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Executive Summary  

Critical infrastructures refer to the array of physical assets, functions and systems 

ÔÈÁÔ ÁÒÅ ÖÉÔÁÌ ÆÏÒ ÅÎÓÕÒÉÎÇ ÔÈÅ %5ȭÓ ÈÅÁÌÔh, wealth, and security. Ensuring climate 

resilience of critical infrastructures and EU regional investments and measures is an 

important component of EU policies and funding mechanisms. Information on the 

resilience of critical infrastructures and large investments to climate change, 

however, is staggeringly lacking in literature. The CCMFF project aim was to fill this 

gap by providing insight on current and future impacts of climate extremes on the 

present stock of critical infrastructures in Europe and on regional investments 

under the EU Cohesion Policy for the 2007-2013 programming period.  

 

The project performed the first comprehensive multi-hazard multi-sector risk 

assessment for Europe under climate change to identify the most vulnerable and 

impacted regions in Europe throughout the 21st century. The methodology applied 

integrates a set of coherent, high-resolution climate hazard projections, a detailed 

harmonized representation of sectorial physical assets, productive systems and 

investments, and estimates of their sensitivity based on surveyed expert opinion 

and literature review. The three components are linked with recorded climate 

disaster damages in order to derive quantitative estimates of risk under current and 

future climate conditions. Costs required to make infrastructures and investments 

climate resilient are evaluated based on possible avoided damage scenarios and 

cost-benefit information derived from literature.  

 

The key findings of the study can be summarized as follows 
 

¶ Europe will see a  progressive and very strong increase in overall climate 

hazard with a prominent spatial gradient towards south -western regions. 

Key hotspots emerge particularly along coastlines and in floodplains.  

¶ Climate hazard impacts to critical infrastructures and E U regional 

investments may strongly rise in Europe: damages could triple by the 

2020s, multiply six -fold by mid -century, and amount to more than 10 times 
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present damages by the end of the century.  

¶ Economic losses are highest for the industry, transport a nd energy sectors. 

The strongest increase (>1,500% by the end of the century) in damage is 

projected for the energy and transport sectors, and for EU investments in 

environment and tourism.  

¶ Floods currently account for approximately half of climate hazar d 

damages, but in the future droughts and heatwaves may become the most 

damaging hazards.  

¶ Substantial resources may be required to increase the resilience of critical 

infrastructures and EU regional investments against future climate  

¶ Impact and adaptati on costs do not fall equally across Europe. Southern 

and south -eastern European countries will be most impacted.  

 

Notwithstanding that the numbers presented may be subject to uncertainty, they do 

highlight some important issues. The distribution of economic costs in space and 

amongst sectors provides an indication of the regions and sectors that may face 

substantial efforts for making present and planned critical infrastructures resilient 

to future climate. The disproportionate distribution of impacts across the EU leads 

to the question of how these costs could be shared. A better understanding of the 

regional and sector distribution of impacts could aid in orienting further EU 

investments such that Cohesion policy also gains meaning as a burden sharing 

instrument for adaptation to climate change. 

 

We further stress that the myriad of climate change impacts go far beyond those of 

the 7 climate hazards considered in this study; hence, it should be kept in mind that 

the damages presented here only reflect a fraction of the potential climate change 

impacts to society. 
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1 Introduction  

1.1 General aim and settings  

Critical infrastructures represent a large economic value, both as capital asset and 

essential element in the functioning of the economy. Different types of 

infrastructures and investments have different levels of vulnerability to climate 

change. Moreover, as climate change impacts are manifested locally, individual 

assets have different hazard exposures depending on the geographic location.  

 

The potential negative consequences of climate change and the need to increase the 

resilience of our society to unwelcome impacts has received increased attention in 

the scientific and policy debate in recent years. The EU has made strong efforts for 

augmenting the profile of climate change in their budget and policies. This is 

expressed by the following actions.  

¶ The European Council has set as political objective to earmark at least 20% of 

the entire EU budget for climate-relevant actions in the period 2014-20201.  

¶ The current programming period is the first in which climate considerations 

have been included. Major projects funded by ESIF will need to be screened 

against climate-related vulnerabilities and necessary adaptation measures 

need to be reported2.  

¶ For European and Structural Investment Funds (ESIF) there is now the 

specific requirement that adaptation to climate change is part of the 

horizontal principle of sustainable development3.  

¶ One of the 11 thematic objectives under the new ESIF interventions includes 

specific measures for adaptation (Thematic Objective 5 ɀ Promoting climate 

change adaptation, risk prevention and management)4.  

                                                        
1 Conclusions of the European Council (7/8 February 2013) as regards the Multiannual Financial Framework. 
2 Article 101 of Regulation (EU) No 1303/2013 of the European Parliament and of the Council of 17 December 2013; Commission 
Implementing Regulation (EU) 2015/207 ς Annex II, Section F.8. 
3 Article 8 of Regulation (EU) No 1303/2013 of the European Parliament and of the Council of 17 December 2013. 
4 Article 9 of Regulation (EU) No 1303/2013 of the European Parliament and of the Council of 17 December 2013. 
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¶ Guidelines and tools that have become available on how to take into 

consideration climate change adaptation actions in EU funded investments 

and measures5,6. 

 

Despite this increased attention and recent scientific advances, quantitative 

information on the vulnerability and risks of critical infrastructures and large 

investments to climate change and variability is barely available in literature. The 

CCMFF project aims to fill this gap by evaluating current and future impacts of 

climate extremes on the current stock of critical infrastructures in Europe and on 

regional investments under the Cohesion Policy for the period 2007-2013.  

Critical infrastructure are defined by the EC7 ÁÓ ȰÁÎ ÁÓÓÅÔȟ ÓÙÓÔÅÍ ÏÒ ÐÁÒÔ ÔÈÅÒÅÏÆ ɉȣɊ 

which is essential for the maintenance of vital societal functions, health, safety, 

security, economic or social well-being of people, and the disruption or destruction 

of which would have a significant impact in a Member State as a result of the failure 

ÔÏ ÍÁÉÎÔÁÉÎ ÔÈÏÓÅ ÆÕÎÃÔÉÏÎÓȱȢ !ÃÃÏÒÄÉÎÇ ÔÏ ÔÈÉÓ ÄÅÆÉÎÉÔÉÏÎȟ ÃÒÉÔÉÃÁÌ ÉÎÆÒÁÓÔÒÕÃÔÕÒÅÓ 

considered in this study include existing transport systems (roads, railways, 

airports, ports, and inland waterways), energy production (renewable and non-

renewable energy power plants) and transmission (electricity distribution and 

transmission infrastructures, gas pipelines) systems, heavy industr ies (metal, 

chemical, mineral + refineries), water and waste treatment facilities, and social 

infrastructures (education and health). 

The EU regional investments refer to projects financed by the Cohesion policy (CP), 

ÁÌÓÏ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ Ȭ2ÅÇÉÏÎÁÌ ÐÏÌÉÃÙȭȢ They are a key financial instrument in the EU,   

redistributing about a third of the ÅÎÔÉÒÅ %5 ÂÕÄÇÅÔ ɉστχ ÂÉÌÌÉÏÎ Ό ÆÏÒ ÔÈÅ ÐÅÒÉÏÄ 

2007ɀ2013) among European regions based on economic and population indicators 

such as regional and national prosperity, unemployment rates and population 

                                                        
5 CLIMA.C.3/SER/2011/0011: Methodologies for climate proofing investments and measures under cohesion and regional policy and 
the common agricultural policy.  
6 ENV/CLIMA.C.3/SER/201l/0037r - Guidelines for project managers: "Making vulnerable investments climate resilient". 
7 COUNCIL DIRECTIVE 2008/114/EC of 8 December 2008 on the identification and designation of European critical infrastructures and 
the assessment of the need to improve their protection. 
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density8, with the aim of achieving social, economic and territorial cohesion across 

the EU. 

 
 

1.2 Scientific challenges  

Five fundamental scientific challenges have been identified which have driven the 

strategic research activities within the project. The problem to be addressed is 

highly complex and the development of a comprehensive assessment framework for 

appraising the risks to critical infrastructures of climate hazards in present and 

future climates requires the integration of different scientific disciplines across 

physical, social and economic fields.  

 

Challenge 1: Understanding how multiple climate extremes will evolve in 

Europe along the twenty -first century.  

Europe is expected to face major impacts from a changing climate over the coming 

decades. The hazard to society and environment will be largely connected to 

changes in extreme climate events, due to their disproportionate rise compared to 

changes in climatological averages. Threats will be more pronounced in areas prone 

to multiple climate hazards. In this context, a multi-hazard assessment accounting 

for possible regional variations in intensity and frequency of climate extremes is 

essential to identify areas potentially more exposed to climate change. The detailed 

multi -hazard assessment at pan-European scale as the one presented herein has not 

been documented in literature.  

 

Challenge 2: Developing a spatially coherent dataset of existing critical 

infrastructures.  

Geographic information on infrastructures is crucial to assess with spatial detail the 

potential impacts of climate change. Datasets of existing infrastructures collected 

                                                        
8 European  Council  (2006)  Regulation  (EC)  No  1083/2006  laying down general provisions on the European Regional Development 
Fund,  the  European  Social  Fund  and  the  Cohesion  Fund  and repealing Regulation (EC) No 1260/1999. 



12 
 

and maintained by different organizations in Europe lack homogeneity in spatial and 

thematic coverage and measurement units. Filling incompleteness in the source 

databases and designing a harmonization framework to allow for comparability 

between infrastructures are key tasks to properly accounting for regional 

differences in infrastructures distribution and quantifying the potential exposure.     

 

Challenge 3: Determining the sensitivity to climate hazards of critical 

infrastructures and EU -funded projects.  

Climate sensitivity of a given infrastructure/investment depends on multiple factors 

including the nature of the climate-induced shock (e.g., temperature-based stress, 

dry spells, flood inundation, fire of windstorm damage), the on-site structure and 

processes (e.g., physical properties of the material) and the input sources exploited 

(e.g., water, energy). Establishing the climate sensitivity for a large set of 

infrastructures/investments is essential to comprehensively account for the diverse 

degrees of susceptibility of the current multifaceted socio-economic systems.  

 

Challenge 4: Assessing impacts at pan-European scale consistently and 

comparably across multiple sectors and climate -related hazards.  

Projected increases in frequency of multiple climate hazards in many regions of 

Europe emphasize the relevance of a multi-hazard multi-sector risk assessment. 

This requires the integration of the climate hazard, exposure and sensitivity 

components within a complex framework that allows to translating modelled 

impacts into cost figures. Deriving a comprehensive and comparable measure of 

expected monetary damages is fundamental to provide useful guidance for 

developing adaptation strategies and mitigate impacts of multiple hazards in Europe 

in relation to critical infrastructures.  

 

Challenge 5: Appraising the cost of adaptation of infrastructures . 

To make optimal use of limited resources for investments in climate impact 

mitigation, information about the cost and the appropriateness and effectiveness of 



13 
 

adaptation is needed. This involves an evaluation of different adaptation options and 

their costs and benefits. This task is complex as comprehensive frameworks for 

addressing costs and benefits of adaptation options are largely absent and 

quantitative information on these aspects are very limited and fragmented.  

 

These five challenges raised a series of methodological issues and scientific 

questions that have been addressed in a coherent workflow of which the different 

steps are detailed separately in Chapters 2-6. We focus on seven climate hazards 

including heat and cold waves, wildfires, droughts, river and coastal floods and 

windstorms. Future climate hazards in Europe have been generated for an ensemble 

of regional climaÔÅ ÓÉÍÕÌÁÔÉÏÎÓ ÕÎÄÅÒ Á ȰÂÕÓÉÎÅÓÓ-as-ÕÓÕÁÌȱ ɉ32%3 !ρ"Ɋ ÇÒÅÅÎÈÏÕÓÅ 

gas (GHG) emissions trajectory over the 1990-2100 period. Climate-induced 

expected annual damages to infrastructures and EU-funded investments related to 

the industry, energy, transport, social, environment and tourism and ICT sectors are 

quantified. Although these sectors do not cover the full range of possible societally 

relevant climate-change impacts, they include crucial aspects of livelihoods for 

Europe. Cost estimates reported in this study refer to damages to property due to 

direct physical contact with the hazard and damages related to the reduction in 

primary sources and productivity. The methodology, graphically represented in 

Figure 1.1, integrates a set of coherent, high-resolution climate hazard projections 

(Chapter 2), a detailed harmonized representation of sectorial physical assets and 

productive systems and investments (Chapter 4), and semi-quantitative estimates of 

their sensitivity based on surveyed expert opinion and literature review (Chapter 3). 

The three above-mentioned components have been combined in a coherent 

vulnerability framework based on recorded climate disasters in order to derive 

quantitative estimates of risk (Chapter 5). Additional costs required to climate proof 

infrastructures and investments are then evaluated based on possible avoided 

damage scenarios and cost-benefit analysis (Chapter 6). 
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Figure 1.1 Flow diagram of the proposed multi-hazard multi-sector risk assessment. 

 

Results are shown throughout the document in spatial maps as well as aggregated 

for five European regions to simplify interpretation: Southern (SEU), Western 

(WEU), Central (CEU), Eastern (EEU) and Northern (NEU) Europe (Figure 1.2). 
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Figure 1.2 European regions. Grouping of countries in macro-areas shown in different colors. 

Southern Europe (Albania, Bulgaria, Bosnia and Herzegovina, Croatia, Cyprus, Greece, Italy, Kosovo, 

Malta, Montenegro, Portugal, Republic of Macedonia, Serbia, Slovenia, Spain, Turkey), Central Europe 

(Austria, Czech Republic, Germany, Liechtenstein, Poland, Slovakia, Switzerland), Western Europe 

(Belgium, France, Ireland, Netherlands, Luxembourg, United Kingdom), Eastern Europe (Belarus, 

Estonia, Hungary, Latvia, Lithuania, Republic of Moldova, Romania, Russian Federation, Ukraine), and 

Northern Europe (Denmark, Iceland, Finland, Norway, Sweden). Hatched areas are only covered 

(sometimes partly) in the hazard assessment and not in the risk assessment.  

 

This work provides the first comprehensive multi-hazard multi-sector risk 

assessment for Europe under climate change and identifies the most vulnerable and 

impacted regions in Europe throughout the 21st century. We believe that it 

significantly contributes to a better understanding and awareness that is crucial for 

the management of future climate risks.  

 



16 
 

2 Multi -hazard assessment in Europe under climate change  

2.0 Key messages 

¶ Projected changes in the occurrence of the seven climate extremes depict 

important variations in hazard scenarios with large spatial patterns modulated 

by local climate conditions.  

o Heat waves show a progressive and highly significant increase in 

frequency all over Europe. By the end of this century, a current 100-year 

heatwave may occur almost every year in Southern Europe, whereas in 

other regions of Europe such events may happen every 3 to 5 years.   

o Cold waves show an opposite significant trend with current cold extremes 

tending to mostly disappear in Europe in more distant futures.   

o Streamflow droughts are projected to become more severe and persistent 

in Southern and Western Europe, with current 100-yr events that could 

occur approximately every 2 to 5 years by 2080, respectively. In other 

regions of Europe an opposite trend can be expected, with a strong 

reduction in drought frequency in most areas.  

o In most regions of Europe wildfires may happen more frequently in the 

future, especially in Southern, Eastern and Central Europe, albeit that the 

signal is not always very strong and only significant in limited areas.   

o Western Europe shows a consistent rise in future flood occurrence 

(current 100-yr events could manifest every ~30 years in 2080s). In 

other regions projections of river floods show higher spatial and temporal 

variability , with lower and less significant changes. In Southern and 

Eastern Europe more areas (30%) show a significant decrease (vs 10% 

with increase) in flood hazard, in Northern Europe areas with a 

significant increase in flood hazard (24%) balance those with a significant 

decrease (23%), and in Central Europe more areas show a significant 

increase (26%) than decrease (15%).  
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o Coastal floods show a progressive and pronounced increase in recurrence 

frequency ÁÌÏÎÇ %ÕÒÏÐÅȭÓ ÃÏÁÓÔÌÉÎÅÓ mainly due to sea level rise, with a 

current 100-yr event that may occur every 2 to 8 years, or even sub-

annually in Eastern Europe.  

o Evidence for changes in windstorms remains largely elusive. Areas with 

increases in windstorm hazard are mainly located in Western, Eastern 

and Northern Europe, while Southern regions present slight reductions in 

windstorm frequency.  

 

¶ Europe will see a progressive and strong increase in overall climate hazard with 

a prominent spatial gradient towards south-western regions.  

o By the end of this century, 76% of the area in Southern Europe is 

expected to be exposed annually to at least one climate hazard with a 

current 100-year intensity, or more than 15-fold the baseline value. For 

the other regions in Europe changes are somewhat less pronounced, but 

still considerable: for Western, Central, Eastern and Northern Europe, 

about 50% (+1,021%), 36% (+732), 31% (+614) and 29% (+597%) of the 

territory, respectively, will by the end of this century be exposed annually 

to at least one hazard with a current 100-year intensity. 

o Due to the increase in frequency of multiple hazards in many regions of 

Europe, the joint annual exposure expectancy to multiple hazards shows 

rises much sharper than for single hazards. In Southern Europe, 25% of 

the area could be annually exposed to at least two hazards with a 100-

year intensity by the end of this century, or nearly 250-fold the baseline 

value. When considering three hazards, the increase is 700-fold. For the 

other regions, rises in joint annual exposure expectancy for two and three 

hazards, respectively, amount to 24,500% and 9,500% for Western 

Europe, 6,250% and 2,100% for Central Europe, 4,335% and 1,400% for 

Eastern Europe, and 1,324% and 1,000% for Northern Europe.  

 

¶ Key hotspots emerge particularly along coastlines and in floodplains in Southern 

and Western Europe, which are often highly populated and economically pivotal.    
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2.1 Introduction  

Europe is expected to face major impacts from a changing climate over the coming 

decades (Collins et al., 2013). The hazard to society and environment will be largely 

connected to changes in extreme climate events due to their disproportionate rise 

compared to the corresponding change in climatological averages (Rummukainen, 

2012). Threats will be more pronounced in areas prone to multiple climate hazards. 

In this context, a multi-hazard assessment accounting for possible regional 

variations in intensity and frequency of climate extremes is essential to identify 

areas potentially more exposed to climate change. 

 

A number of climate change impact studies at the European level have been 

achieved, usually for a single specific climate or weather hazard, such as river floods 

(Lehner et al., 2006; Rojas et al., 2012), coastal floods (Hinkel et al., 2010; Nicholls 

and Klein, 2005), heat waves (Christidis et al., 2015; Fischer and Schär, 2010), 

streamflow droughts (Forzieri et al., 2014; Lehner et al., 2006), windstorms (Nikulin 

et al., 2011; Outten and Esau, 2013) and wildfires (Bedia et al., 2013; Mirco 

Migliavacca et al., 2013). The study of multiple hazards poses two major challenges: 

(a) hazards are not directly comparable as their processes and describing metrics 

differ; and (b) hazards can interact triggering cascade effects and coupled dynamics. 

In the existing literature, the first issue has been mainly addressed through 

standardization approaches, such as classification of hazard intensity and 

development of continuous indices (Dilley, 2005; Kappes et al., 2012; Lung et al., 

2013). While these approaches represent a starting point, they describe only a 

limited set of climate hazards and the techniques used to make different hazards 

comparable are largely subjective and inconsistent. The second issue has been 

addressed mainly qualitatively through descriptive matrices where coupled 

mechanisms are conceptualized based on multi-hazard dynamics observed at local 

scale and largely influenced by landscape figures (Gill and Malamud, 2014; Kappes 

et al., 2012). Deeper data-driven investigations are needed before interactions 

between hazards can be reliably incorporated into large-scale predictive systems. 

Thus, in this study we mainly focus on the first above-mentioned challenge.  
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Through a unique collaborative effort of different European modelling groups, a 

consistent set of climate hazard modelling data has been produced for this study 

including heat and cold waves, river and coastal floods, droughts, wildfires and 

windstorms. Future climate hazards in Europe have been generated for an ensemble 

of regional climate simulationÓ ÕÎÄÅÒ Á ȰÂÕÓÉÎÅÓÓ-as-ÕÓÕÁÌȱ ɉ32%3 !ρ"Ɋ ÇÒÅÅÎÈÏÕÓÅ 

gas (GHG) emissions trajectory (Solomon, 2007) and synthesized in a coherent 

multi -hazard framework. The method is based on the analysis of the changes in 

frequency of climate-induced extreme events and the corresponding variations in 

expected annual exposure to these events. The latter is hereafter defined as 

Expected Annual Fraction Exposed (EAFE), where the fraction can relate to any 

variable of interest (e.g., population, infrastructure, cropland). For a range of hazard 

severities, single-hazard EAFEs and changes therein are combined into multi-hazard 

indices to synthesize the potential exposure to multiple climate hazards (2.2 

Methods).  

 

This work provides the first comprehensive multi-hazard assessment for Europe 

under climate change and focuses in particular on the comparability amongst single 

hazards and on the degree of overlap between areas exposed to multiple hazards 

throughout this century. The overall goal is to identify geographic areas with the 

highest potential exposure to multiple climate hazards in order to better steer 

adaptation efforts and land planning across Europe. It is worth to stress that this 

chapter should not be confused with a risk assessment study. A risk assessment 

implies the combination of hazard, vulnerability and spatial distribution of exposed 

assets, which is presented in Chapter 5.  
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2.2 Methods  

2.2.1 Climate hazard indicators  

The analysis focuses on seven critical climate hazards for Europe: heat and cold 

waves, river and coastal floods, droughts, wildfires and windstorms. Climate hazard 

indicators were derived for the baseline (1981-2010), 2020s (2011-2040), 2050s 

(2041-2070) and 2080s (2071-2100) for an ensemble of bias-corrected climate 

projections obtained from different regional climate model simulations under the 

A1B emissions scenario (Solomon, 2007) (Table 2.1). 

 

Table 2.1 Climate simulations used to derive climate hazard indicators in the period 1981ɀ2100. 
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Heatwaves were defined by the Heat Wave Magnitude Index (HWMI) that is based 

on the 3-day maximum temperature anomalies (Russo et al., 2014). Cold waves 

were similarly calculated by referring to minimum temperatures. Return levels of 

heat and cold waves were retrieved by empirical cumulative distribution functions. 

Wildfires were derived from projections of the monthly percentage of burned area 

(Mirco Migliavacca et al., 2013). Beta functions were selected to fit the annual 

fractions of burned area and to derive extreme events. Extreme windstorms were 

calculated using the Generalized Pareto distributions that have been derived 

through a peak-over-threshold analysis for daily maximum wind speeds (Outten and 
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Esau, 2013). Relative Sea Level Rise projections were combined with current 

extreme value distributions of total water levels obtained using a peak-over-

threshold approach (Cid et al., 2014; Pardaens et al., 2011). Following, a static 

inundation approach was applied to generate inundation maps along the coastline. 

For inland flooding the annual maximum discharges and flood inundation maps 

were derived from earlier works (Rojas et al., 2013, 2012). For drought the 

minimum discharges and return levels were obtained from a previous study 

(Forzieri et al., 2014). 

 

2.2.2 Frequency of extreme events in current and future climate  

Baseline return levels (RL,b) of the climate hazard indicators with return periods 

(TR,b) from 2 to 100 years were obtained at each grid cell. Future return periods 

(TR,f) of RL,b were calculated by inversion of the fitted probability functions (G).  

 ( )
( )bL,

bL,fR,
RG

=RT
-1

1
        [2.1] 

Climate model variability was quantified by the coefficient of variance of the future 

return periods retrieved for the different climate realizations. The significance of the 

changes in climate hazard was evaluated by the Kolmogorov-Smirnov test applied 

on the annual values of future time windows versus baseline, separately for each 

climate model. 

 

2.2.3 Expected Annual Fraction Exposed  

By analogy with risks of extreme events that are often communicated in terms of 

expected annual impact, the fraction expected to be annually exposed to a hazard ɀ 

the Expected Annual Fraction Exposed (EAFE) ɀ was calculated by integrating the 

exposure to hazard events over the probability of occurrence distribution of the 

ÈÁÚÁÒÄȢ 4ÈÅ %!&% ÔÏ ÈÁÚÁÒÄ ÅÖÅÎÔÓ ×ÉÔÈ ÒÅÔÕÒÎ ÐÅÒÉÏÄ І TR was obtained as in the 

following:  
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where f is the exposure-probability function. In the case of river and coastal floods f 

is a dummy function with value 1 when the pixel is flooded, 0 otherwise. For the 

remaining climate hazard indicators f is a constant function equal to 1, under the 

assumption that exposure to the hazard is spread homogeneously within the pixel. 

Future return periods retrieved from equation [2.1] are used to truncate the 

integration for future EAFE. For pixels with non-significant changes we keep 

baseline values for future EAFE. EAFE ranges between 0 (no fraction exposed to the 

hazard) and 1 (whole fraction expected to be annually exposed to climate hazard). 

The use of EAFE allows comparing quantitatively multiple hazards characterized by 

different processes and time scales based on a common intensity scale derived from 

the probability of occurrence of extreme events in the current climatology.  

 

2.2.4 Combining multiple hazards  

To quantify the total expected annual exposure to multiple hazards we define the 

Overall Exposure Index (OEI). Under the assumption that the considered hazards 

are mutually non-exclusive, from the inclusion-exclusion principle of combinatorics 

the OEI can be expressed as follows for a given 
RT :   
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where i refers to the hazard-specific EAFE, n is the number of hazards considered, 

the last sum runs over all subsets I of the indices {υȟȣȟÎ} containing exactly k 

elements, and  
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expresses the intersection of all those EAFEi with index in I. Equation [2.3] 

quantifies the expected annual exposure to at least one climate hazard. To account 

for the overall exposure to m overlapping hazards, equation [2.3] can be generalized 

using the intersections of m EAFEs in place of single-hazard components. Here, we 

use m values up to three to quantify different degrees of overlap amongst hazards. 

The scheme of calculation in a simplified case with three hazards is shown in Figure 

2.1. 

 

 

Figure 2.1 Schema of calculation of Overall Exposure Index. Example of calculation of Overall 

Exposure Index in a simplified case with three hazards, here visualized by coloured circles, named A, 

B and C, respectively. Grey areas represent the Overall Exposure Index with different degree of 

overlapping. 

 
To identify areas subject to large increases in exposure to multiple hazards, we 

define the Change Exposure Index (CEI). CEI expresses the number of hazards - of a 

given baseline return level - with a future relative increase in EAFE over a certain 

threshold (20%, 100% and 1000%). The use of three different thresholds allows 

capturing moderate, strong and extreme changes in hazard exposure. Note that an 

increase in EAFE of a current 100-year event by 20%, 100% or 1000% means that 

the future event will happen every 80, 50, or 9 years. The number of hazards for 

which there is an increase in exposure to the hazard over the given threshold is 

calculated in each grid cell and then aggregated at NUTS3 level as the 0.99th 

percentile of this distribution over all cells. The 99th percentile of the exposure 
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change distribution within the NUTS3 region excludes local fitting extrapolation 

errors and is considered representative of the maximum degree of change in 

exposure. CEI allows identifying key hotspots subject to predefined levels of change 

in exposure.  

 

Both OEI and CEI are calculated for each return period and time slice using the 

ensemble median of all climate model combinations for each hazard as inputs. Note 

that multi -hazard indices in regions close to the geographical limits of our domain, 

such as Island, Russian Federation and Turkey, may be underestimated due to the 

incomplete spatial coverage of some hazards (see Figure 2.2). 

 

 

Figure 2.2 Spatial domains of climate hazard models. Note that the model domain for floods and 

droughts does not include Cyprus and Malta, the coastal model domain excludes only Cyprus.  
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2.3 Results and discussion  

2.3.1 Single hazard projections  

Figure 2.3 shows the projected changes in frequency of climatic extreme events with 

respect to current climate, where increasing (decreasing) hazard occurrences are 

denoted by lines under (over) the bisector, the coefficient of variance (CV) describes 

the inter-model spread (climate uncertainty) and S values the percentage of area 

subject to significant changes (5% level). The frequency analysis is complemented 

with the corresponding variations in Expected Annual Fraction Exposed (EAFE) 

shown in Figure 2.4 both in terms of its magnitude and relative change with respect 

to the baseline. Spatial patterns of EAFE are shown in Figure 2.5. Note that climate-

related uncertainty in the frequency of extreme events translates into analogous 

estimates of uncertainties in EAFE, which are not shown here to avoid redundancy.  

 

Heat waves show a progressive and highly significant increase in frequency all over 

Europe (S>74% in near future climate, approaching 100% in all regions by the end 

of this century), with larger climate variability in long-ÔÅÒÍ ÓÃÅÎÁÒÉÏÓ ɉτπЅ#6ЅφπɊ 

and a more pronounced intensification in Southern Europe (where current 100-yr 

events could occur almost every year in the 2080s) (Figure 2.3). Consistently, EAFE 

values show a progressive increase as time proceeds, especially in Southern Europe 

where, by the end of the century, up to 60% of the territory could be annually 

exposed to a current 100-year heat wave (Figure 2.4).  

 

Cold waves show an opposite trend with current cold extremes tending to mostly 

disappear in Europe in more distant futures (current 2-yr event may occur less than 

every 100 years by the end of the century, significant almost everywhere, Figure 

2.3). Accordingly, cold waves could experience a rapid decrease in EAFE and a 

change up to -100% by the end of the century (Figure 2.4).  

 

Streamflow droughts may become more severe and persistent in Southern and 

Western Europe (current 100-yr events could occur approximately every 2 to 5 

ÙÅÁÒÓ ÂÙ ςπψπȟ ÒÅÓÐÅÃÔÉÖÅÌÙȟ 3ІψυɊ ÒÅÓÕÌÔÉÎÇ from the reduced precipitation and 

increased evaporative demands with higher temperatures (Figure 2.3). This leads to 
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a consistent increase in EAFE and by the end of the century over 25% of the 

territories could be affected every year by baseline 100-yr droughts (Figure 2.4). 

Northern, Eastern and Central Europe show an opposite tendency with a strong 

reduction in drought frequency caused by higher precipitation that outweigh the 

effects of increased evapotranspiration (Forzieri et al., 2014). Such effects translate 

into consistent decreases in EAFE by up to 100%. Significance increases with time 

while climate variability shows variable tendencies depending on the return levels 

(S>75% and CV over 60% by the end of the century). 

 

Most of Europe, especially Western, Eastern and Central regions, could experience 

an increase in the frequency of extreme wildfires (current 100-yr events will occur 

every 5 to 50 years) with a progressive rise in significance and model agreement 

ɉ3ЄρπϷ ÁÎÄ #6ЅφπϷ ÂÙ ÔÈÅ ÅÎÄ of the century) (Figure  2.3). Interestingly, Southern 

Europe shows a decrease in the frequency of very extreme events, which is likely 

due to the expected reduction in net primary productivity of terrestrial ecosystem 

that may limit the fuel availability and, ultimately, the propagation of large wildfires 

(Mirco Migliavacca et al., 2013). Progressive increases in EAFE are visible for 

wildfires over the whole domain (one to three-folds the baseline value, Figure 2.5).  

 

River floods show in general more spatial variability and fluctuations with time in 

the frequency of extreme events as well as a larger climate-induced spread 

compared to the other hazards (higher CV values, Figure 2.3). This relates to the 

high variability in projected geographical patterns of heavy precipitation intensity 

due to structural and parametric model uncertainty and internal climate variability 

(Fischer et al., 2013). Western Europe shows a consistent rise in future flood hazard 

(current 100-yr events could manifest every ~30 years in 2080s, S up to 70%), 

mainly as a result of a pronounced increase in average and extreme rainfall (Rojas et 

al., 2012). Such effects result in a 50-100% increase in future EAFE (Figure 2.4). A 

modest but significant decrease in river flood frequency is projected in Southern, 

Central and Eastern regions, in the latter because of the strong reduction in 

snowmelt induced river floods, which offsets the increase in average and extreme 

precipitation.  
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Figure 2.3 Changes in frequency of climatic hazards. Baseline (x-axis) versus future (y-axis) hazard return periods for 2020s (green), 2050s (blue) and 2080s (red) for specific 

hazards. Return period values shown are the zonal median for different European regions of the grid-cell ensemble median return period of the experiments driven by the different 

climate realizations. Circle sizes represent the coefficient of variance (CV) amongst climate models and S values explicit the percentage of cells within a region with significant 

decrease/increase (-/+). Note that future scenarios with outstanding decrease/increase in frequency are out of plot margins (cold waves, droughts and coastal floods), projections of 

windstorm are only available for 2080s, significance analysis and climate variability have not been retrieved for coastal floods. 
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Coastal floods show a progressive and pronounced increase in recurrence along 

%ÕÒÏÐÅȭÓ ÃÏÁÓÔÌÉÎÅÓ ÃÈÉÅÆÌÙ ÃÁÕÓÅÄ ÂÙ ÓÅÁ ÌÅÖÅÌ ÒÉÓÅ ɉÃÕÒÒÅÎÔ ρππ-yr event may 

manifest every 2 to 8 years, or even sub-annually in Eastern Europe, in the 2080s, 

Figure 2.3) and leading to strong increase in EAFE (Figure 2.4). Noteworthy is the 

pronounced increase in EAFE in Eastern Europe as a consequence of the rapid 

intensification of inundations over the Danube delta. Due to sea level rise the 

increase in frequency of occurrence of extreme coastal events is so pronounced in 

this region that current 100-year (and more frequent) events will happen sub-

annually by the 2050s and 2080s, which explains why the curves for the 2050s and 

2080s drop below the x-axis and are not visible.  

 

Evidence for changes in windstorms remains largely elusive (S<16%) and with 

considerable inter-model spread for larger return levels (up to CV>60% for current 

100-yr events, Figure 2.3). Areas with increases in windstorm hazard are mainly 

located in Western, Eastern and Northern Europe, while Southern regions present 

slight reductions in frequency as observed in previous studies (Nikulin et al., 2011; 

Outten and Esau, 2013). EAFE of windstorms show modest changes with respect to 

the baseline (up to ±10%, Figure 2.4). 

 

Interestingly, larger increases in EAFE can be observed at higher return levels and 

for long-term scenarios due to the progressive intensification of very extreme 

events. This occurs also in regions prevalently experiencing a reduction (or slight 

change) in future frequency of climate hazards, such as Central and Eastern Europe 

for droughts, Southern Europe for wildfires and Southern, Central and Northern 

Europe for floods. The apparent contradiction manifests where few localized areas 

experience a very large increase in frequency that outweighs the opposite tendency 

occurring in most of the region. The projected changes in single-hazard exposed 

fractions suggest that future hazard scenarios will considerably deviate from those 

observed in current climate, especially for climate hazards strongly linked to 

temperature rises (e.g., heat and cold waves, droughts and coastal floods). 
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Figure 2.4 Changes in single-hazard Expected Annual Fraction Exposed. Baseline hazard return levels (on the x-axis) versus corresponding future EAFE (on the y-

axis) for specific hazards. EAFE values shown are zonal averages for different European regions of the grid-cell ensemble median EAFE of the experiments driven 

by the different climate realizations. Bars refer to a future scenario period as labelled in the top-left panel. Colours reflect the relative change in region-average 

EAFE with respect to the baseline. Note that EAFE lower than 0.001 (e.g., for cold waves) are out of plot margins. 
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Figure 2.5 Spatio-temporal patterns of 100-yr Expected Annual Fraction Exposed.  Spatial and temporal variations of Expected Annual Fraction Exposed to 100-yr 

climate hazards. Note that values for river and coastal floods are aggregated at NUTS3 level (see Figure 1) to better visualize their effects. Values refer to the 

ensemble medians of experiments driven by the available climate models. 
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2.3.2 Changes in overall and concurrent exposures  to climate hazards  

Figure 2.6a shows the overall exposure to combinations of all hazards aggregated 

for each European region, expressed by the Overall Exposure Index that accounts for 

the overlapping of hazards. Spatio-temporal patterns of the 100-yr EAFE for OEI1, 

OEI2 and OEI3 are presented in Figure 2.6b. For all regions in Europe, the fraction 

exposed to at least one hazard, expressed by EAFE for OEI1, will progressively 

increase throughout this century, with the increase being more pronounced for 

higher return periods. In Southern Europe, about 76% of the area will be annually 

exposed to at least one climate hazard with a current 100-year intensity by the end 

of this century, more than a 15-fold increase compared to the present situation 

(currently nearly 5% of the area is expected to annually exposed to at least one 

hazard of this intensity). The distribution in space of the 100-yr EAFE for OEI1 

(Figure 2.6b, left column) shows that by the end of this century in many areas in 

Southern Europe the whole territory will be annually exposed to at least one hazard 

of this intensity. This is mainly caused by the large increase in heat and drought 

hazard projected for the most southern regions of Europe. For the other regions in 

Europe, the fractions annually exposed and the increase therein with time are 

somewhat less pronounced, but still considerable: for Western, Central, Eastern and 

Northern Europe, about 50%, 36%, 31% and 29% of the territory, respectively, will 

by the end of this century be exposed annually to at least one hazard with a current 

100-year intensity, corresponding to increases of 1021%, 732%, 614%, and 597%, 

respectively.  

 

The EAFE for OEI2, expressing the fraction that is expected to be annually exposed 

to at least two hazards, shows even steeper increases with time in all regions of 

Europe. Again, the highest raise is projected for Southern Europe, with about 25% of 

the area that could be annually exposed to at least two hazards with a 100-year 

intensity by the end of this century, or nearly 250-fold the baseline value (which 

corresponds to approximately 0.1% in the different regions of Europe). The 

distribution in space of the 100-yr EAFE for OEI2 (Figure 2.6b, middle column) 

shows the highest values in most of Southern Europe and also further north along 

coasts and in river flood plains. For the other regions, increases in EAFE(100-yr) for 
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OEI2 are somewhat less pronounced but still very high, with rises of 9,500% for 

Western Europe, 2,100% for Central Europe, 1,400% for Eastern Europe and 

1,000% for Northern Europe.  

 

The results above for OEI1 and OEI2 show that the joint probability of areas to be 

annually exposed to multiple hazards is much smaller than for single hazards (due 

to the combination of single hazard probabilities), but that the increases in joint 

probability rise much sharper than for single hazards. This is because in many 

regions of Europe multiple climate hazards will occur more frequent under future 

climate. This is exemplified by the EAFE for OEI3. By the end of the century 0.7% of 

the area in Southern Europe is expected to be annually exposed to at least three 

hazards of a 100-year intensity. Albeit that this may seem small, this corresponds to 

a staggering increase of more than 70,000% (or 700-fold the current value). The 

projected increases in OEI3 for the other regions by the end of the century amount 

to 24,500% for Western Europe, 6,250% for Central Europe, 4,335% for Eastern 

Europe and 1,324% for Northern Europe.  

 

These results suggest that the entire Europe will likely  face a progressive increase in 

overall exposure to climate extremes, with a prominent spatial gradient towards 

south-western regions (Figure 2.6b) and along coastlines and in flood plains. Heat 

waves, droughts and coastal flooding, which particularly strong increases in such 

regions, provide the most relevant contribution in the estimation of future OEI 

(Figure 2.5). 

 

Spatial patterns of the Change Exposure Index (CEI) are presented in Figure 2.7b for 

the current 100-year event hazard intensity. The CEI maps represent the number of 

hazards that show moderate, strong and extreme (+20%, +100% and +1000%, 

respectively) increases in EAFE. For areas in dark blue (CEI = 0) none of the 7 

hazards considered shows the threshold level increase in EAFE, whereas for areas in 

red (CEI = 4) four hazards reach the defined level of increase in EAFE. Regions with 

high CEI values reveal potential key hotspots that will be prone to an increase in 

exposure to multiple hazards. These are mainly located along coastlines and in 

floodplains in Southern and Western Europe where inland and coastal flooding will 
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be likely relevant in combination with temperature-related hazards (see also 

hazard-specific contributions  shown in Figure 2.8). More exposed regions include 

the British Isles, the North Sea area, north-western parts of the Iberian Peninsula, as 

well as parts of France, the Alps, Northern Italy and Balkan countries along the 

Danube River. These areas, even if they may present lower overall exposure to 

climate hazards compared to other regions in Europe (Figure 2.6), will be prone to 

the largest changes in exposure to multi -hazard, which potentially increases the 

presence of concurrent hazards and therefore results in larger risks. 

 

Figure 2.7a shows for each European region the aggregated spatial extent 

experiencing pronounced increases in EAFE for at least four hazards, as expressed 

by CEI=4 (hence the areas coloured in red in Figure 2.7b), calculated for the 

different threshold levels of increase in EAFE and return periods between 2 and 100 

years. It confirms that increases in hazards are more pronounced for higher return 

periods and for the long-term scenarios. Regions most prone to increases in multiple 

hazards are Southern and Western Europe. 
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Figure 2.6 Projections in Overall Exposure Index. Left (a) Baseline return levels (on the x-axis) versus corresponding future Expected Annual Fraction Exposed 

(EAFE) (on the y-axis) calculated as zonal average for different European regions resulting from the combination of all climate hazards accounting for the 

overlapping of one, two or three hazards (OEI1, OEI2 and OEI3, respectively). Bars and colours visualized as in Figure 2.5; Right (b) spatio-temporal pattern of 100-

yr EAFE for OEI1, OEI2 and OEI3.  
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Figure 2.7 Projections in Change Exposure Index. Left (a) Baseline return levels (on the x-axis) and corresponding area exposed to at least four hazards (CEI=4) 

with relative increases over 20%, 100% and 1000% with respect to the baseline (CEI20, CEI100 and CEI1000, respectively) for different European regions; bars 

grouped as in Figure 2.5; Right (b) spatio-temporal patterns of CEI20, CEI100 and CEI1000 calculated for 100-yr events. 
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Figure 2.8 Hazard-specific contributions to the Change Exposure Index calculation. NUTS3 regions whose relative increase in 100-yr EAFE is larger than 20% (in 

red). 

 



 

37 
 

2.4 Main limitations and knowledge gaps  

Despite the depth of this study, results should be viewed in light of the potential 

uncertainty sources and caveats of the proposed methodology. The multi-hazard 

maps are dependent on the chosen set of climate hazard indicators: the use of 

diverse input hazards (e.g., hail, landslides) might lead to different findings. We 

argue that the set of hazards selected includes the most relevant hazards for Europe 

in terms of average annual losses and deÁÔÈÓ ɉȰ.ÁÔ#ÁÔ3%26)#% ȿ -ÕÎÉÃÈ 2Åȟȱ ÎȢÄȢɊȢ 

Metrics used to represent the selected climate hazards are crucial for the resulting 

impact scenarios: changes in return periods depend on the time scale selected to 

characterize an event type, e.g. 1-day temperature extremes, weekly heatwaves or 

seasonal heat anomalies experience different changes in return periods (Perkins and 

Alexander, 2012; Trenberth et al., 2014). In our approach we focus on hazard-

specific metrics of impact relevance that have been documented in recent literature. 

Details on the sensitivity analysis and calibration/validation exercises for each 

single hazard are reported in the references (Cid et al., 2014; Forzieri et al., 2014; M. 

Migliavacca et al., 2013; Outten and Esau, 2013; Rojas et al., 2012; Russo et al., 

2014). We recognize that extreme value fitting may introduce additional uncertainty 

in the projections of climate hazards especially at high return periods. Recent 

studies, though, documented its secondary role with respect to the inter-model 

spread (Forzieri et al., 2014; Rojas et al., 2012).  

 

We apply a conservative approach without accounting explicitly for hazard 

interrelations that could lead to greater impacts. Regions exposed to the overlap of 

multiple hazards and subject to concurrent increases in single-hazard EAFEs, 

however, are indicative of a more likely exacerbation of the overall impacts due to 

inter -hazard triggering relationships. Estimation of probabilities of coincidental or 

cascading events would require finer time resolution of hazard metrics (here annual 

or monthly) and a better knowledge of the inter-hazard physical interactions and 

coupled processes.  

 

The socioeconomic scenarios driving GHG emissions, the sensitivity of the climate 

models to GHG concentrations and the specific hazard modelling utilized are subject 
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to uncertainty, and all are relevant in influencing the final multi-hazard assessment. 

The use of different climate model ensembles for each hazard may have introduced 

additional artefacts (Table 2.1).  However, recent studies suggest that the reduced 

subsets utilized in this study for some hazards largely preserve main statistical 

properties of the initial 12-member ensemble (Russo et al., 2013). The use of 

identical - and possibly larger - ensembles could allow to better capturing climate-

related uncertainties (Kharin et al., 2013; Sillmann et al., 2013). We used a different 

baseline and only one future time window for windstorms. New dedicated runs for 

windstorms for the remaining temporal periods were not feasible within this study. 

We understand that such diversity may limit the comparability with the other 

hazards; however, changes in extreme winds seem to be lower compared to the 

other climate hazards, hence the potential bias is expected to play a minor role. 

Analyses of the multi-hazard indices are performed using the ensemble median of all 

climate model combinations for each hazard as input because only one single GCM-

RCM configuration is common amongst the hazards. While the median can be 

considered a robust estimate of single-hazard ensembles, this inevitably hampers 

the analysis of how single-hazard uncertainties (Figure 2.4) propagate to the 

combined metrics. 
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3 Vulnerability of critical infrastructures to climate hazards  

3.0 Key messages 

¶ There is limited understanding of vulnerability of infrastructures to different 

hazards and quantitative information on the sensitivity of critical infrastructures 

to climate hazards is largely absent.  

¶ Critical infrastructures are vulnerable to the various hazards in a myriad of ways. 

Some key vulnerabilities for each sector are exemplified in the Table 3.0 below. 

Table 3.0 Examples of main vulnerabilities of the sectors to the climate hazards 

 Energy Transport Industry Social 

Heat 

reduced power plant 
efficiency due to 

higher water 
temperature 

required for cooling 

material degradation 
and buckling of 
roads, rails and 
bridges due to 

thermal expansion 

increased cost for 
cooling and 
refrigeration 

increased cost for 
cooling 

Cold 

structural damage to 
distribution lines 

due to ice and snow 
loads 

buckling of roads, 
rails and bridges due 

to thermal 
contraction 

water pipes 
vulnerable to 

frost/icing 

increased cost of 
heating during cold 

episodes 

Drought 

reduction in 
hydropower 

potential and biofuel 
production 

reduced navigability 
of rivers and 

channels 

water quality 
degradation, 

reduction in usable 
water and increase 
in treatment costs 

structural damages 
due to drought-

induced subsidence 
and permafrost 

thawing 

Wildfire 
reduction in biofuel 

sources 
deterioration of 

roads, railways and 
power lines 

structural damages 
to industrial sites 

destruction of social 
infrastructures 

Flood 

structural damages 
to energy production 
sites and transport 

networks 

reduction of 
structural integrity 

of surface and 
subgrade material 

structural damages 
to industrial sites, 
increasing cost for 
water treatment 

structural damage to 
social infrastructures 

and reduction in 
operational services 

Windstorm 

disruption of 
transmission and 

distribution 
networks 

structural damages 
to transport facilities 

structural damages 
to industrial systems 

equipment 

structural damages 
to social structures 

and facilities 

 

¶ To ensure comparability in the multi-hazard and multi-

infrastructure/investment context considered in CCMFF, qualitative sensitivities 

have been derived for the thematic priorities of the EU Cohesion Policy Funds 

(CPF) and for types of key infrastructures to the considered climate hazards by 



 

43 
 

integrating information from an extended literature review with a survey that 

was conducted among a pool of experts in the considered sectors.  

¶ In the survey, 70% of the possible combinations of hazard (7) and 

infrastructures/investments ( 50) were considered sensitive by more than 80% 

of the respondents, while 40% of the themes are sensitive for more than 90% of 

the respondents. In general, the sensitivity is highest for inland floods, sea level 

rise and forest fires, whereas the sensitivity  of infrastructures to drought seems 

less important.  

¶ The expert survey generally corroborates the findings reported in the literature 

and the more robust findings of the survey correspond to higher consensus in 

the scientific community.  

¶ Albeit that the derived sensitivity classes are subject to exposure, information 

and individual bias, and that infrastructure-specific vulnerability may show large 

variation depending on the institutional , economic, and technological context, 

they provide an indication of general sensitivities of different types of 

infrastructures and key economic assets to climate hazards and may help in 

orienting policy interventions for climate adaptation and resilience.  
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3.1 In troduction  

An evaluation of the risk of a critical infrastructure or investment from a hazardous 

ÃÌÉÍÁÔÅ ÅÖÅÎÔ ÒÅÑÕÉÒÅÓ Á ÃÏÎÓÉÄÅÒÁÔÉÏÎ ÏÆ ÔÈÅ ÅÌÅÍÅÎÔȭÓ ÖÕÌÎÅÒÁÂÉÌÉÔÙȟ ÆÕÒÔÈÅÒ ÈÅÒÅÉÎ 

also referred to as sensitivity. We define vulnerability in accordance to the SREX 

report (IPCC, 2012) as the propensity or predisposition of the infrastructure to be 

adversely affected when exposed to a climate hazard. The potential degree to 

experience harm constitutes an internal characteristic of the affected infrastructure 

and is specific to the climate hazard.  

 

Evaluating the effects of climate hazards on key economic assets is a complex issue 

because of incomplete scientific methodologies and limited understanding of 

vulnerability of infrastructures  to different hazards. The most important approaches 

for the analysis of the physical vulnerability of infrastructures are the use of 

vulnerability curves, damage matrices or vulnerability indicators.  

 

Vulnerability curves (frequently also referred to as damage, fragility, or risk curves) 

relate event intensity and resulting damages to a certain building type. While these 

functions offer continuous vulnerability information  in relation to the degree of the 

hazard (for example, damage to an infrastructure for 1 m of flooding), they require 

extensive information on damaged buildings and are therefore typically only 

available for extensive and wide-spread processes like flooding (Kappes et al., 

2012a). Also, albeit that there is a wide variety of flood damage functions in use 

internationally, they differ substantially in their approaches and economic 

estimates, and current methodologies for estimating infrastructural damage are not 

as well developed as methodologies for the estimation of damage to (residential) 

buildings (Jongman et al., 2012). Moreover, for other hazards like drought, impacts 

are much more difficult to quantify and link to specific events and their magnitude, 

hence damage functions more difficult to construct.  

 

Vulnerability matrices provide discrete damage information for classified hazard 

intensities and are either based on observed damages or on rough appraisals. 

Despite the advantage of providing (semi-) quantitative information, damage 
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functions and matrices often relate damage with only one characteristic of the 

building, mainly the building type, hereby neglecting the properties of the element 

at risks (such as building age or number of floors). The method of vulnerability 

indicators, on the other hand, allows to integrating different building characteristics 

in the (qualitative) vulnerability description. However, whereas socio-economic 

indicators are more widely used to describe the multiple characteristics of humans, 

institutions and/or societies that contribute to their overall vulnerability, 

significantly less experience with vulnerability indicators has been acquired in the 

physical vulnerability context. Moreover, since vulnerability is primarily regarded as 

a characteristic of the element at risk, only in very few cases hazard-specific 

vulnerabilities are assessed in this way (Kappes et al., 2012b).  

 

In the CCMFF project, rather than looking in very detail at a specific critical 

infrastructure in a particular setting, for which it is already very difficult to appraise 

its vulnerability, the aim is to evaluate potential impacts to types/classes of 

infrastructures and investments across a great territorial diversity with a wide 

variety of socio-economic settings and physical boundary conditions in Europe. This 

includes, for example, different building standards, positioning of the infrastructure 

in the landscape, its relation to the economy and depending sectors, as well as the 

existence of special protection measures (hard infrastructures like dikes or soft 

measures like early warning systems).   

 

To ensure comparability in the multi -hazard and multi-infrastructure/investment 

context considered in CCMFF, a common method has to be adopted for the 

vulnerability assessment. We therefore derived general qualitative sensitivities for 

the thematic priorities of the EU Cohesion Policy Funds (CPF) and for types of key 

infrastructures to the considered climate hazards by integrating information from 

an extended literature review with a survey that was conducted among a pool of 

experts in the considered sectors. The performed analysis is an attempt to fill a gap 

in the scientific knowledge but also to provide a tractable database for assessing and 

comparing sensitiveness within future multi-hazard/multi -sector climate change 

impacts and adaptation studies.  
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3.2 Literature o n climate sensitivity of infrastructures  

It is not the aim of this report to provide an extensive overview of the literature 

related to potential impacts of climate extremes on infrastructures in different 

sectors. For a comprehensive overview we refer the reader to AR5 of the IPCC, 

2014). Rather, we performed this review to understand what has been reported in 

the scientific literature about climate hazard sensitivities of critical infrastructures 

in order to supplement the expert survey (see section 4.3) in deriving vulnerability 

classes for types of infrastructures for the different climate hazards considered.  

 

A summary of the literature for the different sectors and hazards is presented in 

Table 3.1, 3.2, 3.3 and 3.4. Studies looking at the sensitivity of multi -sectorial critical 

infrastructure s to climate hazards are practically not existing. This observation may 

be explained by the need for transdisciplinary knowledge and collaboration for a 

review building on the existing literature in several sectors that is huge. The amount 

and detail of coverage in literature of these aspects varies strongly on the sector 

considered and the hazard. 

 

For the energy sector, notwithstanding the variety of threats by climate extreme and 

their potential impacts on electricity generation and transmission systems, fuel 

infrastructure and transport systems, the range of the range of impacts modelled in 

the literature is still rather limited (IPCC, 2014). Most studies related to energy in 

relation to climate (hazards) have looked at climate impacts on changes in demand 

(typically related to changes in average temperature), whereas on the production 

side the majority of studies focus on renewable energy (hydropower, biomass) 

sources in relation to average climate changes, especially when compared to its 

share in the current installed capital/energy mix.  

 

Studies on the impact of climate hazards on the transport sector to date have been 

mostly qualitative, and only few quantitative assessments are available. Recently 

three FP7 projects, EWENT (Extreme Weather impacts on European Networks of 

Transport ɀ http://ewent.vtt.fi ), ECCONET (Effects  of  climate  change  on  the  

inland waterway networks - www.ecconet.eu) and WEATHER (Weather Extremes: 

http://ewent.vtt.fi/
http://www.ecconet.eu/
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Assessment of Impacts on Transport and Hazards for European Regions - 

www.weather-project.eu), have studied impacts of weather phenomena to different 

aspects of the European transport systems. The main results of these projects are 

summarized in Michaelides et al., 2014) and several more detailed documents can 

be found on the project websites. Notwithstanding these and other recent advances, 

systematic and detailed knowledge on climate change vulnerability of and impacts 

on critical transport infrastructures remains limited in the literature (IPCC, 2014), 

especially with respect to climate extremes.  

 

Research on the potential effects of climate hazards on industrial facilities and social 

(health and education) infrastructures is very limited, apart from some studies that 

focus on buildings in general.  

 

Table 3.1, 3.2, 3.3 and 3.4 together with the paragraphs above show that many of the 

threats of extreme weather to different sectors are acknowledged and qualitatively 

described in the literature, but rather few quantitative assessment are available. 

Information on the sensitivity of infrastructures and economic assets in different 

sectors to climate hazards is not only scattered around many scientific disciplines, 

but also varies with local to regional boundary conditions that apply to the study. As 

such, there is no aggregated or global view allowing a comparison and application of 

a homogeneous methodological approach for assessing the sensitivity of 

infrastructures to climate hazards across Europe.  

 

We therefore opted to construct a sensitivity matrix on the basis of a survey 

amongst experts (described in the next section), where the literature review serves 

to explain the channels through which the impacts are transmitted and to verify the 

robustness of the sensitivity matrix.  

 

 

http://www.weather-project.eu/
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Table 3.1 Overview of vulnerability (and impacts) of energy assets to climate hazards reported in literature  

 Heat waves Cold Droughts Wildfires  River and coastal floods Windstorms 

Energy Structural damages due 

to expansion of different 

materials (Pryor et al. 

2010). 

Reduction of structural 

integrity due to melting 

permafrost (Ebinger, 

2011, Cruz et al., 2013).  

Increased resistance on 

the power lines. 

Decrease in power plant 

efficiency due to higher 

water temperature 

required for cooling 

systems (van Vliet et al., 

2012, van Vliet et al., 

2013, Rubbelke et al., 

2011, Chandramowli et 

al., 2014, EEA, 2012 ; 

Linnerud et al., 2011; 

Rübbelke, and Vögele, 

2011). 

Reduction in biofuels 

sources (Moiseyev et al., 

2011; Verkerk et al., 

2011). 

Reduced performance of 

solar photovoltaic 

modules in hot weather 

as electrons movement 

is slower in hot 

materials (EEA, 2012). 

Structural damages 

due to ice and snow 

loads overhead 

distribution lines 

(Bompard et al., 

2013, McColl et al., 

2012) and ice-

induced changes in 

pipeline pressures 

(Humphrey et al, 

2008). 

Increased corrosion 

on energy systems 

(Ebinger 2011; 

Cruz et al., 2013). 

Reduction in 

hydropower 

potential due to 

water freezing 

(Lehner et al. 2005; 

Mideska et al. 

2010). 

Reduction in 

biofuels sources 

(Mideska et al., 

2010). 

 

 

Reduction of structural integrity due 

to melting of permafrost and drought-

induced subsidence (Ebinger, 2011, 

Cruz et al., 2013).  

Deterioration of power systems 

caused by overexploitation of 

irrigation and water pumping 

(Rubbelke et al., 2011; Chandramowli 

et al., 2014; Klein et al., 2013). 

Decrease in power plant efficiency 

due to higher water temperature and 

lower water volumes required for 

cooling systems (Patt et al., 2013; 

Rubbelke et al., 2011; Paskal, 2010; 

Sieber, 2013; Arent et al., 2014; 

Mideksa, et al., 2010; Van Vliet, et 

al., 2013; Förster et al., 2010; 

Ebinger, 2011; EEA, 2012 ; Linnerud 

et al., 2011; Rübbelke, and Vögele, 

2011).  

Deterioration of cooling systems due 

to excessive biological growth and 

clog water intages (Cruz et al., 2013, 

Sieber, 2013). 

Reduction in biofuels sources 

(Moiseyev et al., 2011; Verkerk et al., 

2011). 

Reduction in hydropower potential 

due to reduced water volumes (van 

Vliet et al., 2012, van Vliet et al. 

2013, Schaeffer et al. 2012, Lehner et 

al. 2005). 

Damages to 

power systems 

equipment 

(Bompard et al., 

2013) 

Reduction in 

biofuels sources 

(Boisvenue, 

2005; Bompard 

et al., 2013). 

Damage to 

pipelines and 

electricity 

transmission 

lines from 

bushfires 

(IPCC, 2014).  

Structural damages to energy 

production sites and transport 

networks due to direct impacts of 

overflows, reduced soil stability and 

induced mass movements (soil 

erosion, landslide, siltation) (Ebinger, 

2011; Paskal et al., 2010; Brown et 

al., 2014; Bompard et al., 2013; 

Ebinger et al., 2011; Klein et al., 

2013; Kovats et al., 2014; Brown, 

2014; Chandramowli et al., 2014).  

Damages to power systems 

equipment due to debris and 

pollution in cooling water flows 

required (Sieber et al., 2013; Cruz et 

al.; 2013).  

Short-circuiting and power failure on 

electrical systems (Brown et al., 

2014). Disable corrosion protection 

equipment and produce pitting 

(Humphrey et al., 2008; Cruz et al., 

2013; Bompard et al., 2013). 

Reduction in biofuels sources 

(Mideska et al., 2010; Ebinger et al., 

2011) 

Reduction in hydropower production 

due to increased silting of sediment 

into reservoirs due to increased 

erosion and sediment displacement. 

Structural damages to 

power systems equipment 

and storage tanks due to 

wind pressure or debris 

impact (Pryor et al. 2010; 

Ebinger, 2011; Wilbanks et 

al., 2012; Bompard et al., 

2013), Arent et al., 2014). 

Overloads of tidal and 

wave energy plants 

(Paskal, 2010). 

Disruption of electricity 

lines (transmission and 

distribution networks) and 

damages to cables due to 

falling trees (Bompard et 

al., 2013; Arent et al. 2014, 

McColl et al. 2012).  

Short-circuiting triggering 

possible fires especially 

with storage of liquid 

flammable hydrocarbons 

(Bompard et al., 2013; 

Sieber 2013; Ebinger 

2011). 

Reduction in biofuels 

sources (Boisvenue, 2005; 

Bompard et al., 2013). 

Extreme storm gusts may 

damage wind turbines 

(EEA, 2012). 
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Table 3.2 Overview of vulnerability (and impacts) of transport assets to climate hazards reported in literature 

 Heat waves Cold Droughts Wildfires  River and coastal floods Windstorms 

Transport  Buckling of roads, rails and 

bridges due to thermal 

expansion; structural material 

degradation; melting of 

asphalt and increased rutting 

and softening of pavement, 

signaling problems (Arent et 

al., 2014, Peterson et al. 2008, 

Jaroszweski et al. 2010; 

Mehrotra et al., 2011; 

Chinowski et al., 

2012; Chinowsky et al., 2013; 

Mehrotra et al., 2011 ; Suarez, 

2005 ; Peterson et al., 2008 ; 

Dobney et al., 2009 ; 

Eichhorst, 2009; Thornes et 

al., 2012 ; Cramer et al., 

2014 ; Mills and Andrey , 

2002 ; Molarius et al., 2011 ; 

Oslakovic et al., 2013, EEA, 

2011; Nolte et al., 2011). 

Failures of power lines 

(Nemry et al., 2012). 

Overheating impacts on 

infrastructure equipment, 

lifetime reduction, reliability 

of the electronic and electric 

components (e.g., rail rolling 

stock equipment) (EEA, 

2012); 

Slope instabilities due to the 

thawing of permafrost in 

alpine regions (EEA, 2012) 

Buckling of roads, 

rails and bridges 

due to thermal 

contraction (Enei 

et al., 2011; 

Koetse et al., 

2009; Oslakovic et 

al., 2013). 

Icing of aircraft 

wings and 

disruptions of 

airport functioning 

(Pejovic et al., 

2009; Doll et al., 

2013; Przuluski, 

2012). 

Ice accumulation 

on vessels, decks, 

riggings, and 

docks (Molarius et 

al., 2013; 

Humphrey et al., 

2008 ; Mehrotra et 

al., 2011). 

Boat traffic 

disrupted due to 

thick river ice 

cover 

(Schweighofer et 

al., 2014). 

Reduced 

clearance 

under 

waterway 

bridges, 

reduced 

navigability 

of rivers 

and 

channels 

due to low 

level 

streamflows 

(Jonkeren 

et al., 2007; 

Jonkeren et 

al., 2013) 

Earthworks 

desiccation, 

increased 

abrasion of 

mechanical 

components 

(EEA, 

2012) 

Deterioration 

of roads, 

railways and 

power lines 

(Peterson et 

al., 2008).   

Reduction of structural integrity of surface and 

subgrade material due to wave action and induced-

mass movements (erosion, landslide, subsidence) 

(Wright et al., 2012; Peterson et al. 2008; Eichhorst, 

2009; Jaroszweski et al., 2010; Arent et al., 2014; 

Nemry et al., 2012; Cramer et al., 2014). 

Scour on bridges and embankments, track and rail 

lineside equipment failure (Suarez, 2005; Humphrey 

et al., 2008; NRC, 2008 ; Peterson et al., 2008 ; 

Nemry et al., 2012 ; Eichhorst, 2009 ; Palin et al., 

2013 ; Cramer et al., 2014 ; Mills and Andrey, ; 

2002 ; Thornes et al., 2012 ; Molarius et al., 2011 ; 

Oslakovic et al., 2013). 

Structural damages to transport mode facilities 

(Hallegatte et al., 2011, Brown, 2014). 

Increased deterioration of infrastructures that lack a 

fouling-resistant design against salt water, Peterson et 

al., 2008). 

Disruption of transport vehicles (Koetse et al., 2009; 

Molarius et al., 2013).  

Reduced clearance under waterway bridges, reduced 

navigability of rivers and channels due to increased 

sedimentation (Jonkeren et al., 2007; Jonkeren et al., 

2013; Humphrey et al., 2008; Molarius et al., 2013; 

Koetse et al., 2009; Arent et al., 2014; Eichhorst et 

al., 2009; Schweighofer et al.,2014). 

Drainage systems, tunnels, increased scour of bridges. 

Risk of weather-related delays in all modes of 

services (EEA, 2012) 

Damage to rail installations, catenary, all modes 

potential traffic disruption (EEA, 2012) 

Structural damages to transport 

facilities (bridges, flyovers, 

electric tracks with overhead 

cables, train platforms, street 

lighting and signs) due to wind 

pressure or debris impact 

(Eichhorst, 2009; Enei et al., 

2011; Molarius et al., 2011). 

Damage to rail installations, 

catenary, all modes potential 

traffic disruption (EEA, 2012) 

Short-circuiting along electrical 

cables (Burlando et al., 2010; Enei 

et al., 2011; Molarius et al., 2011) 

Obstruction of roads and rails due 

to fallen vegetation (Burlando et 

al., 2010; Molarius et al., 2011; 

Oslakovic et al., 2013). 

Air and boat traffic disrupted due 

to high turbolences (PWC, 2010; 

Kulesa et al., 2003). 

Piled shipping containers may tip 

over (PWC, 2010; TRB, 2008) 

Reduced clearance under 

waterway bridges, reduced 

navigability of rivers and channels 

due to floating debris (Jonkeren et 

al., 2013) 

Reduction in all transport modes 

(EEA, 2012) 
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Table 3.3 Overview of vulnerability (and impacts) of industrial assets to climate hazards reported in literature 

 Heat waves Cold Droughts Wildfires  River and coastal floods Windstorms 

Industry  Enhanced degradation of 

materials and structures (Arent 

et al., 2014 ; Delpla et al., 2009; 

van Vliet et al., 2012; Tang et 

al., 2013) 

Structural damages to landfill 

due to increased methane 

production and potential 

leachate escape (Bebb et al., 

2003). 

Increased cost for cooling and 

refrigeration.  

Higher treatment costs due to 

increase in distribution of 

vermin and pests (Bebb et al., 

2003).  

Reduction in decomposition rate 

leading to lower operability and 

productivity (Bebb et al., 2003). 

Water 

pipes 

vulnerable 

to 

frost/icing 

(Bebb et 

al., 2003; 

Whitehead 

et al., 2009; 

PWC, 

2010) 

Structural damages due to 

drought-induced 

subsidence and permafrost 

thawing (Tang et al., 

2013; PWC, 2010) 

Water quality degradation, 

reduction in drinkable 

water and increase in 

treatment costs (Tang et 

al., 2013; Delpla et al., 

2009; Whitehead et al., 

2009; Cisneros et al., 

2014; van Vliet et al., 

2012)  

Reduction in 

decomposition rate 

leading to lower 

operability and 

productivity (Bebb et al., 

2003). 

Forest fires 

affect the 

viability of 

mining 

operations 

and 

potentially 

increases 

operating, 

transportatio

n and 

decommissio

ning costs 

(IPCC, 

2014) 

Structural damages to industrial sites due to direct 

impacts of overflows, reduced soil stability and induced 

mass movements (soil erosion, landslide, siltation) 

(Burton et al., 2005; Ahmed, 2012; Cisneros et al., 2014; 

Cozzani et al., 2010; Krausmann et al., 2011). 

Increasing cost for water treatment due to release of 

pollutants into the drainage and sewer system when 

brownfields are exposed to overflows (Major et al., 

2011). 

Overburden of drainage and sewer systems (Neu man et 

al., 2014; Delpla et al., 2009). Damages to transportation 

and transfer structures leading to disruption in water 

supply (Langeveld, 2013). 

Increased intrusion of salty water, damages for 

withdrawals, water quality degradation, wells pumping 

cut off, increasing cost for water treatment and reduction 

of water available for industrial purposes (Delpla et al., 

2009; Ahmed, 2012; Major et al., 2011; Cozzani et al., 

2010; Krausmann et al., 2011). 

Structural damages to 

industrial systems 

equipment due to wind 

pressure or debris 

impact (Krausmann et 

al., 2011; Tannahill et 

al., 2011). 

Pipelines vulnerable to 

wind gust, strong 

winds may contribute 

to initiating 

unfavorable 

geodynamic processes 

and falling trees over 

the distribution system 

(Whitehead et al., 

2009; Depla, 2009; 

Wilbanks et al., 2012). 

 

Table 3.4 Overview of vulnerability (and impacts) of social (education and health) assets to climate hazards reported in literature  

 Heat waves Cold Droughts Wildfires  River and coastal floods Windstorms 

Social Enhanced degradation of materials and 

structures (Hertin et al., 2003; Stewart et al., 

2011). 

Higher dependence of people to water 

availability and quality (Pita et al., 2013) 

Overheating buildings, such as houses, hospitals, 

schools, (Crump et al., 2009; DCLG, 2012) 

 Structural damages due to drought-induced 

subsidence and permafrost thawing (Corti et al., 

2009, 2011) 

Higher dependence of people to water availability 

and quality (Pita et al., 2013) 

Drought-induced soil subsidence and associated 

damage to dwellings (Corti et al., 2009) 

 Structural damage to 

social infrastructures and 

reduction in operational 

services (Carmichael et 

al., 2012; Hallegatte et 

al., 2011a) 

Structural damages to 

education and health 

structures and facilities 

due to wind pressure or 

debris impact (Hallegatte 

et al., 2011b; Pita et al., 

2013; Stewart et al., 2011). 
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3.3 Expert survey  

To derive a comparable vulnerability measure in the multi-hazard and multi-

infrastructure/investment context considered in CCMFF a web-based survey was 

run amongst specialists, using the secured European Commission tool: EUSurvey 

(http://ec.europa.eu/eusurvey ). In the survey the key economic assets and 

investments were grouped into the following sectors: (1) transport,, 2) energy, (3) 

information, industrial and social infrastructures and investments, (4) 

environmental/waste management and/or water treatment infrastructures, and (5) 

conservation of cultural and/or natural heritage. Based on the literature review, in a 

first screening of the allocations under the Cohesion Policy 2007-2013 programming 

period, 36 out of the 86 priority themes were considered not sensitive to climate 

hazards, so they were not retained in the survey (indicated without colour in Table 

3.5). For each sector about 500 experts were inquired to complete the survey, 

including facility operators, authors and editorial boards of peer-reviewed journals 

in the field of climate change and sector-specific structural engineering. In the 

ÓÕÒÖÅÙȟ ÓÅÎÓÉÔÉÖÉÔÙ ×ÁÓ ÄÅÆÉÎÅÄ ÁÓȡ ȰÔÈÅ degree an asset or system is affected when 

exposed to a climate hazardȱȢ Experts assigned anonymously a degree of sensitivity 

(high, moderate, low, no) of sector-specific infrastructures to each of the 7 climate 

hazards considered. About 10% of the invited experts responded, resulting in a 

sample size of approximately 50 per investment/infrastructure type and hazard. 

The modes of the Likert distributions were considered representative of the 

sensitivities, and in case of low consensus amongst the experts and/or strong 

disagreement with reported impacts or sensitivities some adjustments were made 

based on the literature review.  

 

The resulting sensitivity matrix for the Cohesion policy thematic priorities is shown 

in Table 3.5, for the critical infrastructures in Table 3.6. Green = no, yellow = low, 

orange = medium, and red = high sensitivity.   

 

 

http://ec.europa.eu/eusurvey
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Table 3.5 Sensitivities of CPF priority themes based on expert survey and literature Red = high, 

orange = medium, yellow = low, and green = no sensitivity. No color indicates the CPF priority themes 

that a priori were assumed to be not sensitive to climate hazards, hence was not included in the 

survey. DR = drought, FL = inland flooding; FF = forest fires; CL = cold; HE = heatwaves; SLR = sea 

level rise; and W = windstorms. (*) CPF does not foresee investments in power plants so the 

sensitivity values for transmission/distribution are used instead).  

Code Thematic priority name DR FL FF CL HE SLR WI 

1 R&TD activities in research centres        

2 
R&TD infrastructure and centres of 
competence        

3 
Technology transfer and improvement 
of cooperation networks        

4 
Assistance to R&TD, particularly in 
SMEs        

5 
Advanced support services for firms 
and groups of firms        

6 
Assistance to SMEs for the promotion 
of environmentally-friendly products        

7 
Investment in firms directly linked to 
research and innovation        

8 Other investment in firms        

9 
Other measures to stimulate research 
and innovation        

10 
Telephone infrastructures (including 
broadband networks)        

11 
Information and communication 
technologies        

12 
Information and communication 
technologies (TEN-ICT)        

13 Services and applications for citizens        

14 Services and applications for SMEs         

15 Other measures         

16 Railways        

17 Railways (TEN-T)        

18 Mobile rail assets        

19 Mobile rail assets (TEN-T)        

20 Motorways        

21 Motorways (TEN-T)        

22 National roads        

23 Regional/local roads        

24 Cycle tracks        

25 Urban transport        

26 Multimodal transport        

27 Multimodal transport (TEN-T)        

28 Intelligent transport systems        

29 Airports        
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30 Ports        

31 Inland waterways (regional and local)        

32 Inland waterways (TEN-T)        

33 Electricity*        

34 Electricity (TEN-E)*        

35 Natural gas*        

36 Natural gas (TEN-E)*        

37 Petroleum products*        

38 Petroleum products (TEN-E)*        

39 Renewable energy: wind        

40 Renewable energy: solar        

41 Renewable energy: biomass        

42 
Renewable energy: hydroelectric, 
geothermal and other        

43 
Energy efficiency, co-generation, 
energy management        

44 
Management of household and 
industrial waste        

45 
Management and distribution of water 
(drink water)        

46 Water treatment (waste water)        

47 Air quality        

48 
Integrated prevention and pollution 
control        

49 
Mitigation and adaption to climate 
change        

50 
Rehabilitation of industrial sites and 
contaminated land        

51 
Promotion of biodiversity and nature 
protection        

52 Promotion of clean urban transport        

53 Risk prevention        

54 
Other measures to preserve the 
environment and prevent risks        

55 Promotion of natural assets        

56 
Protection and development of 
natural heritage        

57 
Other assistance to improve tourist 
services        

58 
Protection and preservation of the 
cultural heritage        

59 Development of cultural infrastructure        

60 
Other assistance to improve cultural 
service        

61 
Integrated projects for urban and rural 
regeneration        

62 
Development of life-long learning 
systems and strategies        

63 
Design of innovative and more 
productive ways of organising work        



 

54 
 

64 
Development of special services for 
employment and training        

65 
Modernisation and strengthening 
labour market institutions        

66 
Implementing active and preventive 
measures on the labour market        

67 
Measures encouraging active ageing 
and prolonging working live        

68 
Support for self-employment and 
business start-up        

69 
Measures to improve access to 
employment        

70 
Specific action to increase migrants' 
participation in employment        

71 
Integration and re-entry into 
employment for disadvantaged people        

72 
Design, introduction and 
implementing of reforms in education        

73 
Measures to increase participation in 
education and training        

74 
Developing human potential in 
research & innovation        

75 Education infrastructure        

76 Health infrastructure        

77 Childcare infrastructure        

78 Housing infrastructure        

79 Other social infrastructure        

79 Other social infrastructure        

80 
Promoting partnerships, pacts and 
initiatives        

81 
Mechanisms for improving good policy 
and programme design        

82 
Compensation of any additional costs 
due to accessibility        

83 
Compensation of additional costs due 
to market forces        

84 
Compensation of additional costs due 
to climate conditions        

85 
Preparation, implementation, 
monitoring and inspection        

86 
Evaluation and studies; information 
and communication        
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Table 3.6 Sensitivities of critical infrastructures based on expert survey and literature Red = high, 

orange = medium, yellow = low, and green = no sensitivity.  

ENERGY drought flood SLR fire cold heat wind 

Nuclear power plants               

Coal fired power plants               

Gas fired power plants               

Oil fired power plants               

Electricity 
transmission/distribution               

Gas pipelines               

Wind               

Solar               

Biomass               

Hydro               

                

TRANSPORT drought flood SLR fire cold heat wind 

Rails               

Roads               

Airports               

Ports               

Inland Waterways               

                

INDUSTRY drought flood SLR fire cold heat wind 

Metals               

Chemical               

Refineries               

Minerals               

Water/waste 
management               

                

SOCIAL drought flood SLR fire cold heat wind 

Education               

Health               

 

In the survey, 70% of the possible combinations of hazard (7) and 

infrastructures/investments ( 50) were considered sensitive by more than 80% of 

the respondents while 40% of them are sensitive for more than 90% of the 

respondents. In general, the sensitivity is highest for inland floods, sea level rise and 

forest fires, whereas the sensitivity  of infrastructures to drought seems less 

important.  

 



 

56 
 

The expert survey generally corroborates the findings reported in the literature and 

the more robust findings correspond to higher consensus in the scientific 

community. The consensus about the survey sensitiveness is linked to the number of 

referenced impacts found for droughts, flood and forest fires, while it is much less 

pronounced for heat waves, frost/snow/cold and wind. There is also clearly a 

relation between the number of impact channels inventoried in the literature and 

the average sensitivity assessed by experts, albeit that the number of channels does 

not give any information about the strength of a given channel nor the scale of the 

potential impacts.  

 

We acknowledge different potential sources of bias in the survey: 

¶ Exposure bias: respondents seem to sometimes confound (potentially 

unintentionally) exposure as part of the vulnerability when they indicate the 

level of sensitivity. The first evidence of the existence of such bias is the 

difference in sensitivity indicated by experts between sea-level rise/storm 

surges and floods for some investments (for instance telephone and 

broadband networks, high impact while for sea level rise/storm surges it is 

low, which can only be justified by a difference in exposure). Other evidence 

of such bias is the heterogeneity of answers from the survey for related 

infrastructures; for example, regional roads are estimated as more sensitive 

to frost/snow/cold and floods than motorways and national roads. Exposure 

bias was removed to the extent possible based on literature impacts and 

sensitivities. 

¶ Information bias, both in the literature review and the survey: a general bias 

towards some more well-known and largely studied infrastructures vs. other 

ones to which the academic community has shed less light on (less studies on 

old technologies in energy production, apart from nuclear energy, especially 

compared to renewable energy). Some discrepancies between both 

assessment methods may also be the result of information bias. Impacts that 

are often discussed in the academic and grey literature (because associated 

with higher probability of occurrence or higher exposure) seem to be less 

acknowledged in the survey than in the review (meaning stronger bias in the 
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survey than in the literature review, potentially showing that this heuristic 

bias may be stronger when people try to gather expertise quickly to answer a 

survey online rather than when they write an article or choose a topic to 

study). For instance, the impact of droughts and heat waves on asphalt (both 

in the case of road transportation, which is very largely acknowledged by the 

literature , and of airports, the latter being associated with much less 

references) and on bridges is not well assessed by experts. 

¶ Individual bias: The individual/ personal representation of the overall impact 

of climate hazards and change was verified and shown to be very limited. We 

checked for individual bias by dropping the global representation of climate 

hazard impact within sectors, i.e. removing the average of all answers for 

each respondent, and this check lead to the same results. Some heterogeneity 

between sector-specific samples (distinct panels of experts), however, may 

further bias the comparisons of results between sectors. 

 

We further acknowledge that our approach has several limitations, including the 

following:  

¶ Sensitivities for a given investment/infras tructure  to a given hazard depend 

on the institutional and economic environment, especially on the upward and 

downward side of the production chain and thus on the dependency 

networks of critical infrastructure which are complex systems. Different 

degrees of interconnectivity of infrastructures indeed lead to different 

criticalness in case of a hazard (Kröger, 2008). Currently, there is, however, 

no satisfactory set of metrics or models that articulate the risk of failures, 

either naturally caused or human induced, for highly interdependent 

infrastructures.   

¶ Technological heterogeneity among infrastructures may also have a great 

role in the sensitivity estimation. For example, power plants with closed 

circuit cooling systems are more efficient and less vulnerable to rising air 

temperatures.  
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¶ The life span of existing or planned infrastructure can influence its current 

and future vulnerability. For example, wind power systems have lower life 

spans making them more adaptable in the long run. 

 

We implicitly consider in our survey exercise that experts are aware of the existing 

context (for instance the share of installed capital for a given technology of an 

infrastructure) and that they take this knowledge into account when answering the 

survey. Keeping these caveats in mind, our approach provides indications of general 

sensitivities of different types of infrastructures and key economic assets to climate 

hazards and may help in orienting policy interventions for climate adaptation and 

resilience. Further herein, when the vulnerability and exposure are combined with 

current climate hazards it is detailed how the qualitative sensitivity matrix is 

translated into quantitative estimates of impacts per sector.  
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4 Exposure: critical infrastructures and EU regional investments  

4.0 Key messages 

¶ Exposure refers to the inventory of the assets that may be affected by hazardous 

events. The assessment of exposure may address many classes of assets, their 

characteristics and geographical distribution. The value of an asset is function of 

its usefulness to an individual, group of individuals or the society as a whole. 

¶ Two types of assets have been considered in this study: EU regional investments 

and current critical infrastructures in Europe. 

¶ EU regional investments refer specifically to the investments under the Cohesion 

policy during the programming period 2007-2013 in the EU27. The funds 

allocated to European regions by the Cohesion policy are classified in 86 

categories of expenditure. In this study, a total of 50 categories of expenditure 

were considered potentially vulnerable to natural hazards, which accounts for 

53.1% of the 2007-2013 investment program, or roughly 185 billion Euros. 

Investments in transport and environment and tourism account for more than 

75% of all vulnerable investments. Other vulnerable domains of investment are 

social, technology and communication and energy infrastructure. Regions in the 

South and Eastern parts of Europe are the main beneficiaries. 

¶ A critical infrastructure is an asset which is essential for the maintenance of vital 

societal functions, health, safety, security, economic, or social well-being of 

people, as defined in the Council Directive 2008/114/EC. In this study, a total of 

24 infrastructure types were considered including transport, energy, industry 

and social infrastructures. 

¶ Data from various open and proprietary sources were collected to build a geo-

database storing both the location and key attributes of each critical 

infrastructure in vector format. The vector layers were then converted to raster 

ÌÁÙÅÒÓ ÁÎÄ ȬÈÁÒÍÏÎÉÚÅÄȭ ÕÓÉÎÇ Á ÐÒÏÃÅÄÕÒÅ ÉÍÐÌÅÍÅÎÔÅÄ ÉÎ 'ÅÏÇÒÁÐÈÉÃÁÌ 

Information Systems to minimize potential data completeness issues and to 

allow the comparability between infrastructures of the same sector. The 
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harmonized infrastructure layers represent both the location of infrastructures 

ÁÎÄ ÔÈÅÉÒ ȬÉÎÔÅÎÓÉÔÙȭȢ 4ÈÅ ÉÎÔÅÎÓÉÔÙ ÏÆ Á ÐÁÒÔÉÃÕÌÁÒ ÉÎÆÒÁÓÔÒÕÃÔÕÒÅ ÔÙÐÅ ÉÎ Á ÇÉÖÅÎ 

ÌÏÃÁÔÉÏÎ ÉÓ Á ÆÕÎÃÔÉÏÎ ÏÆ ÂÏÔÈ ÔÈÅ ÉÎÆÒÁÓÔÒÕÃÔÕÒÅȭÓ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÁÎÄ its location, 

which defines its potential usefulness and value to society. 

¶ The geo-database of critical infrastructures can be used to map the location of 

each infrastructure type in Europe. The spatial distribution of critical 

infrastructures varies considerably across Europe. For many types of 

infrastructures, there is a strong correlation between population density and the 

presence of infrastructures. For example, highly populated areas are generally 

well served by transport and social infrastructure. Some specific infrastructure 

types, however, are absent in many countries. For example, nuclear power plants 

are present in only a limited set of countries, and navigable inland waterways 

are mostly present in Central Europe. 

¶ The presence of an infrastructure at a given location (exposure) does not 

necessarily imply that such infrastructure is at risk. To evaluate risk, the location 

of infrastructures needs to be combined with the probability of occurrence and 

intensity of a hazard and its vulnerability to the hazard (Chapter 5).  
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4.1 Introduction  

Exposure refers to the people, property or any other interest that would be subject 

to a given hazardous event, and loss is a measure of its direct or indirect socio-

economic consequences (Mileti 1999, UNDP 2004, Lerner-Lam 2007). Exposure is 

therefore a fundamental component of disaster risk (IPCC 2012). Disaster risk exists 

only when all its three components occur simultaneously in a given geographical 

area: climate/weather-driven hazardous events (hazard) and exposed assets that 

are vulnerable to those events (exposure and vulnerability). To illustrate, if there is 

a hazard occurring in a geographical area without any assets, no losses can be 

expected, and no stakes are at risk. Similarly, there is no risk if the assets exposed to 

a particular hazard are not vulnerable to it. Exposure and vulnerability are, 

therefore, tied closely. However, due to practical and methodological convenience, 

exposure and vulnerability are treated separately in this study. 

 

The previous chapter focused on vulnerability, i.e. the propensity or predisposition 

of assets to be adversely affected (IPCC 2012). Vulnerability depends on the intrinsic 

characteristics of the assets that make them more or less sensitive to different types 

of hazardous events, in other words, the factors that contribute to loss, including the 

physical fragilities of buildings and infrastructure that may amplify losses (Lerner-

Lam 2007). This chapter focus on exposure only, and refers specifically to the 

inventory of assets and their geographical distribution. 

 

!Î ȬÁÓÓÅÔȭ ÉÓ ÁÎÙÔÈÉÎÇ ÔÈÁÔ ÉÓ ÕÓÅÆÕÌ ÔÏ ÓÏÍÅÂÏÄÙ ÏÒ ÓÏÍÅÔÈÉÎÇ9. Consequently, an 

asset always holds some sort of value, which often can be measured or expressed in 

monetary terms. Assets can be classified as material/physical (e.g. goods, 

infrastructure), financial (e.g. cash, investments), or intangible (e.g. know-how, 

culture). In agreement with DG CLIMA, two specific types of assets have been 

considered in this study: 

¶ EU regional investments 

¶ Critical infrastructures 

                                                        
9 According to Cambridge, Oxford and Collins dictionaries (consulted online in June 2015). 
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The EU regional investments refer to projects financed by the Cohesion policy (CP), 

ÁÌÓÏ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ Ȭ2ÅÇÉÏÎÁÌ ÐÏÌÉÃÙȭȢ 4ÈÅ #ÏÈÅÓÉÏÎ ÐÏÌÉÃÙ ÉÓ ÐÁÒÔ ÏÆ ÔÈÅ ÍÕÌÔÉ-annual 

financial framework (MFF), which regulates the annual budgets of the European 

Union typically over periods of seven years. In the programming period 2007-2013, 

the Cohesion policy accounted for about 1/3 of the total MFF budget, and a similar 

share has been agreed for the on-going programming period (2014-2020). 

 

The Cohesion policy iÓ ÐÕÔ ÉÎÔÏ ÐÒÁÃÔÉÃÅ ÔÈÒÏÕÇÈ ȬÏÐÅÒÁÔÉÏÎÁÌ ÐÒÏÇÒÁÍÍÅÓȭ ɉ/0ÓɊȟ 

which are policy instruments that define the investment priorities for regions, 

countries, or trans-boundary regions. The Cohesion policy aims at kick-starting 

growth, employment, competitiveness, and development on a sustainable basis, and 

thus aiming to reduce economic, social and territorial disparities between regions. 

4ÈÅ #ÏÈÅÓÉÏÎ ÐÏÌÉÃÙȭÓ ÆÕÎÄÓ ÁÒÅ ÕÓÅÄ ÉÎ Á ÒÁÎÇÅ ÏÆ ÄÏÍÁÉÎÓ ÏÆ ÉÎÔÅÒÖÅÎÔÉÏÎȟ ÌÉËÅ 

infrastructure, environment, research and development, aid to the private sector, 

human resources, and technical assistance. Not all the domains of intervention and 

specific projects supported by the Cohesion policy are vulnerable to natural hazards. 

The objective is therefore to focus on those that are vulnerable to natural hazards 

and quantify the potential risks given future climate conditions. 

 

Data regarding EU funded projects was made available by the Directorate-General 

for Regional and Urban Policy of the European Commission (DG REGIO), which 

manages the EU Cohesion policy. In this project, we used data regarding the 

Cohesion policy 2007-2013 only. Specific investment allocation data for the on-

going programming period (2014-2020) were not available during the writing of 

this report. In section 4.2, we provide more details on the configuration of the 

Cohesion policy, and on the data used to quantify EU funded projects per region and 

per type of investment. 

 

Ȭ#ÒÉÔÉÃÁÌ ÉÎÆÒÁÓÔÒÕÃÔÕÒÅȭ ÈÁÓ ÂÅÅÎ ÄÅÆÉÎÅÄ ÁÓ ȰÁÎ ÁÓÓÅÔȟ ÓÙÓÔÅÍ ÏÒ ÐÁÒÔ ÔÈÅÒÅÏÆ ɉȣɊ 

which is essential for the maintenance of vital societal functions, health, safety, 

security, economic or social well-being of people, and the disruption or destruction 

of which would have a significant impact in a Member State as a result of the failure 

to mainÔÁÉÎ ÔÈÏÓÅ ÆÕÎÃÔÉÏÎÓȱ ɉ#ÏÕÎÃÉÌ $ÉÒÅÃÔÉÖÅ ςππψȾρρτȾ%#ɊȢ )Î ÔÈÉÓ ÓÔÕÄÙ ×Å 
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ÓÅÌÅÃÔÅÄ Á ÌÁÒÇÅ ÓÅÔ ÏÆ ÉÎÆÒÁÓÔÒÕÃÔÕÒÅ ÔÙÐÅÓ ÔÈÁÔ ÍÁÙ ÃÌÁÓÓÉÆÙ ÁÓ ȬÃÒÉÔÉÃÁÌȭ ÁÃÃÏÒÄÉÎÇ ÔÏ 

the definition above. These broadly include transport, energy, industrial, 

environmental and social infrastructures. The objective was therefore to collect 

geospatial data on specific infrastructure types at the highest spatial resolution 

possible, for all the EU+EFTA countries. To our knowledge, this study has been the 

first one that attempted to collect and catalogue in the most complete, detailed and 

harmonized way data regarding critical infrastructures in the context of natural risk 

assessment at EU level. Section 4.3 describes in more detail the collected critical 

infrastructure data. 

 

 

4.2 EU regional investments: Cohesion policy funds  

The basis for the current model of the Cohesion policy was laid in the 1988 reform. 

Since then, the structural funds were integrated into an overarching policy, with 

strategic guidelines defined by the Commission and strong involvement of Member 

States and regions that drafted operational and regional development plans on a 

multi -annual basis. Different strategic objectives were set for regions depending on 

their economic situation, but with particular emphasis on the lagging regions of the 

community (Manzella and Mendez 2009). Since then, a total of four multi-annual 

programs have been implemented: 1989-1993, 1994-1999, 2000-2006 and 2007-

2013. The ongoing multi-annual program covers the period 2014-2020. 

 

In the 2007-2013 programming period, the Cohesion policy was operationally 

structured in three different funds, each with specific objectives: The Cohesion Fund 

(CF), the European Social Fund (ESF), and the European Regional Development 

Fund (ERDF). The latter aims at strengthening economic and social cohesion in the 

European Union and specific measures consist of direct aid to small and medium 

enterprises (SMEs), co-financing of infrastructure linked to research and innovation, 

information and telecommunication, environment, energy and transport, and 

technical assistance measures. Actors in all regions of the EU can be funded by the 

ERDF. The European Social Fund supports actions that contribute to improve human 

capital and social integration in order to increase access to the labour market and 
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create opportunities for employment. Only the most developed EU regions 

(GDP/capita >90% of the EU average) are not eligible for ESF funding. Finally, the 

Cohesion Fund invests in key trans-European transport and energy networks, while 

improving the environment by increasing energy efficiency, renewable energy 

production, inter-modality and mass public transportation. Only the regions under 

ÔÈÅ Ȭ#ÏÎÖÅÒÇÅÎÃÅȭ ÏÂÊÅÃÔÉÖÅ ɉ'$0ȾÃÁÐÉÔÁ ЃχυϷ ÏÆ ÔÈÅ %5 ÁÖÅÒÁÇÅɊ ÁÒÅ ÅÌÉÇÉÂÌÅ ÆÏÒ ÔÈÅ 

CF. 

 

A total of 347 billion Euros were distributed among the three funds, with 201 billion 

Euros allocated to the ERDF, 76 billion Euros to the ESF and 70 billion Euros to the 

#&Ȣ )Î ÔÅÒÍÓ ÏÆ ÒÅÇÉÏÎÁÌ ÄÉÓÔÒÉÂÕÔÉÏÎȟ ÔÈÅ ÒÅÇÉÏÎÓ ÕÎÄÅÒ ÔÈÅ Ȭ#ÏÎÖÅÒÇÅÎÃÅȭ ÏÂÊÅÃÔÉÖÅ 

benefited the most, with a total of 283 billion euros allocated. While the total 

ÁÍÏÕÎÔ ÏÆ ÔÈÅ #ÏÈÅÓÉÏÎ ÐÏÌÉÃÙ ÒÅÐÒÅÓÅÎÔÅÄ Á ÖÅÒÙ ÓÍÁÌÌ ÐÏÒÔÉÏÎ ÏÆ ÔÈÅ %5ȭÓ '$0 ɉͯ 

0.3%), in less developed regions, the yearly allocated investments can represent as 

high as 5% of their annual product. 

 

As the manager of the Cohesion policy, the mission of the DG REGIO is, first, to 

ensure that the available financial instruments contribute to a sustainable economic, 

social and territorial cohesion by reducing disparities between the levels of 

development of regions and countries of the European Union, and furthermore to 

ensure that these objectives are not met at high environmental cost, and that 

potential negative impacts are foreseen and minimized. A study on direct and 

indi rect land use impacts of the Cohesion policy has been done by the JRC at the 

request of the DG REGIO (Batista e Silva et al. 2013b). However, impacts of future 

weather and climate-driven hazardous events on EU investments have not been 

thoroughly assessed until this JRC study commissioned by the Directorate-General 

for Climate Action (DG CLIMA). 

 

In this project, we used data regarding the Cohesion policy 2007-2013, which 

consisted of allocated investments per NUTS2 region (271 regions) and per category 

of ÅØÐÅÎÄÉÔÕÒÅ ɉψφ ÃÁÔÅÇÏÒÉÅÓɊȢ 4ÈÅ ÃÁÔÅÇÏÒÉÅÓ ÃÁÎ ÂÅ ÁÓ ÓÐÅÃÉÆÉÃ ÁÓ Ȭ2Ǫ4$ 

ÉÎÆÒÁÓÔÒÕÃÔÕÒÅȭȟ Ȭ3ÕÐÐÏÒÔ ÆÏÒ ÓÅÌÆ-employment and business start-ÕÐȭȟ Ȭ-ÏÔÏÒ×ÁÙÓȭȟ 

Ȭ-ÕÌÔÉÍÏÄÁÌ ÔÒÁÎÓÐÏÒÔȭȟ Ȭ0ÏÒÔÓȭȟ Ȭ2ÅÎÅ×ÁÂÌÅ ÅÎÅÒÇÙȡ ÓÏÌÁÒȭȟ Ȭ)ÎÔÅÇÒÁÔÅÄ ÐÒÏÊÅÃÔÓ ÆÏÒ 
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urban and rural ÒÅÇÅÎÅÒÁÔÉÏÎȭȟ Ȭ0ÒÏÍÏÔÉÏÎ ÏÆ ÎÁÔÕÒÁÌ ÁÓÓÅÔÓȭȟ Ȭ%ÄÕÃÁÔÉÏÎ 

ÉÎÆÒÁÓÔÒÕÃÔÕÒÅȭȟ ÔÏ ÍÅÎÔÉÏÎ ÊÕÓÔ Á ÆÅ×Ȣ 4ÈÅ ÄÁÔÁ ×ÁÓ ÐÒÏÖÉÄÅÄ ÂÙ $' 2%')/ ÉÎ Á 

matrix of investment allocations, with regions in rows and expenditure categories in 

columns. 

 

Specific investment allocation data by the Cohesion policy for the 2014-2020 

programming period were not available within the writing of this report, as many 

operational programs were still being finalized. Operational programs can be 

regional, thematic (national scope) and trans-boundary (multi -regional scope), and 

define the strategies for investment during the seven year programming period 

ÇÉÖÅÎȡ ρɊ ÔÈÅ ÏÖÅÒÁÒÃÈÉÎÇ %5ȭÓ ÏÂÊÅÃÔÉÖÅÓ ÏÆ ÃÏÍÐÅÔÉÔÉÖÅÎÅÓÓ ÁÎÄ ÃÏÈÅÓÉÏÎ ÁÎÄ ςɊ ÔÈÅ 

specific regional and/or thematic goals. The OPs define in detail the share of each 

fund (ERDF + CF + ESF) that is used to support each objective and specific 

intervention. All summed together, the hundreds of OPs allow for a complete 

portrait of how the EU funds are expected to be used across regions and expenditure 

categories. 

 

Not all the categories of expenditure are equally sensitive to natural hazards. The 

different sensitivity levels of investments to natural hazards have already been 

addressed in Chapter 3 of this report. However, a first screening was conducted to 

differentiate investment typologies that are more vulnerable to natural hazards 

from those that are not. In general, investments in infrastructure or any kind of 

physical assets were considered potentially vulnerable to natural hazards, while 

investments in immaterial actions like financial support to firms and to research and 

development, improvement of the human capital and social inclusion, strengthening 

of institutional capacity, technical assistance or direct compensations to outermost 

regions were considered not vulnerable. Investments targeted to make regions more 

resilient to environmental risks and climate change were not considered vulnerable 

by definition. According to this first screening, 50 expenditure categories out of 86 

were considered potentially vulnerable to natural hazards, which accounts for 

53.1% of the total Cohesion policy investments. 
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The potentially vulnerable expenditure categories were then grouped in 5 relevant 

sectors of investments, namely: transport, energy, environment and tourism, social 

infrastructure and information, communication and technology. The share of 

investments per each of these sectors is depicted in Figure 4.1. Investments in 

transport and environment and tourism represent more than 75% of the total 

vulnerable investments. Figure 4.2 shows the regional distribution of these 

investments, with a quite remarkable pattern of Southern and Eastern regions 

absorbing most of the investments. Because Croatia joined the EU in 2013, it did not 

benefit from the Cohesion policy for the period considered at its fullest. As such, 

Croatia was not included in the analysis on EU Regional Investments. 

 

 

 

 

Figure 4.1 Share of main vulnerable categories of EU regional investments under the Cohesion policy 

2007-2013. 
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It is finally worth noting that data on specific projects were not available. The DG 

REGIO database has information for only a sample of large projects. Information on 

all specific projects, their nature, characteristics and precise locations would permit 

a much more accurate quantification of future expected damages due to natural 

hazards and changing climate conditions. However, such data are still very scattered 

and have not yet been systematized. Therefore, to what concerns exposed assets, 

only allocated investments per region and per category of expenditure have been 

considered. Moreover, these were assumed to be homogeneously distributed across 

ÅÁÃÈ ÒÅÇÉÏÎȭÓ ÇÅÏÇÒÁÐÈÉÃÁÌ ÅØÔÅÎÔȢ )Ô ×ÁÓ ÆÕÒÔÈÅÒ ÁÓÓÕÍÅÄ ÔÈÁÔ ÁÌÌÏÃÁÔÅÄ ÉÎÖÅstments 

at the begging of the program were implemented during the programs duration. 
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Figure 4.2  Regional distribution of Cohesion policy funds, per major type of investment 












































































































































































