

The results of these different allocation mechanisms can allow stakeholders to reflect on issues of
climate justice in adaptation and assess the different potential implications d@émeadncremental
adaptation, beyond the furthsrm decision processes comparing incremental versus transformative
adaptation. Our stakeholder workshops have illustrated that such decisions are mainly limited by
political considerationdDevelopingandupdating theNational AdaptationStrategy could banformed

by the results of these different potential approaches to constrained budgets, in terms of a better
understandingf whereimpactsarelikely to befelt in thefuture,andhow changingprioritiese.g.from
egalitarian to prioritarian, may change the way in which effort (and spending) on adaptation is
distributed.

4.2 Results

4.2.1Currentrisk

Givencurrenthazarcestimatessegmentsf roadandrail infrastructureotentiallyinundatedy various

events (30, 100, or 300 year) are identified (see Figure 6.1.2). For rail, the majority of identified
segmentatrisk areto thewestin Tirol, thesouthandsoutheastin Karntenand Steiermarkandto the

north in Oberdsterreich; road inundation follows a similar pattern with added incidence of inundation
in the south, as well as more frequent incidence in areas around the capital (Vienna). Combined,
expected damages due to floods are likely to be most costly for Tirol and the southern provinces of
Karnten and Steiermark, with some additional hotspots in Oberdsterreich, with potential estimates of
annual damages per municipality reaching up to almost 3 million EUR.

While theTiroler Unterlands calculatedashavingextremelyhigh yearlyexpectedossesthemajority

of provinces can expect average annual damages of less than 1 million EUR, with increased levels in
the southermportionsof the countryandnorthernOberdsterreichAltogether themethodologyapplied
heresuggests countrywide expectecannualdamagdor bothrail androadcombinedof betweeril6.6

to 18.9 million EUR. While slightly lower than previous estimates, such as Bachner (2017) which
estimates yearly losses to roads (39 million) and rail (18 million EUR), these figures include other
hazards outside of riverine flooding and include damages to tunnels and other infrastructure not
modelled here. Thus, estimates for current risk levels can be seen as being in line with previous
estimates, and possibly conservative and not overestimating expected annual damages.
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4.2.2 Additionalrisk dueto climatechange

Estimating the change in average annual loss clicize@geinduced flood risk increases is
complicated by a lack of data on future flood extent and uncertainty surrounding return period shifts
across Austria. Given the studies available (see Sections 2 and 4.1) and assuming an extrapolation of
damagecurvesbeyond300yeareventswe canderiveda futurestorylinefor stakeholderthatpresents
aplausibleaccounbf increasinglamagesn orderto identify theexistencef adaptationtipping points.

Similar to Figure 6.1.2, expected annual damages are calculated for municipalities, and aggregated to
the national level for the years 2050 and 2100 for RCPs 4.5 and 8.5, with results found in Table 6.1.2.
As shown total expectecainnualdamagesoulddoubleto almosttriple in sizeby 2050,with evenlarger
increases by endf-century.

Table 6.1.2: Expected annual damages (EAD) for road and rail line infrastructure for both current risk and
projected future changing flood risk for indicated time periods and climate scenarios.

EAD Current RCP4.5 RCP8.5 RCP4.5 RCP8.5
2050 2050 2100 2100
Road(min) 3.96 6.60 8.91 10.29 16.39
Road(max) 6.21 10.75 14.63 15.96 26.43
Rail 12.64 22.45 30.89 32.16 54.73
Sum(min) 16.60 29.05 39.81 42.45 71.13
Sum(max) 18.85 33.20 45.52 48.13 81.16
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Figure 6.1.2:Road (top rowpand rail (bottom row) assets inundated by, 300 and 300year flood events (left, middiend right columns respectively) for current levels of
exposure results of modeling as described in section 4.1.
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4.2.3Adaptation costscenarios

The resultdrom Sectiond.2.1 aboverovidea costbasisfor assessingdaptatioroption effectiveness

and potential benefits. Tables 6.1.3 and 6.1.4 report results for rail and road infrastructure under our
reference scenario: a conservative approach to adaptation, low roadway damage estimates, a 3%
discountrate and a 2yeartime horizon. Ashown there arestark differences between road aad.

Forroadwaysafull adaptatiorof all exposedoadsfeaturesa benefit/costatios(BC ratios)lowerthan

one, in most regions. This indicates that this type of adaptation action would not be worth pursuing.
Thoseregionswith ratiosabovel (SanktP6lten WienerUmlandNord, Wien) typically exhibitbenefits

higher than 0.3 million EUR per km, as compared to other regions.

Converselyadaptingail infrastructureshowsaBC ratiosabovel in themajority of regions.Thisresult
is robust to a number of factors, clearly adaptation costs are key parameter to consider (see below).

Roadresults

The total cost of increasing the resilience of the estimated 420 kilometers of road assets, which are
exposed during a 3fear event, to withstand 100 year events is 171 million EUR for all regions.

Al t hough being just 0.04% of Austriabs GDP in 2
Austriabs planned budget for transport infrastru
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Table 6.1.3: Results of regional cost benefit analysis of conservative adaptation scenario for road assets
(improving all assets exposed to a 30 year event and making them resilient to a 100 year event). Benefits are
conveyed as the change in average annual damages from-dgaptation baseline, costs are in the estimated
kilometers of asset to be treated multiplied by the per km adaptation cosdtiB@re benefits / costs, and NPV

is the sumof discountectostsandbenefitsovera25yeartime horizon.BoldedregionsindicateareasvhereNPV

is positive, greyed out regions negative.

Region Benefits- Costs(thousand | BC NPV (25 year
reductionin AAD | EUR) ratio lifetime,
(thousand EUR) thousandEUR)

Mittelburgenland 3.4 383.7 0.2 -323.10
Nordburgenland 62.8 5678.9 0.2 -4556.53
Sidburgenland 24.5 2539.3 0.2 -2100.68
MostviertetEisenwurzen 14.0 1014.6 0.2 -764.35
Niederosterreictsid 30.6 4197.6 0.1 -3649.71
Sankt Polten 0.2 2.2 15 1.14
Waldviertel 44.0 1389.4 0.6 -603.51
Weinviertel 0.0 0.3 0.1 -0.29
Wiener Umland/Nordteil 13.2 151.9 1.6 83.70
WienerUmland/Sudtell 46.1 2094.3 0.4 -1270.76
Wien 100.4 502.1 3.6 1292.45
KlagenfurtVillach 77.9 7 639.7 0.2 -6247.39
Oberkarnten 111.1 7137.8 0.3 -5151.02
Unterkarnten 194.9 11767.7 0.3 -8283.00
Graz 149.7 13275.8 0.2 -10600.34
Liezen 80.7 7172.9 0.2 -5729.57
OstlicheObersteiermark 188.6 9735.7 0.3 -6364.71
Oststeiermark 204.9 18419.7 0.2 -14755.99
West und Sudsteiermark 136.9 17022.2 0.1 -14575.22
WestlicheObersteiermark 231.0 15035.6 0.3 -10906.31
Innviertel 45.1 5425.2 0.1 -4618.34
Linz-Wels 73.5 6718.5 0.2 -5405.04
Muhlviertel 321.1 10236.3 0.6 -4495.23
SteyrKirchdorf 11.3 697.5 0.3 -495.41
Traunviertel 41.7 3784.7 0.2 -3038.41
Lungau - - 0.0 0.00
PinzgayPongau 0.0 1.6 0.4 -0.94
SalzburgundUmgebung - - 0.0 0.00
AulRerfern 0.4 25.5 0.3 -18.38
Innsbruck 22.5 1586.1 0.3 -1183.79
Osttirol 1.6 226.5 0.1 -197.26
Tiroler Oberland 22.3 1559.0 0.3 -1160.62
Tiroler Unterland 171.8 7805.4 0.4 -4733.86
BludenzBregenzeiWald 17.8 14228 0.2 -1105.13
RheintatBodenseegebiet 122.7 6615.3 0.3 -4421.45

We investigated different approaches to distributing a scarce budget (for 1/3 of exposed roadways)
basedon anethicalframingfocusedon utilitarian, egalitarianandprioritarianframingsasdescribedn
the Methods section, with the results found in Figure 6.1.3.
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Figure 6.1.3: Adaptation costs, percentage of assets covered, and NPV under different allocation scenarios of a
scarce budget for adaptation for road assets. The right column shows adaptation costs, middle column share of
assets affected, and right column the estimated NPV of adaptation by 2050. Each row contains a different
allocationstrategywith top correspondingo a utilitarian approachof maximizingtotal NPV or distributingbased

on regional GDP, middle representing an egalitarian effort to minimize the deviationdéaper NPV across

regions, and bottom a prioritarian approach of weighting adaptation funding based on regional GDP per capita.

The figure illustrates the vast difference in potential allocation of the budget given different ethical
approachesThe utilitarian approactshownin thetop row would concentrat@daptatiorin theregions

with the highest NPV of net benefits. In this scenario, all exposed assets in 13 regions scattered
throughouthe countrywould be fully adapted, witbne region, Oberkarnten withe lowest BCratio

of the selected regionsnproving 85% of exposeassets. Thigvould result in arNPV of net benefits

of adaptatiorof -33million EUR, significantlylessnegativehantheotherapproachesandwould lower
nationwide AAD by over 1.3 million EUR.

The second utilitarian interpretation, allocating adaptation funding weighted by regional GDP to
prioritize economicallyproductiveregions would leadto a concentratiorof improvedassetsnainlyin

the north and west of Austria, while the south and east would see significantly less investment. The
total NPV of net benefits of this approach is estimated tal@amillion EUR, lowering AAD by 0.9

million EUR.

An egalitarian approach aimed at providing as close to gupralapita NPV across regions would
converselyeadto amoreevendistribution,of assetprotectedwith a higherlevel of adaptationn the
south.However,no regionwill upgradeheresilienceof all theassetsurrentlyexposedo eventswith
a30-yearreturnperiod.Theresultingnationaleffectswould be similarto the GDP-weightedallocation
above, reducing AAD by 0.8 million EUR at an NPV -df3 million EUR. The egalitarian method,
which used a naofinear approach to minimize differences in NPV per capita, did not work well.
Significantvariationbetweenregionsremainedn the6 o p t sohateon,iridicatingthatotherallocation
methods may be needed.
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The prioritarian approach focusing on an invegreecapitaGDP distribution would also result in a
very similar allocation of effort as the utilitarian GDP approach. Although adaptation spending is
allocated differently, many regions would initially receive a higher allocation than needed, with a
secondoundof allocationredistributingfundsto regionswith lessneedfrom a prioritarianstandpoint,
resulting in some similarities between the two approaches.

Rail results

The total cost to increase the resilience of 77 kilometers of Austrian rail assets exposgedao 30
returnperiodeventgo withstand100-yearreturnperiodeventss estimatedo be 30.9million EUR.In

contrast to the road results, under our baseline assumptions almost all regions show a BC ratio larger
thanl.In 15outof 35regions, theamountof rail exposedo flooding for 30-yearreturnperiodevents

is less than 1 km, leading to extremely low adaptation costs compared to the benefits derived (as seen
in Table 6.1.4).

Table 6.1.4:Results of regional cost benefit analysis of conservative adaptation scenario for rail (improving all
assets exposed to a-g6ar returaperiod event and making them resilient to a-$8ar returaperiod event).
Benefitsare conveyedsthe change in average anndamagedrom the no-adaptatiorbaseline, costare in the
estimated kilometersf asset to b&reatedmultiplied by theperkm adaptatiortost.BC ratio arebenefits / costs,

and NPV is the sum of discounted costs and benefits over a 25 year time horizon. Bolded regions indicate areas
where NPV is positive, greyed out regions negative.

Region Benefits- Costs(thousand | BC NPV (25 year
reduction in AAD EUR) ratio lifetime,
(thousand EUR) thousandEUR)

Mittelburgenland - - 0 0.00
Nordburgenland 6.4 88.2 1.3 26.2
Sudburgenland - - 0 0.00
Mostviertel-Eisenwurzen 0.2 1.7 2.2 2.1
Niederdsterreich-Stid 0.0 0.2 1.3 0.05
Sankt Pdlten 45 62.2 1.3 18.5
Waldviertel 40.1 474.3 15 242.3
Weinviertel 0.0 0.4 1.3 0.1
Wiener Umland/Nordteil 0.2 2.8 1.3 0.8
Wiener Umland/Sudteil 57.3 718.7 1.4 305.6
Wien 1.3 35 6.4 19.2
Klagenfurt-Villach 185.3 2439.7 14 873.1
Oberkarnten 413.3 2736.9 2.7 4,651.9
Unterkarnten 259.8 3252.8 1.4 1,391.3
Graz 55.5 729.6 1.4 262.2
Liezen 44.8 554.2 1.4 246.6
Ostliche Obersteiermark 382.4 2728.3 25 4,107
Oststeiermark 286.2 3484.1 15 1,632
West- und Sidsteiermark 21.6 196.8 2.0 189.6
WestlicheObersteiermark 373.1 5119.9 1.3 1,550
Innviertel 427 451.4 1.7 312.7
Linz-Wels 129.9 1385.0 1.7 936
Muhlviertel 502.3 1616.0 5.6 7,363
Steyr-Kirchdorf 3.3 33.7 17 25
Traunviertel 64.6 703.3 1.6 451.6
Lungau - - 0.0 0.00
PinzgayuPongau - - 0 0.00
SalzburgundUmgebung - - 0.0 0.00
AuRRerfern - - 0 0.00
Innsbruck 85 66.2 2.3 85
Osttirol 11.8 135.3 1.6 75
Tiroler Oberland 1.6 9.0 3.2 19
Tiroler Unterland 493.2 3639.5 24 5,177
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Bludenz-BregenzerWald 0.1 1.9 1.3 0.6
Rheintal-Bodenseegebiet 19.8 231.6 15 122

Similar to road assets, we assess the potential distributional consequences of various allocation
mechanisms based on utilitarian, egalitarian and prioritarian criteria (see Figure 6.1.4).

Thestarkdifferencesn thedistributionof rail androadassetss immediatelyvisible. While allocations

based on external factors (e.g. regional GDP or inverse GDP per capita) are similar between the two
sectors, a utilitarian approach aimed at maximizing NPV would focus adaptation on a small set of
regions, notably Vienna, Ostliche Obersteiermark, Miihlviertl, and three regions in Tirol and Karnten,
resultingin an NPV of 20million EUR over 25 yearsAn egalitariarapproach aimedt closeto equal

per capita NPV across regions would lower total NPV to 8.8 million EUR, with adaptation focused
mainly in the south and west. The GiMeighted utilitarian approach and prioritarian allocation are
similarin adaptation cosind asset coverage distribution, wsttme small differences e.g.southern
Steiermark and Burgenland due to difference in prevalence of exposed road and rail assets.
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Figure 6.1.4:Rail Adaptation costs, percentage of assets covered, and NPV under different allocation scenarios
of a scarce budget for adaptation. The right column shows adaptation costs, middle column share of assets
affected, and right column the estimated NPV of adaptation by 2050. Each row contains a different allocation
strategy, with top corresponding to a utilitarian approach of maximizing total NPV or distributing based on
regional GDP, middle representing an egalitarian effort to minimize the deviation-gapiea NPV across
regions, and bottom a prioritarian approach of weighting adaptation funding based on regional GDP per capita.

4.2 4Sensitivity analysis

Our analysis relies on a number of assumptions. Here we investigate the robustness of our findings to
such assumptions, summarized in Figure 6.1.5. Changing in discount rates, costs, and aticoeinting
periodshasminorimpactsontheresultingbenefitcostratioandNPV. As expectedlower costseadto

slightly higherBC ratiosandNPV, andconversehhigh discountratesdepresdNPV, butresultsremain

mostly the same for both road and rail.
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This said, due to our conservative assessment of the regional costs and benefits of adaptation we
consider our results a lower bound in terms for the net present value of adaptation, especially when
taking into account indirect effects are not modelled here.
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Figure 6.1.5: Sensitivity of results to scenario assumptions for rail (red boxes) and road (blue) assets. The top
box plot panel illustrates changes in benedist ratios and the bottom panel changes in NPV. The blue boxes
indicatescenariaesultsusingalow (0.01)andhigh (0.05)discountrate;greenboxeseithera 20-yearor 30-year
accountingperiodfor benefits the red box showsthe resultof usingthe higherexpecteddlamagegor roadsfrom
thehazardcalculationsandtheorangeboxestheimpactof assumingeitherlow (200)or high (560thousandEUR)
adaptatiorcostsperkm of roador rail. In the upperpanel,the dashededline indicatesa BC ratio of 1, or where

a project would be seen as worth undertaking.

Thesensitivityanalysisconductedat theregionallevel (Figure6.1.6)showshighervariationespecially

across regions and for rail. Regardless, there are few regions which find themselves straddling the BC
ratio breakeven point (e.g. Waldviertel and Sankt Pdlten, and to a lesser extent Wiener Umland, for
road assets).
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Figure 6.1.6: Sensitivity of results by region for rail (red boxes) and road (blue) assets. The left box plot panel
illustrates changes in benetibst ratios and the right panel changes in NPV, in each region for all scenarios
described infable6.1.1.In the left panel, thelasheded line indicates a B@&tio of 1, or where aprojectwould

be seen as worth undertaking.

5. Barriers and conditionsfor implementation

In discussiomwith stakeholdersa clearpreferencdor moreincrementabhdaptatioroptionsemergeds

the current status quo. Transformative adaptation approaches such as network and system change are
perceivedastoodifficult, mainly dueto political pressureslsomotivatedoy costs(Table6.1.2).Given

the method by which risk mitigation or adaptation options are financed, it is generally much easier to
fund incremental adaptation. Financing for adaptation is limited to only what is specified in yearly
budgetsspecialfundingbeyondtypical yearlyexpendituresvould haveto beapprovedy Parliament,

which was seen by stakeholders as severely limiting the possibility of transformational adaptation
strategiesThereareadditionaldifficulties mainlyrevolvingaroundurisdictioni theexampleof spatial
planning was raised, as it is generally the purview of state or local levels, rather than via national
policymaking.Any attemptdo makespatialplanningdecisionsathigherlevelsis metwith discussions

of rights (e.g. local right to determine plans) and shuts down discussion.
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Beyond the above, jurisdictional issues are also perceived as a barrier to adaptation implementation in
termsof multiple Ministriespotentiallybeingresponsibldéor agivenaspecof flood risk andadaptation.

The Ministry of Agriculture, Forestry, Climate and Environmental Protection, Regions and Water
Management (BMLUK) may have purview over spatial planning issues, the Ministry of Innovation,
Mobility and Infrastructure (BMIMI) is responsible for transport policy, while the Ministry of the
Interioraddressedisasteresponsandplanning.In addition,attemptingransformativestrategiesuch

as network or systerdevel adaptation would likely be complicated by gvel governance, which

was noted by stakeholders as making relocation of rail and road lines difficult.

1. Discussion

As thescopeof thecasds nationwide andcoversarangeof differentgeographieandpotentialoptions,
thedifferenttypesof adaptatiorapplicableto transporinfrastructurearecorrespondinglyroad.In our

initial stakeholdeconsultationsywe aimedto focusonsimilarly broadadaptatioroptionsandstrategies.

As a startingpoint, wesuggested gypology of options developed in part the EU Project MIRACA
(Gonzaleztal., 2024)andfoundbelow,which represenpotentialapproacheto adaptatioroptionsfor

road and rail that range from more incremental in approach to sharply transformative adaptation
strategies:

1 Hazardlevel adaptationmeasureshatfocuson hazardmitigation;for flood hazard examples
would be installing dikes or other means of protecting exposed assets to flood. The option is
not specifically performed on infrastructure or for such infrastructure alone, but benefits from
hazard mitigation in the area.

1 Assetlevel adaptation: Contrasting the above, such adaptation options alter the infrastructure
asset potentially exposed to flooding, e.g., raising roads or rail lines to be out of risk of
floodwater.

1 Networklevel adaptationit identifieswhereredundanciesr alternativetransporpathwaysn
the network would be available to-reute flows in case of disruption due to flood, and/or
creating new pathways to do so.

1 Systemlevel adaptation: it changes the aims of the system, e.g. limits to adaptation of the
transportatiorsector soin thefuturebusinessewould berequiredor encouragetb keeplarger
stockpiles of materials, have multiple suppliers or transport options etc.

Ourgoalwasto assesdifferencesn moreincrementahdaptatiorversugransformativeandto identify

potential adaptation tipping points, whereby transformational adaptation may become more desirable
to stakeholders. However, as we held further stakeholder consultations, a clear preference for more
incremental approaches emerged, as discussed in section 5 above, which was also emphasized in an
ADT®6 stakeholder workshop held in July 2025, in that there is still too much uncertainty surrounding
transformative adaptation measures such as network or skstehadaptation.

Given these barriers, we focused more on deset adaptation (although hazdedel adaptation
would follow a similar approach and likely similar results), to illustrate different potential approaches
to distributingscarceadaptationmesourcesherebasedn variousfairnesscriteria. This supportsADT6

in assessinthe causedehindarelativelack of preemptiveadaptatiorin transport andupplychains,

here focusing on assessing direct costs and benefits of adaptation.

It has to be noted that in our analysis we do not account for indirect costs-beadedits. In the case

of transport and supply chains, suchbamefits (for example, reduction in delay in delivery time for
goods or increased travel time for workers or leisure travel) could be substantial. However, estimates
asto the sizeof sucheffectsarecontextuain nature(e.g.a studyfrom the USA indicateshat thetotal

indirect impacts from flooding could well beyond 100 times larger than the direct damage to transit
infrastructure (JEC, 2024).

Inclusion of such estimates requires more elaborate modelling frameworks not available for this case

study. Additionally, of interest would be to compare-pneptive adaptation with reactive approaches
which emergedrom workshopsas standardn the sectors,e.g. comparingthe benefitsof reactive
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Obuilding back betterd with proactive adaptatio
engagement stakeholders will be held to present our results and inform oumoitkiren identifying

possible adaptation tipping points, where impact estimates in the future become so high that
policymakers may view transformative adaptation as worthwhile.
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Casestudy 6.21 Supply chain resilienceanalysisfor_individual businessegAustria)
Partner: UniGraz

Spatial scale:firm-level (headquarters Austria)

Stakeholders:two internationallyoperatingcompanies

1. Decisioncontext

Businesses across the globe are increasingly facing disruptions driven by extreme weather events
(World EconomicForum2024).As climatechanggprogresseandglobaltemperaturesontinuetorise,

more frequent and severe climatic extremes are expected (IPCC 2023), increasing the exposure of
businessem climaterelatedrisks. Thedeepintegrationof globalmarketsandsupplychainshascreated
complexinterdependenciemakingsupplychaindisruptionsakey channethroughwhich climaterisks
affectbusinesseeperationgPankratzandSchiller2024,Marbler2025).Evencompaniesvith limited
directexposuréo climateriskscan suffersignificantconsequences due disruptionsin their supplier
networks (Carvalho et al. 2021).

Considering these challenges, a central question emergesvithdwsinesses respond to the growing
risk posed by climatehange, both directly artirough extendedupply chainsProactive integration
of climate risk management into strategic decisitaking is essential for safeguarding future
operations and maintaining competitive advantage.

To explore how businesses are responding to these risks, we conduct a case study focusing on two
Austrian companies operating in industries closely tied to renewable energy and electronics. These
companieserveasthedeepengagemerdtakeholderg our casestudy.By analyzingtheir climaterisk
management practices, particularly within the context of supply chain management, we assess the
adaptive measures they have already implemented and those they plan to adopt in order to strengthen
their resilience to climateslated risks. The overarching policy questions of the stakeholders guiding
this studyrevolvearoundhowto adaptto physicalclimateriskstransmittedhroughsupplychainsand

how to embed climate risk considerations into broader deemaking processes.

2. Current and future risk

Thetwo stakeholdecompanie®perateat differentstagef thevaluechain,offeringacomprehensive

view of supplychainmanagemerandexposurdo climaterelatedrisks. Onecompanyis positionedat

the downstream end, specializing in photovoltaic technologies. All its production facilities and direct
business partners are based in Europe; however, many of its European suppliers are sourcing inputs
from Asia. In contrastthe othercompanyoperatest the upstreanendof the valuechain,specializing

in printed circuit boards (PCBs) technologies. This company has production facilities in both Europe
and Asia, with 90% of its input sourced exclusively from Asia, making its supply chain heavily
dependent on Asian suppliers.

The primary production sites and fisind secondier sourcing locations for both stakeholder
companiesarelargelyconcentrateth WesternandCentralEurope aswell asEastandSoutheasfsia.
Accordingto the stakeholderghe companied$acedirector indirectrisk from multiple climatehazards,
including extreme heat, drought, and flooding.

Extreme heat can pose a dual threat to operations. First, exposure to heat reduces labor productivity
(Somanathan et al. 2021), potentially affecting stakeholder corpangd facilities and supplier
operations. According to the stakeholders this, however, is only a threat {airrcmmditioned
environments. Second, surges in cooling demand during heatwaves can strain power grids, increasing
therisk of poweroutagesandgovernmerimposedelectricityrationing,especiallyin Asia, asreported

by the stakeholders. This could disrupt critical production processes along the supply chain, as has
happened, for example, during the heatwave in Sichuan, China, in 2022 (Yao et al. 2022).

Drought conditions compound these risks by constraining water availability for industrial use and
reducinghydropoweroutput, which candrive up electricity pricesaccordingto the stakeholdersln
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severe cases, water scarcity may force governimgrased cuts in water supply for industrial
productionaswasthecaseduringthe2021Taiwandrought(Barbiroglio2021).Additionally, declining
water levels in keynlandwaterwaysncreasdransport times anldgistic costsdisruptingtheflow of
goods along shipping corridors (Meuchelbéck 2025).

Flooding exhibits a direct threat to physical infrastructure, with potential damage to production
facilities,warehousesndlogistic networksacrossothown operationsands u p p IsiiesAccsrding

to the stakeholders, the risk from flooding events stems from extended downtime, inventory loss, and
delays throughout the supply chain.

These risks can be expected to increase with
productionsitesandsourcinglocations. Accordingto theregionalfact sheetdrom Working Groupl of

thel P C Gtestassessmemeport(IPCC2021),temperatures all Europearregionsarerising faster

than the global average. The frequency and intensity of heat extremes have increased over recent
decadesindareprojectedo risefurtherunderall emissiorscenarioswhile cold extremesareexpected

to decline.Additionally, extremeprecipitationandpluvial flooding areanticipatedo increaseat global

warming levels above 1.5°C. In Western and Central Europe, river flooding has shown an increasing
trend, with projections indicating a significant worsening at global warming levels above 2°C. This is
also expected for hydrological, agricultural and ecological droughts.

Accordingto Working Groupl of thel P C Gatestassessmemeport(IPCC2021),in EastAsia, daily
precipitation extremes have already increased and are projected to become more frequent and intense.
Droughts have become more common in most parts of continental East Asia, although they are less
frequent in arid regions of Eastern Central Asia. Tropical cyclones have become more frequent and
intense in East Asia, with cyclone tracks shifting poleward. In Southeast Asia, future warming is
expected to be slightly lower than the global average, with rainfall projected to increase in northern
areasanddecreasén southermregions.Thecombinedeffectsof changingclimate,landuse,andhuman

activity are expected to increase flood risk and inundation in the Mekong Delta. In terms of tropical
cyclones SoutheasfAsia hasexperiencedewerbut moreintensestormsin recentyears Heatextremes

have increased across both East and Southeast Asia, while cold extremes have decreased, a trend
expected to continue in the coming decades.

The reliance on Asian production sites and suppliers thus exposes both stakeholder companies to
climaterisksoriginatingin Asia, in additionto thosein Europe Althoughbothcompaniegarebasedn

Austria and operate within the renewable energy and electronics sectors, their supply chain structures
andrisk profilesdiffer significantly.Onec o mp asapplgckainis largelycenteredn Europe pffering
someinsulationfrom global supplychainshocks lts relianceon seconetier Asiansuppliers however,

still necessitatesarefulconsideratiorof potentialvulnerabilitiesto climaterelateddisruptionsin Asia,
especially as future climate risks intensify. The other company, by contrast, is more deeply integrated
in the global supply chain, with a greater dependence on production facilities and suppliers in Asia,
particularly in China. This exposes it to higher risk of supply chain bottlenecks and eletzdéel
disruptions in the region.

3. Identifying adaptation options

Although proactive adaptation to climate change risks is not yet a central objective of the two
stakeholder companiesd supply chain management
role in building resilience against climatelated risks. By analyzing prevailing supply chain
managemergracticesthis casestudyexploreghepotential(co-)benefits(co-)costs barriersandpath
dependencies that may arise when companies implement adaptation measures to enhance the climate
resilience of their supply chains.

Diversification, recognized as a key supply chain management practice that supports climate change
adaptation, was a centitalpic in discussions with tretakeholders. Other adaptation options explored
include increasing inventory levels, enhancing operational flexibility, localizing supply chains, and
implementing climate risk assessment and monitoring systems.
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Theseadaptatioroptionsareprimarily incrementahndsoftin nature meaningheycanbeimplemented

with minimal disruption to existing operations. By identifying the benefits, todite and challenges
associated with adaptation options, this case study aims to support the deep engagement stakeholders,
as well as other relevant actors, in evaluating and implementing a tailored adaptation strategy that
addresses the evolving climatated supply chain risks.

4. Assessmenbf adaptation options

4.1 Methodology

This case study employs sestiuctured and unstructured expert interviews to gain insights from the
deep engagement stakeholders. Interviews were conducted with representatives from various
departmentsvithin thetwo companiesincludingthoseresponsibldor supplychainrisk management,
coveringthemonitoringandmitigationof supplychainrelateddisruptions andsustainabilityreporting,
including compliance with the Corporate Sustainability Reporting Directive (CSRD). All interviews
were conducted with representatives from the risk management department or the sustainability
reportingteam.In total, we conductedL 2 interviews(nine with onecompanyandthreewith the other)

with representatives of the two stakeholder companies.

The primary objective of these interviews was to first identify how the companies currently manage
physical climate risks along their supply chains and how they plan to address such risks in the future.
A central question explored is whether businesses are proactively implementing adaptation options or
merelyarerespondingdo climaterisk in ashortterm,reactivemanner Additionally, intervieweesvere

askedo simulatea scenaridn which a critical supplieris disruptedoy anextremeevent.This exercise

aims to uncover how individual businesses respond to chreated supply chain shocks and which
coping mechanisms they have in place to minimize the resulting damage.

Whenever possible, stakeholders were encouraged to quantify the costs associated with adaptation
options,suchastransitioningfrom single to multi-sourcing Qualitativeinformationon co-benefitsand

co-costs weralsocollectedwherever possiblandbarriersto adaptatioras wellas pathdependencies

that may influence decisiemaking were discussed with the stakeholders.

4.2 Results

Currently, the stakeholder companies primarily rely ofpest measures to address climaated
supplychaindisruptions Thesemeasuresypically involve monitoringpotentialrisks andthenmaking
reactiveadjustments$o operationsProactivemeasurespecificallydesignedo mitigateclimaterelated
riskswithin supplychainsarenotyetin place.However,somelevel of climaterisk reductionoccursas
a cobenefit of broader risk management practices in supply chain operations, such @®unciltig
or maintaining safety stocks.

With the evolving reporting requirements of the European Union, particularly through the Corporate
Sustainability Reporting Directive (CSRD) and the Corporate Sustainability Due Diligence Directive
(CSDDD), large European companies are in the process of establishing frameworks for reporting
physical climate risks, including those affecting their supply chains. The next mandated step in this
process involves identifying climate change adaptation investment needs. As a result, it can be
anticipatedhatlargebusinesseacrosgshe EU will soonbeginto considemproactive ex-anteadaptation
measures to mitigate physical climate risks and assess the financial resources required to implement
such measures, not only within their own operations but also across their supply chains.

Since supply chain risk management practices aimed at addressing physical climate risks do not
significantly differ from broader supply chain management practices used to mitigate other types of
risks, such as trade restrictions, pandemics, or geopolitical instability, it is possible to identify climate
changeadaptatioroptions,alongwith their associatedosts benefits barriers,andpath-dependencies.
Theseadaptatioroptionscanthenbeintegratednto acomprehensivadaptatiorstrategythatalign with

the broader goal of supply chain resilience.
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4.2.1Adaptation Options and AssociatedCosts

The stakeholders identified several adaptation options to enhance supply chain resilience against
climaterelated risks. These include localization, which involves sourcing from European suppliers or
Europebased distributors that produce in Asia, thereby reducing the direct sourcing risks; increased
inventory levels, such as maintaining a safety stock to buffer againsttatmrsupply shortages;
improved operational flexibility, which entails adjusting production plans and resource allocation to
minimize the impact of production shortfalls; and supplier diversification, involving 1smulticing to

reduce switching times between suppliers.

In terms of expost responses to climatelated supply chain disruptions, such as flooding at sourcing

sites, both stakeholder companies rely on neattiraal monitoring systems. These systems are based

on a thirdparty, Alsupported platform that uses web scraping to process global media coverage
relevantto their businesgartners.The annualsubscriptioncost for this platform is approximately

u40, 000, which varies depending on the selected
potentialdisruptionis receivedtherisk managementeamconsultswith the purchasingeamto assess

whether the highlighted risk is materializing, its potential consequences, and available alternative
sourcing options.

For exampl e, during the 2024 flooding events i
received alerts for both their own and their su
materialize, and production remained unaffected. This company employs approximately 7,000 people

and currently dedicates 2.5 fiiine positions to managing supply chain risks, including reactive, ex

post responses to physical climate risks. The t
managementncludingpersonnelsoftwareandauditexpensesamountgo aroundi 4 0 0 HOwW@\er,

for a more comprehensive climate risk assessment and proactive adaptation planning, the stakeholder
estimates that doubling its risk management staff would be necessary, adding approximately an
addi tional 250,000 in annual costs at current v

Monetized cost estimates were generally limited for most adaptation options, except for supplier

di versification, where the stakeholders conduct
simulated a disruption involving a printed circuit board (PCB) supplier, which provides around 10
differentPCBstothes t a k e hcorpdngln thallisruptionscenarioflooding renderedhe supplier
unable to deliver, affecting the stakehol der séo
To simplify the complexity of the scenario, the stakeholder focused on one of these PCBs used in ten

of its final products.

The financial impact was calculated based on revenue at risk. As of Fall 2024, thershompact
amounted to approx. 0300,000 in lost revenue du
measur es, t he annual revenue | oss could reach ufj
reduced machinery utilization, and the letegm revenue losses were acknowledged, these were not
guantified.Theproces®f qualifyinganewPCBsuppliertakesabouttwo yearswith internalpersonnel

costs estimated at approximately 015,000 in add
potentialprice increase$rom newsuppliershathappenduring marketshortagesk-or instanceduring

the COVID19 pandemic, the company experienced huge price spikes for electrical components and
semiconductors. These would substantially increase the estimated costs.

For other components than PCBs, suclalasninumdie-cast parts or custoutesigned chips, where

additional investments in tools or software are required, the costs for establishing a second qualified
andproductionreadysourcecanexceecdnemillion. Thus,the costof switchingfrom single to multi-
sourcingvariessignificantly dependingn the componentnderconsiderationmakingit impossibleto

derive a single general cost estimate. The bandw

Even when a second source is already qualified, switching suppliers is not instantaneous, typically
requiring 24 months. To bridge this gap, companies must develop an integrated adaptation strategy
centered on diversification and complement it with other adaptation options, such as
maintaining
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adequate safety stock inventories and enhancing operational flexibility. In theabesscenario,
sufficient inventory can cover the shortage. However, when inventories are insufficient, stakeholders
emphasize that adjusting production plans and prioritizing customer orders of unaffected components,
along with flexible resource allocation, especially regarding personnel, is essential to minimize losses
during transition periods.

As noted earlier, climate risk assessment is another adaptation option employed by the stakeholder
companies. However, the two companies employ different approaches to establish their climate risk
assessment . One stakeholder company-basedmalthdatai nabi
uses opessource climataisk and vulnerability indicators. In contrast the other stakeholder company,

which employs approximately twice as many people as the other company, collaborated with an
external consultancy that draws climaigk data from a thirgbarty platform operated by Jupiter
Intelligence.

4.2.2(Co-) Benefits

Many of theadaptation options designed to address supply chain disruptionbroffeler operational

and strategic benefits beyond climate risk mitigation. These include the reduction of exposure to
geopoliticalinstability, marketfluctuations andregulatorychangesAccordingto stakeholderssupply

chain diversification and localization generate substantiblecefits.

Forthes t a k e hcompdng spreaalinguppliersacrosdifferentgeographigegionsor diversifying
suppliers within a region has reduced exposure to risks concentrated in a single location or supplier,
whether those risks stem from climaittated events, political instability, or other unexpected shocks.
This brings enhanced flexibility, enabling more effective management of disruptions.

Supplierdiversificationhasalsofosteredcompetitionamongsuppliersresultingin benefitsin theform

of cost savings. Sourcing from multiple supplie
power, allowing them to negotiate more favorable pricing terms. In sectors such as electronics, where
price volatility is common, this flexibility is especially advantageous. Another key benefit of having
access to a broader supplier base is exposure to a wider range of technological innovations, which in
turn has driven internal innovation and improved the overall business competitiveness of the
stakeholdersdé company.

Localizationwithin Europehasalsobroughtadditionalbenefits particularlyin strengtheningustomer
relationships. One stakeholder company, for instance, uses its ability to trace components back to
Europearsuppliersasa competitiveadvantageln anerawherecustomersncreasinglydemandsupply

chain transparency, this localization allows the stakeholder company to assure its clients that its
products meet local regulatory and sustainability standards. By prioritizing European suppliers, the
stakeholder company not only meets customer demands but also enhances supply chain resilience by
reducing reliance on global shipping routes, which are more vulnerable to climate and geopolitical
disruptions.

5. Barriers and conditionsfor implementation

Despite theséco-)benefitsthe stakeholdernslentified several barrierto implementing the adaptation
options discussed. A key challenge is the additional financial, technical, and organizational effort
required. For instance, transitioning from sirgtircing to multisourcing involves significant costs
relatedto supplierqualificationandcomponentesting.Furthermoremanyproductanustcomplywith

a wide range of technical standards and national regulations across different countries. Thus, before a
product can be introduced into a market, it must undergo a series of certifications. As a result,
introducing alternative components often requires reinitiating the certification processes, making
diversification both costly and tirrnsuming. This creates a major barrier to diversification, as it
involvesnotonly additionalfinancialcostshutalsoincreasegersonneéffortsin supplierqualification,
product reconfiguration, and certification preparation.

151



Another major barrier to supply chain diversification and localization stems from the market structure
of certain products. In some cases, products are sourced from a highly concentrated market, such as
semiconductor components, or a geographically highly concentrated industry, such as photovoltaic
components. Thiack of viable alternatives outside specific region or concentrated marketits the

ability to diversify supply chains effectively.

In additionto thesestructuralchallengestherearespecificbarriersrelatedo climatechangeadaptation.
Onekey issueis theknowledgegap.Oftenorganizationdack theinternalexpertiseequiredto process

and analyze climate data, making it difficult to conduct reasonable climate risk assessments without
externakupportHowever asstakeholderemphasizedyuildingin-housecapabilitieds oftenpreferred

over relying on external consultancy services.

Finally, there are also organizational barriers. Often it remains unclear which department within a
company is responsible for climate change adaptation and resilience building. Is it the purchasing,
sustainability, or risk management department? Currently, these responsibilities are often not clearly
defined, and this lack of clarity can complicate the development and implementation of integrated
adaptation strategies.

To overcome these challenges and to enable the implementation of effective adaptation strategies,
organizations must establish clear responsibilities and accountability for climate adaptation planning

and implementation. This prevents fragmented decisiaking and enables the formation of more
integrated adaptation decisions. In the context of supply chain management, supplier selection should
follow a structured onboarding process that incorporates both current and future climate risks at
suppliersé product i on-criicalcanponentk, snplteple supplieksyshouldfbe r b u
identified and qualified. This can help to avoid situations where past sourcing decisions creigte lock
effectswith high-risk suppliersmakingit difficult to transitiontowardsa moreresilient suppliein the

future.

6. Conclusionand reflection on adaptation strategiesfocusedon diversification

While supplier diversification is an important step toward increasing the ctimsiteence of supply
chains, it is not always sufficient on its own. Our case study shows that even when a second qualified
supplieris alreadyin place,switchingsuppliersalmostneveroccursinstantaneouslgndtypically takes
between two to four months. Therefore, supply chain diversification must be complemented by
additional adaptation options to effectively manage disruptions.

First, maintaining adequate safety stock of critical components can help bridge shortfalls during
transition periods. Second, increasing operational flexibility allows for adjustments to production
schedules, prioritizing unaffected customer orders, and the flexible reallocation of personnel. Finally,
reaktime monitoring of climate risks across the supply chain is essential for timely and informed
response planning.

Combining supply chain diversification with inventory management, increased operational flexibility,
and realtime monitoring into a comprehensive adaptation strategy can be key to minimizing losses
during climaterelated supply chain disruptions. Tlvigegrated approach not only enhances resilience
but also supports more proactive and adaptive deeisaing in the face of evolving climate risks.
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7 Cross-cutting decisions

Case study 7.1/7.2 Costs and benefits of national adaptation programmes/Implications of
adaptation for the Government public finances (United Kingdom)

Partner: PWA, Uni Graz

Spatial scale:NationalScale England/UK

Stakeholders:Hi s Maj estybs Treasury (HMT), Depart ment
(Defra), Office for Budget Responsibility (OBR)

1. Decisioncontext
This casestudyfocusentheuseof economicsn nationaladaptatiorplansandprogrammesyorking
with English government (UK) stakeholders.

In the UK, there is a statutory requiremirats set out in the Climate Change Act 2008 (UK
Government, 2008) for Governmento undertake anssessment dfie risks tahe UK of thecurrent
andpredictedmpactof climatechangeThis assessmelis repeatedveryfive years The UK hasnow
completed three rounds of this policy cycle, with tfeC3imate Change Risk Assessment (CCRA3)
technical assessment published in 2021 (CCC, 2021) and Government report in 2022 (HMG, 2022).

Thereis alsoastatutoryrequiremento publishanationaladaptatiorprogrammeollowing eachCCRA,
settingouthowthe Governmenwill addressherisksidentified.In theUK, adaptations devolvedand

so the countries of England, Scotland, Wales and Northern Ireland prepare their own adaptation
programmes. In England, thé® 3ational Adaptation Programme (NAP3) was published in 2023
(Defra,2023).NAP3setouttheEnglishG o v e r n pn@posediragrammeof adaptatioractionsover
thenext5 years(2023 2028).A longlist of specificactionswaspublishedcollatedunderfive thematic

areas). However, there was no analysis of costs or benefits of these adaptation actions.

The ACCREUUK stakeholdersvereconsultedonthe possibleareasof interestfor the UK casestudy.
ThesestakeholdergncludeHisMa j e SreasyfHMT), whoarethe Ministry of Financen the UK,

the Departmenfior Environment, Foo@dnd Rural AffairdDefra), whohavethelead responsibilityor
domestic adaptation (and the NAP), and the Office for Budget Responsibility (OBR), which has a
scrutiny role providing advice to Government on fiscal forecasts and risks.

Theoverarchingoolicy questiongieterminedy thestakeholdersvere:

1 Whatarethecostsof the 3rd NationalAdaptationProgrammendwhatarethe potentialeconomic
benefits it might deliver?

1 What are the macroeconomi@and fiscal costsand benefitsof adaptationand what are the net
implications for the public finances?

The first case study (7.1) developed a costing of NAP3, and extended this to also look at the potential
economidbenefitsof adaptationyorking with individual actions.This providesimportantinformation

on thelikely costsandbenefits ofadaptatiorfor Government. Thisostinformation isrelevant forthe

U K 63g/earmediumtermexpenditurdramework(MTEF) andthe multi-yearspendingeview,which

sets out the public spending across Government departments for the next three years (from 2025), and
in turntheannual budget. &lsohelps build the evidence basetbreconomic benefitef adaptation.

Theanalysishasalsobeenextendedo a seconccasestudy(7.2),lookingin moredetailat key national
adaptation options in NAP3 and estimating the costs and economic benefits of this adaptation for
different climate scenarios, and then feeding this information into a Computable General Equilibrium
(CGE)Modeltolook attheeffectson GDPandonthepublicfinancesThishasfocusedonthe potential
costsandbenefitsof flood protection(for coastalriver andsurfacewaterfloods. Theanalysiss linked

with activities in WP4, and the collaboration with the University of Graz to run their CGE model
(COIN) (Bachneretal., 2019).This providesinformationontheeconomicandfiscal costsandbenefits

of adaptation.
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2. Current and future risk

The current and future risks for England are set out in the CCRA3, and the monetary value of these
were assessed in the CCRA3 monetisation report (Watkiss et al., 2021). This includes 61 risks and
opportunities. An analysis of the most important risks identifies these have annual economic costs of
several £billion/year today, rising in future periods, see Figure 7.1.1. The previous project COACCH
results were also included in the Government CCRA3 report (HMG, 2022) and assessed the potential
macreeconomic impacts of climate change.
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Figure 7.1.1:A) Estimated annual costs of climate change in the UK for a selection of risks. Source Watkiss et
al., 2021. B) Net aggregate economic costs of climate change for warming scenarios (RCP2.6, 4.5 and 6.0) for
England. Source COACCH project (Bosello et al., 2020).

3. Identifying adaptation options

The 3rd National Adaptation Programme set out
next five years (2022028) to address the 61 risks and opportunities identified in the CCRA3. This
includes 389 individual actions. These include a wide range of structural arsdractural options,
grouped into five thematic areas (infrastructure, natural environment, health afimkingll business,

and international). However, the NAP3 did not provide an overall estimate of the costs to deliver this
plan. This wasidentified asa key gapin the development angnplementatiorof adaptationincluding

its integrationinto publicspending budget3.here was alsoo assessmerdf theeconomic benefitef

this adaptation.

Oneof thelargesteconomiacostsof climatechangedor the UK is flooding (seefigure above) from the

combinationof sealevelrise (coastafloodingin thefigure) andfrom river andsurfacewaterflooding.
A deepdive wasthereforeundertakemnthishazardn thesecondtasestudy,developingnoredetailed
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analysis of the costs of these adaptation actions, as well as the benefits, and using this information as
an input into a CGE analysis (linked to WP4).

4. Assessmenbf adaptation options

4.1 Methodology

Theinitial analysisreviewsthe 389 uniqueactionsin NAP3. This foundthe majority areevidenceand
research{87 actions) angrocesptions(153),with 70 directinvestment®r actionsandafurther 79

that are mixed, in that they may lead to subsequent investment or action. This highlights the focus on
evidenceandprocesaithin nationaladaptatiorplanning,in line with adaptivemanagemerdapproaches

For those options that involved more direct investments, the analysis then moved to cost assessment.
To do this a typology was developed for assessing the potential incremental costs of adaptation for
different types of investments. This work drew on the Joint methodology for tracking climate change
adaptatiorfinanceof the Multi-Lateral Development BanK&IB, 2022).This identifies three typeasf
adaptation actions:

9 Building climate resilience into programmes and investments (climate proofing, Type 1). In this
case adaptation is a secondary objective. For example, the costs of addressing climate risks in the
design and building of new road investments or new national rail projects. In this case only the
additional(incrementalpdaptatiortostsof makingtheinvestmentlimateresilientarecountedand
costed as adaptation (not the costs of the underlying road or rail investment).

1 Investments where adaptation is one of a number of objectives (mixed adaptation, Type 2). For
examplejnvestingin peatlandestoratiordeliversmultiple benefitsjncludingimprovedecosystem
services, water regulation, carbon sequestration, but also enhanced climate resilisitecafmh
off-site).A proportionof thesenvestmentganthereforebe countedasadaptationbutajudgement
has to be made of the proportion of adaptation compared to other objectives (attribution). This is
more difficult and often involves more subjective assessment.

i Targeted adaptation programmes and investments (pure adaptation, Type 3), where the primary
objective is to reduce vulnerability to climate change. For example, investing in coastal flood
protection to address stavel rise. In this case the total investment is counted as adaptation.

The analysis then looked at the major options in NAP3 and assigned these the categories above, then
costed these based on existing government expenditure data or estimates based on the literature (e.g.,
the typical % uplift for climate proofing road investments). A review of government documents
(including regulatory impact assessments) and the wider literature was then undertaken to assess the
potential economic benefits of each of these adaptation categories.

For the second part of the study, the costs and benefits of sector level adaptation were taken. This
analysisfocusedonfloodsanddrewonthe nationalassessmermf flood costsandbenefitsmodelledin

the CCRA3 (Sayers et al., 2020: Watkiss et al., 2021) and a detailed analysis of recent expenditure
(Defra,2023b)andpotentialfuturecostsof flood investmentg$EA, 2019).Theanalysisof theeconomic

impacts of flooding included the impacts of current climate variability and future climate change, and
the expected annual damage to residential aneregidential properties, as well as to infrastructure
(public and private). It also included the indirect impacts to the economy, from cascading impacts on
transport, business disruption, as well as the impacts of floods on health, including reductions in
productivity and additional treatment costs. The benefits of adaptation from the reduction in these
impacts was also assessed, based on the sources above (Sayers et al., 2020: Watkiss et al., 2021). The
information on costs and benefits for different climate scenarios were then fed into the CGE COIN
model of University of Graz to look at the macroeconomic effects and the implications for the public
finances. This uses the same method as previous applications to Austria (Bachner et al., 2019) and
focuses on 2030 and 2050.

4.2 Results

The results indicate the total adaptation costs for the full delivery of NAP3 would amount to
approximately£9 billion peryearin the period2025 2028for England.This is approximatelyl% of
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currentGovernmenspendingor around0.4%of GDP (HMT, 2024).Thisis a significantincreaseover
the estimated adaptation costs in thelgAdP3 period (estimated at approximately £3 billion/year).

The breakdown of annual adaptation costs is shown in Figure 7.1.2, where the size of the bubble
representtheannualvalue.Thevaluesaresplit top to bottominto eachof thethreetypesof adaptation
(climateproofing, mixed objectivesandpureadaptation)andbetweertheleft andright asbeingborne

either bythe public financesor by householdshroughutility chargesor other pasthroughcosts.It is

stressed that large proportion of thesmsts aralready existing spendingtherthan proposed costs.

Public Private

Floods
approximately £1.5 Water
Pure Bn/yhear 102028 - Fer e Ofwat Price
ELE] ptatio n tenabd s Climate Finance Review 2024
pllhon/year - Adaptation only £6.9 Bn for
with Long-term £1.5 bn for 2025 drought
Investment strategy resilience,
Short-term could fall flooding, supply
but longer-term rise .
by 2035 for New QELSyErs
Collective Quantified
Goal

Figure 7.1.2: Estimated annual costs of adaptation for NAP3. Note that the size of the bubbles reflect annual
adaptation spending (Ebillion/year) for announced rydtir commitment.

The results show that majority of these costs (approximately 55%) fall to the public buitiget.
remaining costs fall to the private sector through privatised utilities for water and electricity sectors,
andwhichwill thenbe passednto regulatedndustriesandhouseholdse.g.throughwaterandenergy

bills, as well as costs for new buildings, which will be passed through in higher costs to house prices.

The results also show that while the highest costs are associated with pure adaptation (Type 3) at the
bottomof thefigure, from flood protectionjnternationaktlimatefinanceandwater,therearehigh costs
associated with climate proofing new infrastructure including both public and private infrastructure.
Thisincludesthe existingclimateresiliencein designannouncedn NAP3 andin placein theroadand

rail sectorjn public buildingssuchashospitalsandprisons,andthroughto privateresidentialproperty

through building codes.

A keyinsightof thisanalysids thatNAP3 primarily focusedon climateproofingnewpublicandprivate
infrastructure, but it does not tackle the larger impact of addressing growing climate impacts (e.qg.
overheating}o the currentstockof critical andpublicinfrastructureThisis amuchbiggerissueandis

likely to meanmuchhighercostsn future NAPs.Forexamplewhile thereis acostin NAP3for climate
proofing new hospitals, the current government programme is only building and refurbish2ty 10
hospitals, but there are approximately 1100 hospitals in the UK (NHS, 2024). Retrofitting climate
adaptation in this stocks (and the same for prisons, schools, public buildings) would have very large
potentialcostimplicationsfor the public finances gspeciallyasmanyof thesehavelong life-timesand

are likely to face rising climate risks within their design lifetime.
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