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1. INTRODUCTION  

Extreme weather events (such as floods, heat waves, or droughts) are a 
pressing global concern due to the devastation that they can cause (e.g., 
IPCC, 2012). While several types of extreme weather events are worthy of 
study, this thesis focuses on flooding, which is the most common natural 
disaster (Swiss Re, 2015) and the one with the greatest effect on humanity 
(UNISDR, 2011). Munich Re (2015a) shows that 42% of global reported 
disaster events were floods, causing 24% and 28% of recorded fatalities and 
monetary damage in 2015, respectively. As an illustration, in May 2015 
floods in the United States (U.S.) caused $2.7 billion in damage, while in 
December of the same year floods across the United Kingdom, Ireland and 
Norway resulted in $1.6–$2 billion in damage (Munich Re, 2015b; Swiss Re, 
2016). Despite these large impacts, 2015 does not appear to have been an 
outlying year, as from 1990 to 2010 there was an annual average worldwide 
loss of $23 billion due to flooding (Jongman et al., 2015). Europe as a whole 
has suffered an annual average loss of $14 billion between 1980 and 2010 
due to the effects of extreme weather events (NMI, 2013).  

The past impacts of flooding have sparked large-scale actions by 
governments and citizens to limit flood impacts (see Husby et al., 2014; 
Benson et al., 2016). Nevertheless, flood preparedness should be improved, 
because the recent flood events are part of a longer-term upward trend in 
flood impacts (e.g., Barredo, 2007; Bouwer, 2011). Given the upward trend 
in natural disaster losses, understanding the potential evolution of flood 
damages can allow society to better manage and control the actual 
direction in which flood impacts will move in the future. 

The importance of understanding how flood impacts will evolve has led to a 
great deal of academic work on this topic (e.g., Preston, 2013; Changnon et 
al., 2000; IPCC, 2012; Milly et al., 2002; Schiermeier, 2011; Jongman et al., 
2014; Wimsemius et al., 2016). The studies focusing on Europe have shown 
a strong trend towards increasing flood damage, with some analyses 
predicting that costs may triple by 2080 (Alfieri et al., 2015), or even be up 
to 4 times larger in the 2050s than in 2010 (Jongman et al. 2014), 
depending on the climate change scenario used. Collectively, these studies 
show that, across Europe, the threat posed by flooding is increasing due to 
population and economic growth in flood-prone areas, while climate 
change alters the probability and extent of flooding (e.g., IPCC, 2012; 
Kundzewicz et al., 2014; Alfieri et al., 2015; Rojas et al., 2013). While 
climate change contributes to changing risk profiles in Europe, socio-
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economic development tends to be the leading contributor, and a 
somewhat stronger driver in Eastern as compared to Western Europe 
(Rojas et al., 2013; Wimsemius et al., 2016). The problem of climate change 
is a global externality, whereas the socio-economic drivers of flood risk may 
be more easily controlled through improved management of said drivers. 
Controlling these drivers can minimize future exposure and the vulnerability 
of people and assets.  

The socio-economic development of flood-prone areas is determined by 
decisions taken by stakeholders: some stakeholders (such as homeowners 
or property developers) can take actions that increase the potential impact 
of a flood event, while others (e.g., insurers or land-use regulators) try to 
promote actions that limit potential flood impacts. The interaction between 
these stakeholders should be influenced to limit flood risk because it can 
take a long time to recover from the impacts of flooding and the recovery 
process can result in a great deal of pressure being placed on the involved 
stakeholders. For example, the effects of Hurricane Katrina were estimated 
to take between 8 and 11 years to recover from a monetary loss of $40–$50 
billion and over 1,500 fatalities (Kates et al., 2006). The growing pressure on 
stakeholder budgets makes the minimization of costs of natural disasters a 
top priority. Preventing direct flood impacts (such as property losses) also 
prevents substantial indirect impacts, such as business interruptions (Koks 
et al., 2016), or potentially larger intangible welfare impacts (Chapter 2).  

To minimise the effects of natural disasters, active management is required, 
as noted in the Sendai framework for disaster risk reduction for the period 
2015–2030. One of the key priorities of the Sendai framework is to improve 
societal resilience (Mechler, 2016). While the definition of resilience is 
contested (e.g., Klein et al., 2003; Rose, 2007), most definitions tend to 
focus on recovering from the impacts of a flood event quickly and at a low 
cost. The Sendai framework, therefore, encourages the use of measures 
that finance recovery costs, while offering incentives to reduce the 
potential impacts of flood events (Mysiak et al., 2016). 

There are many potential measures that can help meet the goals of the 
Sendai framework. For instance, flood barriers or levees can be built to 
prevent flooding (e.g., Aerts et al., 2013). However, some of those 
measures can be expensive, and often have intangible and tangible benefits 
that occur over the long term or display the features of a public good. A risk 
analysis is required to evaluate proposed measures in order to make the 
best use of limited resources while accounting for uncertainty in the 
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occurrence and impacts of floods (Grossi Kunreuther, 2005). Risk is a metric 
that converts the continuum of potential impacts into a value that can be 
used to guide decisions about how to manage flooding. Assessments of 
risks and risk management measures often follow these steps: evaluating 
the magnitude of the threat posed; identification of the possible risk 
reduction measures and costs; an effectiveness analysis of these measures; 
and finally calculation of economic efficiency of risk reduction measures 
(Mechler, 2016). However, while monetary values of risk or impacts are 
suitable metrics for guiding risk management decisions, they may be even 
more useful as inputs into a broader analysis of the objectives and 
consequences of flood insurance and risk management strategies (Chapter 
6). 

1.1 Flood risk modelling: an overview 
The primary method of risk assessment is disaster risk modelling, which 
estimates the impact of a flood using spatially referenced data (Grossi and 
Kunreuther, 2005). Input data is based on the risk triangle consisting of: 
exposure as the value of assets or number of people that can be affected 
during an event (E); hazard as the probability and magnitude of the event 
(H); and how susceptible to damage the exposed items are, vulnerability (V) 
(Kron, 2005). The loss for a given flood (L) is a function of these variables, as 
shown in eq. (1.1). There are two elements that emerge from these three 
variables: the human element and the climate element. The vulnerability 
and exposure components form the human element of the system, since 
these two elements directly correspond to human behaviour. Exposure 
changes as the result of socio-economic development in flood-prone areas. 
Vulnerability can be altered by changing building codes (e.g., Burby, 2001) 
or retro-fitting buildings (e.g., Poussin et al., 2015) to make buildings more 
resilient to water damage. The climate element is the hydrological flood 
caused by local weather and geographical conditions, which provides the 
hazard input into the system. 

𝐿 = 𝑓(𝐻, 𝐸, 𝑉) ,  𝑓𝐻
′ ≥ 0, 𝑓𝐸

′ > 0, 𝑓𝑉
′ ≥ 0                          (1.1) 

There is not only a single possible flood event, and a common way to 
represent the range of possible floods is through probability-exceedance 
curves (Grossi and Kunreuther, 2005), as shown in Figure 1.1. A probability-
exceedance curve shows that, for example, a flood with an exceedance 
probability of 0.5 (meaning a larger flood would occur 50% of the time) 
would have a certain impact.  
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Risk is thus described as the probability weighted sum of flood impacts 
(Mechler, 2016), which is the integral of the probability-exceedance curve 
(Ward et al., 2011). A probability-exceedance curve alters eq. (1.1) such 
that L is now a function of p, the probability-exceedance, where the smaller 
the p, the larger the total loss. Risk or the expected loss is shown in eq. 
(1.2).  

𝑅𝑖𝑠𝑘 = ∫ 𝐿(𝑝)𝑑𝑝 𝑓𝑝
′ ≤ 0

𝑃𝑆

0
                           (1.2) 

Equation (1.2) introduces the variable PS, representing flood protection 
standards. Protection standards are measures such as levees or floodwalls, 
aimed at preventing floods, which lower the exceedance probability of 
damaging floods (de Moel and Aerts, 2013). Figure 1.1 shows the effect of 
implementing two flood risk management measures on the exceedance 
probability curve: (a) the right panel shows that by implementing flood 
protection standards, any flood with an exceedance probability larger than 
0.5 is assumed not to occur. (b) Damage mitigation measures are measures 
lowering flood impacts on e.g. buildings by reducing vulnerability (e.g. 
elevating a building, or flood proofing the base floor). By implementing such 
measure (the red line in Figure 1.1), total risk is lowered, reducing the area 
under the probability-exceedance curve --while maintaining a given level of 
exposure. 

 

Figure 1.1 An example of a probability-exceedance curve 

Notes: The left panel shows risk curves with no protection standards, and only assumes damage 
mitigation strategies that lower damage by 50%. The panel to the right shows risk curves assuming both 
protection standards set at a probability-exceedance of 0.5 and damage mitigation strategies that lower 
damage by 50%. 
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1.2 Managing natural disaster risk 
The increasing trend over time in risk and observed impacts (as noted 
above) result in a growing interest in flood risk management. There has 
been a reduction in the overall vulnerability to flooding both globally (e.g., 
Jongman et al., 2015) and at an individual level (e.g., Bubeck et al., 2012). 
This is because with growing risk more risk reduction measures become 
cost-effective (Chapter 5). 

1.2.1 Natural disaster risk reduction  
Disaster risk reduction (DRR) can be sub-divided into protection and 
mitigation. Protection reduces the flood hazard (i.e., flood probability) 
while mitigation lowers vulnerability of people and assets once a flood 
occurs. Protection measures, such as dikes or similar barriers, can be rather 
expensive. For example, installing storm surge barriers to protect New York 
against flooding could cost up to $21 billion (Aerts et al., 2013). The state 
tends to be the greatest provider of protection infrastructure, because of 
the public good characteristics of such projects. For example, the Dutch 
government has invested in dikes that reduce the probability of a flood to 
1/10,000 in some areas (Klijn et al., 2004), while the average flood 
protection infrastructure in Austria is at 1/400 (Scussolini et al., 2016). 
However, increasing the protection standards to a level that floods never 
occur is likely to be economically inefficient (Kind, 2014).  

Investments in protection infrastructure are not purely beneficial, as such 
investments can promote ‘levee effects’. Levee effects occur because a high 
degree of protection makes people feel safe, which encourages the growth 
in exposed assets in protected areas (Tobin, 1995; Vis et al., 2003). This 
growth in assets implies that the potential flood damage, and hence flood 
risk, increases. Husby et al. (2014), for instance, show that, after a large-
scale protection infrastructure project was conducted in the Netherlands, 
the affected protected areas tended to experience faster population growth 
rates. To reduce potential levee effects or manage development more 
generally, spatial planning can direct development away from flood risk 
zones to reduce exposure (Kreibich et al., 2014). Moreover, building codes 
can be altered with the aim of reducing vulnerability to flooding (Burby, 
2001).  

Mitigation measures can operate at both large and small scales, although 
they are often employed at a household-level. One method of mitigating 
disaster risk is through wet or dry flood-proofing buildings (Aerts et al., 
2013). Wet flood-proofing comprises household or business level measures, 
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which aim to limit damage if a flood occurs; for example, by building with 
water water-resistant materials and having water-resistant floors, and 
placing electricity and utility installations above flood-water levels. Dry 
flood-proofing measures aim to prevent flood waters from entering a 
building, for example by placing flood shields and sealing walls and cellars. 
Mitigation measures such as the above examples are small-scale measures 
that can have large benefits in terms of avoided flood damage in the 
aggregate (Chapter 5). 

1.2.2 Natural disaster risk transfer 
Risk transfer mechanisms, such as insurance, do not lower the physical 
impact of a disaster, but spread risks over individuals by providing 
compensation for damage after a disaster event. In the presence of risk 
transfer mechanisms, the individual replaces a large randomly occurring 
loss (flood impacts) with a smaller constant net loss (paying a flood 
insurance premium). It is commonly assumed that people are risk averse 
and prefer low volatility in their wealth levels or certainty about their 
welfare (Mas-Colell, 1995). Risk transfer helps to reduce the financial 
impact of a disaster on those directly affected by the sharing of flood losses 
across a wider group (McAneney et al., 2016). 

Assuming that the premium is actuarially fair (i.e., the premium is equal to 
the risk) an individual will buy full insurance (Mas-Colell, 1995) and a 
constant level of welfare results. A similar finding applies if the premium is 
not actuarially fair (i.e., higher than the risk), where individuals will not fully 
insure and still hold some risk themselves (Mas-Colell, 1995). This may be 
through the use of deductibles or through co-insurance1, meaning the 
insured will still suffer some financial impact when flooded. In this case, as 
long as the ‘unfair’ premium is not too high, risk transfer mechanisms allow 
individuals to reduce the volatility in their welfare. In practice, insurance 
premiums are nearly always larger than the risk faced because of the 
loading factors insurers charge due to, at least, the administrative costs of 
providing insurance. The potential increase in an individual’s welfare from 
reducing volatility is not the only benefit of risk transfer mechanisms. Pre-
funded compensation mechanisms are the key for recovering quickly after a 
flood event at a low cost (Botzen, 2013). The smaller fixed premium costs 
and quick compensation helps policyholders to get back on their feet after a 

                                                           
1 A deductible is a fixed value, e.g. the first $100 per claim or the first of claims up to $100 per year. Co-
insurance, on the other hand, is a fixed percentage of losses; e.g., the policyholder can only be 
compensated for 90% of each loss claimed. 
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disaster occurs (Botzen, 2013), which limits long-lasting and indirect 
impacts on the economy (Koks et al., 2016).  

Mechanisms for risk transfer can come in many forms, one of which is 
through the insurance market, which can be led by the private sector, the 
government, or by both, through a public private partnership. Regardless of 
the insurance provider, for a policyholder to receive compensation they 
must have paid the insurance premium. Allowing premiums to reflect the 
underlying risk a policyholder faces can provide incentives for DRR by acting 
as a price signal of risk, or by providing discounts for DRR measures taken 
by the policyholder (Kunreuther, 1996). Insurance companies can have 
incentives for encouraging their policyholders to actively manage their risk 
profiles, in order to protect their firm’s long-term sustainability. Therefore, 
a well-designed insurance market or product can combine both primary 
methods of managing risk (Kunreuther, 1996; Botzen et al., 2009b; 
Kunreuther and Michel-Kerjan, 2009; Mechler et al., 2014; Penning-Rowsell 
and Pardoe, 2012; Surminski and Oramas-Dorta, 2014). Creating such an 
insurance market is challenging. For example, if insurance companies raise 
premiums to correctly reflect risk, then premiums may become too high, 
and insurance can become less attractive for especially low-income 
households in high-risk areas (Botzen et al., 2009a). However, despite the 
potential conflict with affordability of insurance, risk-based premiums can 
provide strong incentives for actively managing risk (Chapter 5). 

Market, or insurance based, mechanisms are not the only way of sharing 
losses, since there are also public sector mechanisms such as government 
compensation after a disaster has occurred. For example, Germany and the 
Netherlands can use government funds in an ad-hoc manner to provide 
compensation following a flood. Some governments may be in a good 
position for loss sharing, due to their ability to diversify losses both spatially 
and intertemporally via taxation and borrowing (Mechler and Hochrainer-
Stigler, 2014). This allows for wealth transfers to provide compensation to 
those affected. Although complete public insurance provision may be less 
efficient than provision through competitive markets, public insurance 
provision may more easily meet certain social goals, such as widespread 
affordable insurance coverage.  

A drawback of government compensation is that citizens may become 
reliant on government compensation, which reduces the incentive for self-
preparation. The disincentive for preparedness emanating from 
government compensation is known as the Samaritan’s dilemma or charity 
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hazard (Raschky and Weck-Hannemann, 2007). Ad-hoc state compensation 
lowers the incentive to buy insurance as, in essence, households gain free 
insurance coverage. These mechanisms develop out of concern for those 
affected by natural disasters, which leads to the financing of disaster losses 
based on principles of national solidarity. The main goals of these public-
sector mechanisms, therefore, are equity and access to disaster 
compensation. 

Flood insurance systems must strike a balance between trading off equity 
concerns with economic efficiency (Chapter 6). Different structures for 
providing insurance have developed across Europe in response to different 
risk profiles and different social objectives (Surminski et al., 2016). Across 
Europe, three stylized market structures can be identified (Chapter 6). The 
first is solidarity markets, where flood insurance is considered to be a social, 
rather than a private, good, and the affordability of insurance premiums is 
important. The affordability of insurance is maintained by mandating 
insurance purchase across high-risk and low-risk households, combined 
with support from the government for very high impact events. The second 
is voluntary markets, whereby households have the free choice of buying 
flood insurance. The majority of such markets offer limited government 
support for disaster losses and risk-based premiums. The third is semi-
voluntary markets, whereby households, in principle, have the choice of 
whether to buy flood insurance or not. However, in practise, flood 
insurance coverage is bundled with more commonly bought insurance 
products, such as fire insurance, that are often purchased to satisfy 
mortgage requirements (e.g., Maccaferri et al., 2012). If such insurance is 
provided in a way that the premium reflects the underlying risk, it may 
prove to be an effective risk management tool (Chapter 6). 

1.2.3 Combing natural disaster risk reduction and risk transfer 
Given the expected increase in flood risk across Europe, it is important to 
combine flood insurance coverage with adequate incentives for promoting 
DRR by policyholders. Many households in flood-prone areas do not choose 
to invest in DRR (e.g., Kreibich et al., 2005; Bubeck et al., 2014; 
Osbergehaus, 2015). The unpreparedness of households could originate 
from several behavioural heuristics associated with low-probability/high-
impact risks (Kunreuther and Michel-Kerjan, 2011). Examples of these 
heuristics are bounded rationality (Botzen and van den Bergh, 2010) and 
availability bias (Tversky and Kahneman, 1973). Households act upon their 
subjectively perceived risk level, which may deviate from objective flood 
risks. For example, due to availability bias, individuals may underestimate 
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flood risk if a flood has not happened for a long time, which makes it 
difficult for them to imagine that a future flood would occur. Insurers, on 
the other hand, have a very strong incentive to gain an as accurate 
understanding of risk as possible, in order to remain commercially viable. 
Therefore, insurers have led the way in the use of risk models to 
understand risk (Grossi and Kunreuther, 2005). As a result, a gap may exist 
between subjective risk perceptions by households and objective views of 
risk by insurers. The perception gap can result in problems with using 
insurance-based incentives in voluntary markets, as households may not 
buy flood insurance and/or employ DRR measures when they 
underestimate flood risk. The implications that result from these 
behavioural heuristics or subjective risk misperceptions highlight the need 
to study the role that requirements for purchasing flood insurance and 
insurance incentives for DRR can play in better managing future flood risk. 

Nevertheless, household DRR can be a cost-effective adaptation measure 
(Chapter 2; Chapter 5). Therefore, insurance incentives may be required to 
promote household DRR, because in the absence of such incentives 
relatively few households may employ DRR measures (Chapter 5). A 
traditional insurance incentive for policyholder-led risk management is a 
deductible (or co-insurance). Deductibles are not only a response to ‘unfair’ 
insurance premiums, but also as a mechanism to prevent moral hazard. 
Moral hazard occurs when insurance coverage increases the vulnerability to 
floods because the insured take fewer measures to limit risk. This is 
because they expect that insurers will compensate their damage 
irrespective of their risk reduction efforts (Ehrlich and Becker, 1972; Arnott 
and Stiglitz, 1988). Moral hazard poses problems if the resulting behaviour 
cannot be observed by the insurer, meaning that increased risk taking is not 
completely reflected in a higher insurance premium (Chiappori and Salanie, 
2000). This is a concern because inadequate premium levels are a common 
cause of problems for insurance schemes (Surminski and Eldridge, 2015). 
The presence of a deductible in an insurance policy results in the 
policyholder having ‘skin in the game’, which provides the policyholder with 
an incentive for risk management.  

However, not all households may display moral hazard behaviour due to 
their intrinsic motivations to prepare for flood disasters (Chapter 4) or 
markets can be structured in a way that reduces the importance of private 
information (Chapter 6). Regardless, the presence of moral hazard needs to 
be studied as the European Commission (EC) notes in EC (2013). The Green 
Paper on Natural and Man-Made Disaster Insurance (EC, 2013) expresses 
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concerns that the presence of moral hazard could result in disaster risks 
becoming uninsurable. Studying the presence of moral hazard can be 
problematic in some countries due to the absence of a control group of 
people without flood insurance. For example, Germany has a voluntary 
flood insurance market and, therefore, there are households with and 
without flood insurance, while in France the coverage rate is nearly 100%. 
Moral hazard should be studied where it is possible to do so, using several 
data sources and methods embedded in the overall literature to produce 
results that might be generalizable to a wider population than that studied. 

While the deductible may be the most common method of incentivising 
policyholder risk management, the potential of a well-designed insurance 
market to stimulate risk reduction goes beyond the deductible. Deductibles 
may not be sufficient if policyholders underestimate the threat that they 
face, if they simply not know whether they have a deductible (Chapter 4), 
or if the deductible is too small. For example, in France the mandatory 
deductible is €380 per year (Poussin et al., 2013). As an illustration, if there 
is a 1% flooding probability, as in the department Maine-et-Lorie (Scussolini 
et al., 2016), then the flood risk has an expected loss for the policyholder of 
an average of €3.80 per year2, which is a very small incentive for risk 
reduction3. Insurance premiums can provide stronger incentives for DRR 
through charging risk-based insurance premiums. Risk-based premiums 
allow policyholders to be directly rewarded for additional DRR with lower 
premiums. The external DRR incentive provided by risk-based premiums 
can build resilience (Kunreuther, 2015) by stimulating policyholders to 
implement cost-effective DRR measures. In areas where disaster losses are 
driven by socio-economic development, behavioural incentives offer useful 
ways of limiting future flood impacts.  

To fully embrace the risk reduction potential of insurance, a link between 
insurance and DRR is required, but this link is currently weak across Europe 
(Surminski et al., 2015). For example, the study of Thieken et al. (2006) finds 
that German insurance companies did not provide strong incentives for 
household-level risk reduction. Moreover, given the increasing pressure 
that insurers will face without a strong link with DRR, insurance may 
become unviable in the future (Golnaraghi et al., 2016; Chapter 6). There 
are several reasons for why the link between insurance and disaster risk 

                                                           
2 The expected loss as calculated by €380×0.01. 
3 Even though the deductibles can be increased up to €1,520 in areas that are frequently flooded and do 
not have adequate community flood risk management plans, the financial incentive in terms of the 
expected value of flood risk faced by a policyholder remains small (Poussin et al., 2013). 
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reduction has been insufficiently made in practice. The relevant 
stakeholders tend to view the presence of information asymmetries 
between insurers and policyholders as a feature that holds back the 
development of insurance markets (Thistlethwaite, 2016). Information 
asymmetries limit the potential connection between insurance and DRR, as 
premiums cannot be reliably set when the insurer cannot monitor risk 
reduction activities by policyholders. This issue may be overcome with 
‘mitigation certificates’, in which certified inspectors judge the flood-
proofing of a house on which premiums can be set, as is done with the use 
of elevation certificates in the United States (Kleindorfer and Kunreuther, 
2000). For example, since 2013 the German Insurance Association has 
promoted a flood resilience certificate scheme (GDV, 2016). These 
certificates are aimed at lowering the transaction costs that prevent 
insurers and policyholders from acting upon the same information. A 
remaining challenge with linking insurance to incentives for DRR is that 
there is little empirical information about how much flood damage can be 
avoided with specific mitigation measures and how effective risk-based 
premiums and premium discounts are in stimulating additional DRR by 
policyholders.  

Another obstacle for the adequate functioning of flood insurance markets is 
that flood insurance premiums can be overly expensive due to insurer 
aversion to uncertainty of risk and insolvency risks (Kousky and Cooke, 
2012, Paudel et al., 2015; Kunreuther and Michel-Kerjan, 2011). Moreover, 
given the range of risk management objectives that stakeholders have, it 
can be difficult to find the right balance between risk management 
incentives and providing affordable insurance coverage (see Chapter 6 for a 
discussion). While there are frameworks for assessing the risk reduction 
potential of insurance schemes, an assessment framework for market 
structures as a whole is lacking. This is because while stakeholders have 
different objectives, they must achieve acceptable trade-offs between the 
various outcomes an insurance scheme can be held up against, such as risk 
reduction, affordability, and high insurance penetration rates. Rather than 
assessments focusing on a single aspect, a more holistic view is required 
where outcomes are not evaluated independently, and that is based on the 
objectives and concerns of the relevant stakeholders. 

The desirable structure of the insurance market can be an important object 
for study. A market’s structure can have large impacts on whether 
insurance meets the risk management objectives placed upon it. A market 
that charges uniform premiums is unlikely to provide a strong incentive for 
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risk reduction, while a fully private insurance market is likely to charge high 
premiums to those at greatest risk from flooding. These high premiums in 
high-risk areas can provide a strong incentive for risk reduction. They limit, 
however, the overall number of low-income people who can afford to buy 
insurance or invest in risk reduction, because the upfront costs of actively 
managing risk can be perceived as placing too large a burden on the 
policyholder’s budgets. A well-designed or structured insurance market can 
strike a balance between acting as an affordable risk transfer mechanism 
and a tool for risk reduction. Moreover, such a market can contribute 
towards integrated flood risk management (Kron, 2005), which places 
greater weight on the responsibilities of all stakeholders to limit flood risk 
by acting together in partnerships rather than as individuals. However, 
while several studies have tried to measure the risk reduction potential of 
insurance incentives (e.g. Chapter 5) or the potential affordability of 
premiums (e.g., Kousky and Kunreuther, 2014), we lack an integrated 
assessment framework for understanding how different methods of 
providing insurance compare to one another on commonly raised policy 
objectives.  

Finally, when considering the risk management potential of insurance and 
the risk management incentives an insurance policy can provide, impacts 
outside of direct tangible (i.e., physical or monetary) losses must be 
considered. Monetary flood impacts, which are often measured as direct 
property losses, are an important input for cost-benefit analyses that guide 
flood risk management strategies (Mechler, 2016). However, a 
comprehensive societal cost-benefit analysis should also include intangible 
losses caused by floods (for example, psychological damage and anxiety) 
(Lamond et al., 2015), to gain a complete view of the effects on welfare. 
Intangible losses are often neglected in risk assessments, perhaps due to 
the perceived difficulty of converting intangible losses into monetary values 
(Prettenthaler et al., 2015), in contrast to the range of methods that have 
been developed for assessing tangible flood losses (Mochizuki et al., 2014). 
Moreover, previous studies that have tried to assess the presence of 
intangible welfare impacts due to insurance or risk reduction have either 
focused at a high level of spatial aggregation (Luechinger and Raschky, 
2009) or have used choice experiments to elicit hypothetical willingness to 
pay estimates for avoiding flood impacts (Joseph et al., 2012). A too high 
level of spatial aggregation can mask the welfare impacts of flood events 
due to the inclusion of households not exposed to flooding, while the use of 
choice experiments can expose the results to a range of strategic choices of 
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the participants that are related to hypothetical willingness to pay (Loomis, 
2013).  

1.3 This thesis’s research questions 
The main research question of this thesis is: How can insurance and 
household-level risk reduction measures be combined to create a flood-
resilient society? Connecting the two mechanisms can help to meet the 
Sendai framework’s call for increasing investment in disaster risk reduction. 
Moreover, many insurers and risk managers are starting to believe that 
without active risk reduction by different stakeholders insurance may be 
non-viable in the future (Golnaraghi et al., 2016). 

To answer this main question this research follows the workflow scheme 
presented in Figure 1.2 and is based around the following sub-questions:  

1. How are flood impacts and household-level flood risk reduction 
measures valued in terms of welfare? In particular, what are the 
intangible impacts of flooding and household-level flood risk reduction 
measures, and how can these be measured and monetised? (Chapter 2) 

2. What is the effectiveness of household-level flood risk reduction 
measures in terms of reducing property damage, and how can this 
effectiveness be measured while controlling for other factors that 
influence flood damage? (Chapter 3) 

3. Is moral hazard present in natural hazard insurance markets, and is it an 
impediment to using insurance as an incentive for household-level risk 
reduction? (Chapter 4) 

4. To what degree can direct insurance incentives encourage households 
to employ flood risk reduction measures? Is there a trade-off between 
the strength of risk reduction incentives and the affordability of 
insurance premiums and, if so, how can this be overcome? (Chapter 5) 

5. What is the set of insurance market features that best manages trade-
offs between economic efficiency and equity concerns of flood 
insurance market reforms that are needed in Europe to cope with 
increasing flood risk as a result of climate and socio-economic change? 
(Chapter 6). 

 
Answering the first sub-question provides insights into the overall welfare 
benefits of household-level DRR and managing the impacts of flooding 
more generally. Household-level DRR could form part of wider risk 
management plans that should be based on a comprehensive cost-benefit 
analysis (Mechler, 2016), including both tangible and intangible impacts. It 
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is known that floods can severely impact human welfare outside of their 
direct monetary impacts; causing, for instance, psychological damage or 
anxiety (Lamond et al., 2015). Showing that flood impacts and flood risk can 
have large negative impacts on a household’s level of welfare strengthens 
the argument for more actively and proactively lowering risk. 
Demonstrating that the measures households can take to protect 
themselves can have positive welfare impacts outside of lower risk levels 
highlights the need to promote the use of such measures. Nevertheless, the 
majority of this thesis focuses on tangible monetary flood impacts, which 
provide more conservative flood risk estimates that are commonly used in 
practice for advising how society should manage future flood risk.  
 
While Chapter 2 provides a rationale for the role of household-level DRR in 
overall risk management strategies, Chapter 3 presents a novel method 
aimed at providing refined estimates of the risk reduction potential of 
several household-level DRR measures. Chapter 4 complements Chapter 3 
by presenting a comprehensive analysis of the relation between insurance 
coverage and employment of DRR measures to provide an indication of the 
moral hazard and how expanding insurance coverage may alter 
policyholder flood preparedness. Chapter 5 uses Chapter 2 and Chapter 3 as 
a basis to investigate the ability of a compulsory public-private flood 
insurance market to provide incentives to increase the level of flood 
preparedness, and the potential trade-off with affordability that may arise 
from the use of risk-based premiums. Chapter 6 expands upon the model 
presented in Chapter 5 to investigate the trade-offs of different flood 
insurance market structures between several socially relevant indicators 
across Europe as a whole. In particular, Chapter 6 provides a policy-relevant 
evaluation of several directions in which flood insurance markets could 
reform in order to improve the resilience of communities with high flood 
risk.  
 
Taken together, these five questions answer the overall research question 
by demonstrating the ability to which insurance schemes with a strong 
connection to household-level DRR can lower risk in an economically 
efficient manner, while making an acceptable trade-off with equity 
concerns.  
 

1.4 The data and methodology employed 
The previous sections noted that, when considering the benefits of 
household DRR, we must consider not only the direct monetary DRR 
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impacts but also welfare more widely. Even though flooding’s intangible 
welfare impacts are often neglected, researchers outside the risk 
management literature have developed methodologies to investigate 
welfare directly. These methodologies investigate happiness or subjective 
well-being (SWB) (MacKerron, 2011), which can be an accurate proxy for 
welfare (Kahneman and Krueger, 2006; Clark et al., 2008; Krueger and 
Schkade, 2008). The SWB approach is rare within the risk management 
literature (Meyer et al., 2013). Exceptions include Carroll et al. (2009) and 
Luechinger and Raschky (2009), who investigated the consequences of 
droughts and floods, respectively, on SWB. This approach would, in 
principle, allow for estimating the effects on welfare of flood experiences, 
risk perceptions, and household flood preparedness decisions. Chapter 2 
adds to this literature by estimating various flood impacts on SWB for a 
more complete view of welfare impacts by conducting a mediation-style 
analysis (see Hayes, 2013) of flood risk, overall SWB, and individual SWB 
domains, such as happiness with an individual’s health and living 
environment. Chapter 2 then presents a novel monetisation of SWB 
impacts to provide a readily comparable metric for risk management 
decision processes. This is done using the relation between SWB and 
income to convert welfare impacts into a monetary value. Moreover, 
Chapter 2 is the first study to decompose welfare impacts of flooding into 
tangible (pre-existing monetary values) and intangible impacts (those 
without pre-existing monetary values), such as discomfort and 
psychological impacts from flooding. 
 
Accordingly, Chapter 3 presents estimates of the effectiveness of 
household-level DRR in terms of monetary damage savings. Chapter 3 notes 
that some studies base the effectiveness of DRR measures on expert 
judgement and flood risk models (e.g., Holub and Fuchs, 2008; Poussin et al. 
2012; de Moel et al., 2013; Dutta et al., 2003; DEFRA, 2008). Moreover, 
some studies have undertaken empirical research to evaluate the 
effectiveness of DRR measures (e.g., Kreibich et al., 2005, Bubeck et al., 
2012; Poussin et al., 2015). For example, in Kreibich et al. (2005), 
households were divided into those who had employed a particular DRR 
measure and those who did not. The average difference in damage suffered 
was calculated to estimate the measure’s effectiveness. The drawback of 
this approach is that the difference in average damage suffered may not 
provide accurate estimates of DRR effectiveness, since other factors, like 
hazard severity, could play a role. Chapter 3 presents the novel use of 
propensity score matching (PSM) as a method to evaluate the effectiveness 
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of household DRR. PSM refines effectiveness estimates by controlling for 
variables of influence on flood damage outcomes other than DRR measures, 
and in particular the variables that overlap between the decision to employ 
a measure and the process that ‘generates’ damage. PSM still maintains the 
basic principle of comparing average difference in damage outcomes 
between the group that did not employ a DRR measure and the group that 
did employ a DRR measure.  

 
Chapter 4 studies the relation between disaster preparedness and 
insurance coverage to assess the presence of moral hazard. Chapter 4 
presents four sets of econometric models across German and U.S. natural 
hazard insurance markets. The first set is a series of probit models linking 
insurance coverage and risk management strategies; the second set 
comprises bivariate probit models investigating if the decisions to buy 
insurance and employ risk reduction measures are driven by a joint decision 
process; the third set is the application of PSM to flood damage and 
insurance coverage in Germany; the fourth set are Heckman sample 
selection models which examine how the adoption of risk reduction 
measures is driven by deductibles. Chapter 4 builds on previous studies 
(e.g., Thieken et al., 2006) by jointly modelling risk preferences, 
implemented DRR and flood insurance in order to see if behavioural 
characteristics drive the wish to be insured and employ DRR. Finally, 
regarding the German sample, Chapter 4 presents the first study to use 
PSM to estimate how household flood damage is separately influenced by 
risk and moral hazard. Chapter 4’s United States analysis builds on the work 
of Petrolia et al. (2015) by examining whether their findings hold more 
broadly to the United States, both geographically and for flood insurance. 
Chapter 4 also extends Carson et al. (2013) by studying the influence that 
deductibles have on household DRR by increasing the geographical 
coverage and by investigating the relationship between the deductible and 
the actual number DRR strategies employed. Lastly, the U.S. data uniquely 
utilized real-time survey responses during a hurricane threat to prevent 
hindsight bias that is present in surveys conducted months or years after 
disaster events. 

 
Chapter 5 develops an integrated flood insurance and household behaviour 
model to explore the ability of insurance incentives, such as premium 
discounts, to promote the implementation of cost-effective household-level 
DRR measures. The external insurance incentive referred to in Chapter 5 is 
assumed to be a premium discount that occurs when households employ 
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DRR measures, which implies that insurance premiums are risk-based and 
respond to such actions. The financial incentives offered by the risk-based 
pricing of insurance can stimulate policyholder adaptation to flood risk, 
while potentially conflicting with affordability as premiums may be high in 
high-risk areas. Chapter 5 also examines the trade-off between risk 
reduction and affordability. The model in Chapter 5 represents public-
private flood insurance in France and Germany. This model provides the 
initial steps in integrating models of household-level DRR behaviour and 
insurance premiums under a scenario of changing flood risk over time. The 
model investigates how, at the NUTS 2 level, household flood risk 
adaptation behaviour differs under financial incentives as compared to 
when households act upon one of three scenarios of subjective beliefs of 
risk perceptions and related benefits of DRR measures. Moreover, Chapter 
5 presents the first modelling exercise to estimate the costs of providing 
flood insurance vouchers that correct for unaffordability. The affordability 
criterion used takes into account equity concerns across households at risk 
of flooding and their ability to pay for insurance. Chapter 5 presents a novel 
contribution to the nascent literature regarding the process of incentivizing 
the employment of household risk reduction measures (Priest et al., 2016) 
in order to improve the inadequate linkages between flood damage 
compensation schemes and DRR across the EU (e.g., Suykens et al., 2016). 
Moreover, Chapter 5 contributes to this literature by quantifying the 
potential benefits of strengthening the link between insurance and 
household-level risk reduction though a simple behavioural model. The 
results are of a broader interest across the EU, where there is a debate 
about how to improve incentives for DRR (European Parliament, 2013). 

Noting that the link between disaster insurance and financial incentives 
should be strengthened is part of a wider debate over the most suitable 
flood insurance market structure in light of increasing risk due to socio-
economic and climate changes. Market structures can feature competing 
levels of public and private sector involvement with differing degrees of risk 
sharing and risk reduction. In Chapter 6, 26 European insurance markets 
were evaluated according to various stylized market structures to examine 
how each market manages the trade-offs between economic efficiency and 
equity. The stylized markets were identified from current practice and were 
evaluated against the following criteria commonly discussed in policy 
debates: insurance penetration rates, the unaffordability of insurance, the 
degree of incentivised risk reduction, and the degree of risk sharing across 
high- and low-risk households. Chapter 6 presents a modelling framework 
for a combined model of flood risk, household insurance purchase, risk 
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reduction behaviour, and insurer behaviour called the dynamic integrated 
flood insurance (DIFI) model. The DIFI model is based on the modelling 
framework presented in Chapter 5, but extends the model to account for 
more risk management objectives and more complex household and 
insurer level behaviour across different market structures. The DIFI model 
estimates the four core policy indicators for two 20-year periods, starting in 
2015 and 2035, for areas with a high flood risk. Chapter 6 provides a 
quantitative study and methodology that offers evidence supporting 
previous works based on a qualitative analysis of disaster insurance 
markets. 

 

Figure 1.2 Work scheme of this thesis 
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2. CHAPTER 2: IMPACTS OF FLOODING AND FLOOD 
PREPAREDNESS ON SUBJECTIVE WELL-BEING: A 
MONETISATION OF THE TANGIBLE AND 
INTANGIBLE IMPACTS4

 

Abstract 

Flood disasters severely impact human subjective well-being (SWB). 
Nevertheless, few studies have examined the influence of flood events on 
individual well-being and how such impacts may be limited by flood 
protection measures. This study estimates the long term impacts on 
individual subjective well-being of flood experiences, individual subjective 
flood risk perceptions, and household flood preparedness decisions. These 
effects are monetised and placed in context through a comparison with 
impacts of other adverse events on well-being. Data from households in 
flood-prone areas in France is collected. The results indicate that 
experiencing a flood has a large negative impact on subjective well-being 
that is incompletely attenuated over time. Moreover, individuals do not 
need to be directly affected by floods to suffer SWB losses since subjective 
well-being is lower for those who expect their flood risk to increase or who 
have seen a neighbour being flooded. Floodplain inhabitants who prepared 
for flooding by elevating their home have a higher subjective well-being. A 
monetisation of the aforementioned well-being impacts shows that a flood 
requires €150,000 in immediate compensation to attenuate SWB losses. 
The decomposition of the monetised impacts of flood experience into 
tangible losses and intangible effects on SWB shows that intangible effects 
are about twice as large as the tangible direct monetary flood losses. 
Investments in flood protection infrastructure may be under funded if the 
intangible SWB benefits of flood protection are not taken into account. 

 

 

 

                                                           
4 This chapter is based on: Hudson, P., Botzen, W.J.W., Poussin, J.K., Aerts, J.C.J.H., 2017. The impacts of 
flooding and flood preparedness on happiness: A monetisation of the tangible and intangible subjective 
well-being impacts. Journal of Happiness Studies, forthcoming, DOI :10.1007/s10902-017-9916-4 
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2.1 Introduction 
Natural hazards can have large societal impacts. As an illustration, it is 
estimated that natural hazards caused 7,700 fatalities and $110 billion 
losses worldwide in 2014 (Munich Re, 2015). Out of the set of natural 
hazards, flooding is often regarded as having the greatest effect on 
humanity (UNISDR, 2011). Flood losses are expected to increase in 
frequency and severity in the future due to a combination of socio-
economic development and climate change (IPCC, 2012). It has been argued 
that in order to optimally manage changing risk, good estimates of flood 
risks are required, which is often measured as direct property losses, an 
important input for cost-benefit analysis that guide investments in flood 
risk management strategies (Mechler, 2016). However, a comprehensive 
societal cost-benefit analysis should also include intangible losses caused by 
floods, e.g., psychological damage or anxiety (Lamond et al., 2015) to gain a 
complete view of welfare. Intangible losses are often neglected in risk 
assessments, perhaps due to the perceived difficulty of converting 
intangible losses into monetary values (Prettenthaler et al., 2015), while a 
range of methods have been developed for assessing tangible flood losses, 
like property losses (Mochizuki et al., 2014). 

Researchers can directly investigate welfare by asking individuals about 
their happiness also referred to as subjective well-being, henceforth SWB 
(MacKerron, 2011). SWB scales can be an accurate proxy of the individual’s 
level of overall SWB and can, for example, be applied to valuing negative 
environmental impacts (e.g., Dietz and Maddison, 2009). Relatively few 
studies have examined the connection between the impacts of natural 
hazards, such as flooding, and SWB. An exception is Luechinger and Raschky 
(2009), who investigate the consequences of droughts and floods, 
respectively, on SWB and find significant SWB losses.  

Our objective is to estimate the long term SWB impacts of experiencing a 
flood, and how these impacts can be offset by adequate flood preparedness 
by households exposed to flooding. Data is collected by a survey of about 
900 flood-prone households in France. This chapter estimates relations 
between flood experience, flood risk perceptions and flood preparedness 
with overall SWB. The results are then monetised to separate tangible and 
intangible losses, providing a novel contribution to the scarce literature on 
this topic. Monetisation of well-being impacts is the process of 
transforming non-monetary impacts of an experience, such as a flood, on 
SWB into an equivalent monetary value. That way SWB impacts are 
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translated into a readily understood and comparable metric, like money. 
The monetisation process is conducted by measuring the ratio of the effect 
of an event on SWB to that of how SWB is related to an income increase. 
This ratio indicates the change in income required to compensate (equate) 
for SWB changes caused by experiencing the negative (positive) event. 
Once a monetary value has been associated to a SWB impact, it is 
decomposed into parts that correspond to tangible and intangible impacts. 
Tangible impacts are those with a pre-existing monetary value, such as 
flood damage suffered or damage prevented from flood preparedness 
measures. Intangible impacts are the remaining impacts without pre-
existing monetary values, such as discomfort and psychological impacts 
from flooding. 

This chapter’s results show that the impacts of a flood are negatively 
correlated with SWB with lasting impacts. Moreover, floods reduce an 
individual’s SWB, even if the individual was not affected themselves. 
Similarly, worries about future flood risk are correlated with lower SWB. 
The monetisation process indicates that the total SWB effects are 
associated with values ranging from €48,000 to €150,000. Decomposing 
these values into tangible and intangible impacts on SWB indicates that the 
immediate intangible effects of a flood event on SWB may be twice as large 
as the direct tangible costs. This suggests that focusing only on the direct 
tangible impacts of flood events underestimates the total impact on society 
in terms of SWB losses. Therefore, policy makers invest in socially sub-
optimal levels of flood protection when SWB benefits of preventing floods 
are excluded from risk management decision processes. 

2.2 Data and methodology 
2.2.1 Survey and data description 

A mail survey was conducted in France in 2011 to collect data from a 
random sample of households in 3 regions (the Var, West, and the 
Ardennes). These regions are at risk of flooding and differ with respect to: 
past experiences with floods; the type of floods; the time passed since the 
last flood; the probabilities of flooding; flood related losses; and the local 
‘flood cultures’. The sampled areas have been flooded in the past, while not 
all respondents have been. A mail survey was selected because it is a cost-
effective method to obtain a relatively large and geographically spread 
sample. Furthermore, a mail survey is particularly suitable for answering 
questions that must be measured via scales (e.g., questions about SWB). 
The questionnaire has been carefully pretested with 200 respondents. 
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Moreover, in order to increase the response rate, local flood management 
organizations that operate in the sample areas were involved as well as the 
employment a professional survey company, IPSOS, to conduct the survey. 

The survey response rate was 10.5%, which resulted in 885 returned 
questionnaires, which is in line with other surveys (e.g., Joseph et al., 2015) 
regarding flood related topics. A comparison between official statistics of 
the sampled population and statistics of characteristics of this chapter’s 
respondents shows that the sample is approximately representative with 
respect to gender and education levels, although very low and very high 
education levels are slightly under-represented. The sample has a slight 
over-representation of homeowners and high income households. 
Moreover, low-age groups are slightly under-represented and high-age 
groups are slightly over-represented (Poussin et al., 2014). 

A selection bias originating from individuals responding to the survey is 
unlikely, because the resulting sample does not deviate much from what 
would be roughly representative of the French population as a whole. The 
results of this chapter’s study are not readily generalizable to households 
outside of flood-prone areas, but research about impacts of floods on SWB 
is not as relevant for such households who do not face flood risk. Even 
though the total sample is representative, this may not be the case for the 
final set of observations used for this chapter’s analysis due to missing 
observations for specific variables. This is why it is checked whether the 
final dataset used for this chapter’s analysis is similar to the total dataset, 
which turned out to be the case. Details regarding the survey can be found 
in Poussin et al. (2014). The key variables used in this chapter’s analysis are 
described in Table 2.1 and descriptive statistics that are relevant for this 
particular application are provided in Table 2.2. 

They survey itself was split into 4 sections. The first section focused on 
(various aspects of) SWB. The second section obtained information on the 
respondents’ risk perception, risk attitude, and worry over floods. The third 
section focused on the flood experience of the respondents. The fourth 
section investigated how prepared the respondent was for flood events. 
The final section investigated the socio-economic characteristics of the 
respondent. Where possible, questions have closed-ended answers instead 
of open-ended ones, because open-ended questions can be more easily 
misunderstood and inadequately replied to.  
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Following van Praag and Ferrer-i-Carbonell (2008) the survey questions 
regarding (aspects of) overall SWB were closed-ended on an 11 point scale). 
The literature regarding SWB argues that overall SWB can be decomposed 
into several subjective well-being domains, henceforth SWBDs (van Praag et 
al., 2003). For this reason, the survey asked several questions regarding 
various important SWBDs, such as family life or living environment. For this 
chapter’s analysis, the SWBDs were converted into dummy variables by 
setting a SWBD score of greater than 5 with the value 1 and 0 otherwise. An 
example of the questions asked is provided in Section 9.1.1. Overall, there is 
a high degree of satisfaction across both SWB and the SWBDs.  

Many of the respondents experienced flooding. About 70% of the sample 
has been flooded in their current home before and many respondents 
(41%) had experienced a flood within the previous 12 months of being 
surveyed. Moreover, just over half of the sample has been in a near miss 
situation in which the community surrounding their current home was 
flooded, but the respondent was not. For the purposes of this evaluation it 
is not required that all the individuals experienced the same flood, because 
the interest is in examining how SWB is related with flood experiences that 
occurred at different times in the past. For example, recent floods may 
have a larger impact on current SWB than floods that occurred a long time 
ago. In this respect, the large number of individuals that have been flooded 
within 12 months of the survey allows for detecting the more immediate 
impact of flood events on SWB. According to the availability heuristic, the 
more recent the flood event, the more focused it is in the minds of the 
respondents (Tversky and Kahneman, 1973).This variable may also relate to 
the frequency of flooding since people who are frequently flooded are 
more likely to have been flooded in the recent past. 
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Table 2.1 List of variable definitions 

Variable name Definition 

Panel A: Subjective well-being (domains) 

Overall SWB A categorical variable on a scale of 0-10 describing the 
respondent’s degree of overall SWB. 

SWB with health A dummy variable taking the value 1 if a respondent is 
satisfied with their health and0 otherwise. 

SWB with home A dummy variable taking the value 1 if a respondent is 
satisfied with their home and 0 otherwise. 

SWB with living environment A dummy variable taking the value 1 if a respondent is 
satisfied with their general living environment and 0 
otherwise. 

SWB with financial situation A dummy variable taking the value 1 if a respondent is 
satisfied with their general financial situation and 0 
otherwise. 

SWB with the amount and use of their free time A dummy variable taking the value 1 if a respondent is 
satisfied with their free time and 0 otherwise. 

SWB with family life A dummy variable taking the value 1 if a respondent is 
satisfied with their family life and 0 otherwise. 

SWB with social life A dummy variable taking the value 1 if a respondent is 
satisfied with their social and 0 otherwise. 

Panel B: Flood risk perceptions 

Worries about current and/or future flood probabilities A dummy variable taking the value 1 if a respondent is 
worried over their flood probabilities and 0 otherwise. 

Expects high damage if flooded A dummy variable taking the value 1 if a respondent 
thinks that it is likely high damage will be suffered during 
a flood and 0 otherwise. 

Expects future flood risk to increase A dummy variable taking the value 1 if a respondent 
believes it is likely that their person flood risk will 
increase and 0 otherwise. 

Panel C: Flood experiences 

Flooded before A dummy variable taking the value 1 if a respondent has 
been flooded in the past either in their current or 
previous home and0 otherwise. 

Flooded within the last year A dummy variable taking the value 1 if a respondent has 
been flooded in the past either in their current or 
previous home within the 12 months previous to 
completing the survey and 0 otherwise. 

Neighbour has been flooded when respondent was not A dummy variable taking the value 1 if a respondent has 
had a neighbour flooded while themselves were not and 
0 otherwise. 

Panel D: Individual flood protection measures 
Has undertaken dry flood-proofing A dummy variable taking the value 1 if a respondent 

owns sandbags or other Dry flood-proofing or anti-
backflow valves are installed on pipes to stop flood-
waters from entering the home through the pipes and 0 
otherwise. 

Has elevated their building A dummy variable taking the value 1 if the level of the 
ground floor is elevated above the most likely flood level 
and 0 otherwise. 

Wet flood-proofing A dummy variable taking the value 1 if the foundations/ 
materials have been strengthened to resist water and 0 
otherwise. 
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Table 2.2 Summary of descriptive statistics of key variables 

Variable name Average value Standard deviation Range 

Panel A: Subjective well-being (domains) 
Overall SWB 7.32 1.79 {0,1,2,3,4,5,6,7,8,9,10} 
Happy with health 0.79 0.41 {0,1} 
Happy with home 0.85 0.36 {0,1} 
Happy with living 
environment 

0.81 0.39 {0,1} 

Happy with financial 
situation 

0.68 0.47 {0,1 } 

Happy with the 
amount and use of 
their free time 

0.67 0.47 {0,1} 

Happy with family life 0.89 0.32 {0,1} 
Happy with social life 0.83 0.38 {0,1} 
Panel B: Flood risk perceptions 
Worries about current 
and/or future flood 
probabilities 

0.60 0.49 {0,1} 

Expects high damage if 
flooded 

0.43 0.50 {0,1} 

Expects future flood 
risk to increase 

0.45 0.50 {0,1} 

Panel C: Flood experiences 
Flooded before 0.71 0.46 {0,1} 
Flooded within the last 
year 

0.41 0.49 {0,1} 

Neighbour has been 
flooded when 
respondent was not 

0.56 0.5 {0,1} 

Panel D: Individual flood protection measures 
Has undertaken dry 
flood-proofing. 

0.12 0.33 {0,1} 

Has elevated their 
building 

0.47 0.50 {0,1} 

Wet flood-proofing 0.20 0.50 {0,1} 
Number of 
observations 

422 

 

There is a heterogeneity in answers to the subjective flood risk perception 
questions, which provides a basis for examining its influence on SWB. The 
question asked a respondent to rate their belief that damage will be high 
during a future flood on a 5-point scale that ranges from very likely to not 
very likely. A similar question asked to rate a respondent’s belief that flood 
risk will increase or not. Answers to these questions were converted into 
dummy variables in which the answer options very likely and likely were 
coded with the value 1 and other answers were coded as 0. After this 
conversion, the proportion of respondents that believe that their flood risk 
will increase or that they will suffer a high degree of damage in the case of a 
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flood event is approximately 40%. The proportion of people who worry 
about the current and (or) future flood probability is 60%. Thus, many 
respondents believe that they will face a worsening problem with flooding, 
which is in line with several studies that estimate future flood risk in France 
(Dumas et al., 2013).  

Several studies have found that household-level flood preparedness 
measures are effective at reducing the damage suffered during a flood (e.g., 
Poussin et al., 2015). This chapter investigates the relation with SWB and 
implementing the following measures: elevation, whereby households have 
elevated their building’s ground floor above the likely flood water height; 
dry flood-proofing measures, whereby households employ small scale 
measures aimed at preventing water from entering the building; wet flood-
proofing measures, whereby households employ measures aimed at 
limiting damage once water has entered a building, for example by using 
water-resistant construction materials for foundations or flooring. 

2.2.2 Methodology 
A summary of this chapter’s overall methodology is visualized in Figure 2.1. 
The statistical analysis which is used the estimate the influence of flood 
experience, flood risk perceptions, and flood preparedness on SWB is 
explained in detail in Section 2.2.2.1 and the monetisation of these 
relations is explained in Section 2.2.2.2. 

2.2.2.1 Regression models 
The literature offers two interpretations of SWB values: ordinal vales, which 
means that no importance is placed on the number itself, but rather on the 
position of the number in the scale (Ferrer-i-Carbonell, 2005); cardinal 
values, which means the number itself matters and the scores can be 
counted (van Praag et al., 2003). Both interpretations can deliver equally 
robust results (e.g., Frey et al., 2009). This chapter employs regressions 
consistent with the cardinal interpretation in order produce regression 
coefficients that are intuitive to interpret5.  

The framework that assumes that overall SWB can be decomposed into 
several SWBDs results in eq. (2.1), with possible interactions between the 
SWBDs (van Praag et al., 2003). To examine the possibility of interactions 
between the SWBDs, a mediation style analysis is conducted. Mediation 
occurs when an independent variable has an effect on the outcome variable 

                                                           
5 Ordered logit models that are consistent with the ordinal interpretation were also estimated, which 
provided similar results. 
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directly and indirectly through another independent variable (Hayes, 2013). 
For instance, a flood can affect the SWB directly or indirectly through the 
SWBD variables. A mediation analysis can be conducted via regression 
analysis and intervening relationships modelled with covariates (Hayes, 
2013). This chapter applies a mediation analysis, which estimates a set of 
regression models simultaneously via seemingly unrelated regressions. 
Seemingly unrelated regressions are used in order to model the set of 
equations with correlated error terms. Accounting for this correlation is 
relevant since a shock in a single SWBD may be transferred to other SWBDs, 
because each observation of the SWBD variables is from the same 
individual. 

This is show in eq. (2.1), whereby, 𝜖𝑖 is the random error and 𝐹𝑅(. ) 
represents the flood risk SWBD that is of particular interest. The 
parameters to be estimated are 𝛽𝑗, while 𝜸 is a vector of parameters;𝛾0,𝑗̅̅ ̅̅̅ 

and 𝛾�̅� are parameters for the jth SWBDi,j for individual i and 휀𝑗 is the 

individual SWBD error term, which can be correlated: 

𝑒𝑞

{
 

 
𝑆𝑊𝐵𝑖 = 𝛽0 +∑ 𝛽𝑗𝑆𝑊𝐵𝐷𝑖,𝑗

7
1 + 𝐹𝑅(𝐸𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒𝑖, 𝑃𝑒𝑟𝑐𝑒𝑝𝑡𝑖𝑜𝑛𝑠𝑖 , 𝐹𝑙𝑜𝑜𝑑 𝑝𝑟𝑒𝑝𝑎𝑟𝑒𝑑𝑛𝑒𝑠𝑠𝑖)𝜸 + 𝜖𝑖  

𝑆𝑊𝐵𝐷𝑖,1 = 𝛾0,1̅̅ ̅̅̅ + 𝐹𝑅(𝐸𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒𝑖 , 𝑃𝑒𝑟𝑐𝑒𝑝𝑡𝑖𝑜𝑛𝑠𝑖 , 𝐹𝑙𝑜𝑜𝑑 𝑝𝑟𝑒𝑝𝑎𝑟𝑒𝑑𝑛𝑒𝑠𝑠𝑖)𝛾1̅ + 휀1
⋮

𝑆𝑊𝐵𝐷𝑖,7 = 𝛾0,7̅̅ ̅̅̅ + 𝐹𝑅(𝐸𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒𝑖 , P𝑒𝑟𝑐𝑒𝑝𝑡𝑖𝑜𝑛𝑠𝑖 , 𝐹𝑙𝑜𝑜𝑑 𝑝𝑟𝑒𝑝𝑎𝑟𝑒𝑑𝑛𝑒𝑠𝑠𝑖)𝛾7̅ + 휀7

 

(2.1) 

In eq. (2.1) FR(.) consists of three elements: previous flood experiences; 
subjective perceptions of current and future flood risk; household-level 
flood risk management strategies. These variables are included in this 
SWBD for three reasons. First, flood events are negative events in an 
individual’s life. Second, the flood risk perception and worry variables are 
likely to have an effect on SWB because flooding is an endemic risk in the 
sampled areas. Subjective beliefs regarding the probability and magnitude 
of flood events are likely to reduce the degree of life satisfaction. Third, the 
flood preparedness decision variables are included because better 
preparation for a flood may make an individual less unhappy with living in a 
flood-prone area, since the risk of living there is lower.  

The first element of eq. (2.1) replicates a standard linear regression; 
however, the standard errors may be different due to an altered structure 
of the covariance-variance matrix to account for cross-correlations. 
Mediation analysis via seemingly unrelated regressions allows for 
calculating the direct effect of FR (.) on SWB and indirect effects through 
the SWBDs following eq. (2.2). The experience element of FR (.) is used as 
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an example, but it should be realized that the formula is similar for the 

other elements. In eq. (2.2) 𝛾𝐸𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒 represents the direct effect of the 

variable on SWB, while ∑ 𝛽𝑗
7
1 𝛾1

𝐸𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ is the total indirect effect of the 

flood risk SWBD as it acts through the different other SWBDs. 

 𝑇𝑜𝑡𝑎𝑙 𝑒𝑓𝑓𝑒𝑐𝑡𝐸𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒 = 𝜸
𝑬𝒙𝒑𝒆𝒓𝒊𝒆𝒏𝒄𝒆 + ∑ 𝛽𝑗

7
1 𝛾1

𝐸𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅                 (2.2) 

2.2.2.2 Monetisation of SWB impacts 
Monetisation of the effects of FR (.) on SWB is based on the trade-off 
between income and SWB. The resulting value is called the compensating 
value (CV). CVs are calculated via the ratio of the marginal effect of the 
variable of interest to the marginal effect of income on SWB. This results in 
the amount of money that equates SWB before and after an event (Clark 
and Oswald, 2002). For instance, the CV of the effect of flood experience on 
SWB estimates the amount of money someone would need as 
compensation for this experience to arrive at the same SWB level before 
the flood happened.  

It would be preferable to generate a relationship between income and SWB 
from this chapter’s own dataset. However, the model already includes the 
financial SWBD, which means that it is inappropriate to include an income 
variable6. An alternative approach is to model the impact of income on SWB 
through the indirect effect that income has on the financial SWBD using a 
mediation analysis. The survey elicited household income via categorical 
income classes. This variable can be converted to a continuous variable by 
assuming that each observation takes the value equal to the mid-point 
value in the income class boundaries7. The logarithm of income is used, 
which results in a semi-elasticity of 0.22 with a standard error of 0.23, 
suggesting a highly uncertain value for monetisation. To overcome this 
limitation this chapter employs a meta-analysis, which is a commonly 
applied method for value transfer (Wilson and Hoehn, 2006). The meta-
analysis (described in Section 9.1.2), estimates a value of 0.21, which is very 
close to this chapter’s within sample estimate of 0.22. The meta-analysis 
value will be used for this chapter’s final monetisation8. 

                                                           
6 Other control variables may suffer from similar problems due to the SWBDs acting aggregation sources 
of SWB.  
7 A drawback of this approach is that, the results are quite sensitive to how the income categories are 
converted into continuous values. 
8 In the final models income is excluded due to the unclear influence when included in the model that 
already includes the financial SWBD, and the methodological assumption that its overall impact will 
have been controlled for by this SWBD. 
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The CV is calculated following eq. (2.3) where the term ‘𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑥’ stands 
for the explanatory variable of which its effect on SWB will be monetised, 
which has the regression coefficient 𝛽𝑥. The regression coefficient for the 
relationship between income and overall SWB is 𝛽𝑖𝑛𝑐𝑜𝑚𝑒. Eq. (2.3) takes its 
form due to the use of the logarithm of income resulting in a semi-elasticity 
value9. In effect, it estimates the percentage change in income required to 
compensate for negative life events. 

 𝐶𝑉 = −
𝛽𝑥

𝛽𝑖𝑛𝑐𝑜𝑚𝑒
 𝐼𝑛𝑐𝑜𝑚𝑒                           (2.3) 

A 90% confidence interval of CV is constructed that takes the uncertainty 
into account regarding both the correlation between income and overall 
SWB as well as between the flood risk SWBD components and overall SWB.  

The monetary value of an intangible effect, such as experiencing a flood or 
flood preparedness, is estimated following eq. (2.4). The value of intangible 
impacts is estimated by subtracting the tangible impacts from the 
monetised value of SWB impacts. For estimating the intangible impacts of 
flood experience or flood risk perceptions the experienced flood damage is 
used as tangible flood impact in eq. (2.4), while flood damage avoided is 
used to estimate intangible impacts of flood preparedness. For instance in 
the latter case, the intangible benefits of flood preparedness are estimated 
by subtracting the tangible benefits of prevented flood damage from the 
total monetised SWB benefits of flood preparedness. The average tangible 
impacts from Poussin et al. (2015) are used, who have estimated these 
already for this chapter’s sample. As an illustration, suppose that the CV of 
the total SWB impact for being affected by a flood is equal to €100, while 
the tangible damage suffered during a flood was €25, then the intangible 
loss would be estimated as €75. 

 𝐼𝑛𝑡𝑎𝑛𝑔𝑖𝑏𝑙𝑒 𝐼𝑚𝑝𝑎𝑐𝑡 = |𝐶𝑉| − 𝑇𝑎𝑛𝑔𝑖𝑏𝑙 𝑒 𝐹𝑙𝑜𝑜𝑑 𝐼𝑚𝑝𝑎𝑐𝑡,  

T𝑎𝑛𝑔𝑖𝑏𝑙𝑒 𝐹𝑙𝑜𝑜𝑑 𝐼𝑚𝑝𝑎𝑐𝑡 = {
𝐸𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒𝑑𝑓𝑙𝑜𝑜𝑑 𝑑𝑎𝑚𝑎𝑔𝑒
𝐹𝑙𝑜𝑜𝑑 𝑑𝑎𝑚𝑎𝑔𝑒 𝑎𝑣𝑜𝑖𝑑𝑒𝑑

                  (2.4) 

 

                                                           
9 As eq. (2.4) can also be written as

𝜕ln (𝑖𝑛𝑐𝑜𝑚𝑒)

𝜕𝑆𝑊𝐵𝑥
 , this is approximately equal to the percentage change in 

income given a one unit change in x. 
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Figure 2.1 Visualization of this chapter’s methodology 

Notes. Dashed lines represent data flows. Solid lines represent modelling flows. Pink ovals 
represent objectives. Blue rectangles represent data input variables. A blue diamond 
represents data input processes. 

2.3 Results and discussion 
2.3.1 Results and discussion 

Table 2.3 displays the results of the main statistical models. The direct 
effects model in Table 2.3 explains ~48% of the variation in overall SWB, 
which is mainly due to the SWBDs. The overall fit is quite good since 
MacKerron (2011) finds that empirical studies of SWB normally explain far 
less than 50% of the variation in SWB through observed variables, such as 
socio-economic factors. This chapter’s results suggest that using the SWBDs 
as independent variables may be a suitable methodological choice in future 
studies. This is because when investigating the overall structure of SWB the 
various SWBDs capture a fair amount of the variance in overall SWBD as 
compared to the traditional socio-economic or psychological variables used 
in such studies. 

The estimated SWBD parameters indicate that being happy with their 
financial situation, health or family are the most powerful explanatory 
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variables to determine overall SWB and are of roughly equal strength. 
These particular SWBDs are correlated with an increase in overall SWB by 
about 0.8 (with standard errors of around 0.3 and statistical significance at 
the 1% level), though satisfaction with their family is the strongest. The 
variables ‘satisfaction with the living environment’ or ‘social life’ are the 
next most powerful SWBDs, with a positive correlation of 0.6 and 0.5 of a 
SWB level (both highly significant at the 5% level). The SWBDs act in the 
expected manner since satisfaction with a single area of life results in a 
higher overall level of SWB.  

The estimated coefficients of the respondents’ memory of flood 
experiences display the expected signs. The effect of the memory of being 
flooded and being flooded within the last 12 months are each correlated 
with a fall in overall SWB. The sum of total effects for these two variables is 
nearly 1.3 (jointly statistically significant at the 5% level). These overall SWB 
impacts imply a compensation equivalent to €150,000 for the mean 
household income or €130,000 for median household income (statistically 
significant at the 5% level) as shown in Table 2.4. The majority of this 
impact is driven by the immediate impacts of a flood because after a year 
the SWB impact is just under half (at €61,000 and only marginally significant 
at the 10% statistical level). The indirect effects are negative across all the 
SWBDs; although small in size they have a large combined effect. 

Living in a flooded community also reduces the SWB of a respondent even 
when they themselves have not been flooded. The (direct and total) effect 
is smaller than when an individual is flooded themselves, perhaps because 
of the relief from being spared tangible damage.  

Out of the set of risk perception variables there are two variables with 
negative statistically significant total effects, at least the 5% level: worrying 
about flooding and expecting flood risk to increase. The worry variable is 
mainly driven by indirect effects since the direct effect was statistically 
insignificant. The belief that future flood risk will increase has a stronger 
effect than worrying about flooding because both the direct and indirect 
effects are statistically significant. Overall, these subjective perceptions may 
place a larger downward pressure on SWB as compared to flood 
experiences when they are not attenuated over time.  
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Table 2.3 Estimated parameters of the regression models 

   

 Direct 
Effect 

Indirect 
Effect 

Total  
Effect 

Constant 4.50*** 
(0.44) 

  

Happy with health 0.77*** 
(0.24) 

  

Happy with home 0.76*** 
(0.27) 

  

Happy with living 
environment 

0.59*** 
(0.22) 

  

Happy with financial 
situation 

0.73*** 
(0.18) 

  

Happy with the amount 
and use of their free 
time 

0.25 
(0.17) 

  

Happy with family life
  

0.85*** 
(0.30) 

   

Happy with social life 0.53** 
(0.26) 

  

Worries about current 
and/or future flood 
probabilities 

-0.15 
(0.16) 

-0.34** 
(-0.14) 

-0.49** 
(0.19) 

Expects high damage if 
flooded 

-0.16 
(0.16) 

0.01 
(0.14) 

-0.16 
(0.21) 

Expects future flood risk 
to increase 

-0.26* 
(0.13) 

-0.40*** 
(0.12) 

-0.66*** 
(0.17) 

Flooded before -0.51** 
(0.23) 

-0.01 
(0.21) 

-0.51* 
(0.31) 

Flooded within the last 
year 

-0.48** 
(0.23) 

-0.27 
(0.20) 

-0.74** 
(0.31) 

Neighbour has been 
flooded when 
respondent was not 

-0.26** 
(0.13) 

-0.14 
(0.11) 

-0.40** 
(0.17) 

Has elevated their 
building 

0.2 
(0.13) 

0.13 
(0.12) 

0.33* 
(0.17) 

Has undertaken dry 
flood-proofing 

0.44** 
(0.22) 

-0.08 
(0.16) 

0.36 
(0.25) 

There is a household 
plan on how to cope 
with a flood 

0.26 
(0.20) 

-0.10 
(0.16) 

0.15 
(0.26) 

Wet flood-proofing -0.018 
(0.170) 

0.173 
(0.131) 

0.155 
(0.224) 

N 422 
R2 0.477 

Notes: Values within parentheses are standard errors, which are heteroscedasticity corrected. *, **, *** 
stand for statistical significance at the 10%, 5% and 1% level respectively.  

The self-protection measure that is robustly correlated with overall SWB is 
elevation, which is associated with an increase in overall SWB of a third of a 
SWB level worth about €39,000. This is a plausible effect because by 
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elevating their ground floor the household has a greater sense of security 
and protection from flooding. This is confirmed by the total indirect effects, 
which are positive across the SWBDs and the total effect is statistically 
significant. The dry and wet flood-proofing measures did not have a robust 
impact on SWB, even though they may reduce tangible losses indirectly. Dry 
and wet flood-proofing lack statistically significant impacts as these 
measures may not offer the same feeling of security and protection from 
disasters as elevation.  

The estimated CVs of floods in Table 2.4 are next decomposed into 
intangible and tangible effects of floods on well-being. The observed 
reduction in SWB due to a neighbour being flooded or a perception of 
increasing flood risk can be considered fully intangible impacts, because 
neither variable implies a direct costs for the respondent in question. The 
average damage to household contents and buildings suffered during the 
most recent flood event by the survey respondents is estimated to be 
approximately €50,000. Tangible losses of €50,000 result in an estimate of 
the intangible losses suffered at the time of a flood at the equivalent of 
€100,000, which is nearly twice as large as the tangible losses.  

From the flood preparedness variables, wet flood-proofing did not display 
significant correlations with overall SWB. Nevertheless, Poussin et al. (2015) 
estimated that wet flood-proofing may be cost-effective. One reason why 
cost-effective damage mitigation measures can be uncorrelated with 
changes in overall SWB is that although they may limit damage, water still 
enters the building during floods. Poussin et al. (2015) find that dry flood-
proofing did not significantly reduce flood damage, which is consistent with 
the insignificant impact of this measure on overall SWB in Table 2.3. 
Kreibich et al. (2005) find that these measures are only marginally cost-
effective in Germany because they were often overtopped. In contrast, 
elevation was estimated to reduce flood damage by an average of €8,000 
(Poussin et al., 2015), which means that intangible benefits of elevation are 
€31,000. 

2.3.2 Comparison with existing studies 
The estimated effects of this chapter’s flood risk and preparedness 
variables on overall SWB are difficult to interpret without being placed in 
context. Table 2.4 provides a summary of studies that are similar in that 
they estimated the CV or SWB impacts of flooding or other major life 
events.  
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Luechinger and Raschky (2009) estimate a CV value for experiencing 
flooding in an area for people who may, or may not, have been personally 
flooded. This value is not directly comparable with this chapter’s CV for 
people who were personally flooded. Luechinger and Raschky (2009) used a 
US sample that consists of a wider cross-section of society at a higher 
spatial scale, while this chapter’s French sample focuses on individuals 
exposed to flooding, which can provide more relevant insights for flood risk 
management policies for the population threatened by floods. This 
chapter’s CV values are higher, which is not surprising given these sample 
differences. Another basis for the comparison are the studies by Bockarjova 
et al. (2009) and Brouwer and Schaafsma (2013) who estimate CV values 
between €2,500-€120,000 for various flood impacts in the Netherlands. 
This chapter’s estimated CV of flood experience of €130,000 is close to the 
estimates found by these two Dutch studies, despite differences in applied 
methods, kind of floods, and geographical focus. A third base for 
comparison are the SWB effects of other major life events than floods.  

This chapter’s estimated CVs displayed in Table 2.5 vary within the range of 
estimates found in the literature regarding major life events or problems. 
Furthermore, the finding that a flood will have lasting SWB impacts is 
consistent with other findings that individuals do not fully adapt to major 
life events. For instance, Oswald and Powdthavee (2008) find an adaptation 
of SWB to developing disabilities, which is similar to the adaptation of SWB 
this chapter finds for flood impacts. Overall this chapter’s results appear 
plausible when placed in context with other life events. 

The results of this Chapter can also be placed into context with studies from 
outside of the natural hazard risk domain. An example of such a study is 
Malmenider and Nagel (2011). Malmenider and Nagel (2011) investigate 
how a respondent’s experience of financial market returns affects their 
willingness to accept and take risks in the financial market. Malmendider 
and Nagel (2011) present an analysis that finds in particular that the most 
recent experiences a respondent experiences has the strongest impact on 
how the respondent behaves in the financial markets. Additionally, they 
also find that even though the influence of past experiences on current 
behaviour decays the further away the experience, such previous 
experiences can still have impacts on current behaviour (for example those 
who experienced the Great depression of the 1930s vs the boom years of 
the 1960s). This is a similar finding to what is presented in this Chapter, that 
the more recent a flood is the larger its impact on current SWB is. However 
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because floods can be traumatic the past experiences still have lasting 
impacts for a long time as their influence on current SWB slowly decays. 

Table 2.4 Characteristics and results of other studies, which examined the impacts on subjective well-
being or compensating variation of floods or other major life events (in 2014 Euro values) 

Study Research objective Sample Method Result 

Luechinger and 
Raschky (2009) 

Evaluate the utility 
impacts of flooding 
in monetary terms 

Cross-section and 
time series data 
from 1973-1998 for 
Europe 
 
Cross-section and 
time series data for 
the United States 
from 1993-1998 

Regression models 
of aggregated SWB 

CV is 24% of average 
annual household 
income to have a 0% 
chance of flooding 

Bockarjova et al. 
(2009) 

To estimate the 
compensation 
required for being 
injured, evacuated, 
or die during a 
flood 

530 respondents 
from areas at risk of 
flooding in the 
Netherlands 
(annual probability 
of 1 in 4000) 

Choice experiments  CV is €100,000,€2,500, 
€7,000,000 
respectively 

Brouwer and 
Schaafsma (2013) 

To estimate the 
willingness to 
accept 
compensation for 
controlled floods 
with an occurrence 
probability of 0.8% 

800 households in 
the Netherlands 
across different 
areas of flood risk. 
Respondents have 
experienced either 
a flood or a near 
miss within 20 
years of the survey. 

Choice experiments CV is €120,000 

Blanchflower and 
Oswald (2004) 

To determine the 
monetary value of 
a lasting marriage 

General Social 
Surveys of the 
United States years 
from 1972 to 1998 

A natural 
experiment of SWB 
between widows 
and married 
women 

CV is €108,000 

Poudthavee (2008) To estimate the 
SWB effects of 
regularly talking 
with friends or 
family 

British Household 
Panel Survey 
between 1997 and 
2003 

Panel data 
regression models 
of SWB 

CV is €61,000 

Powdthavee and van 
den Berg (2011) 

To estimate the 
SWB effects of 
medical problems 
ranging from skin 
conditions to 
mental illnesses 

British Household 
Panel Survey 
between 1997 and 
2009 for Wales 

Random effects 
models of SWB 

CV is €4,000-€330,000 

Oswald and 
Powdthavee (2008) 

To determine the 
rate of adaptation 
of SWB to (varying 
degrees of) 
disability 

British Household 
Panel Survey 
between 1997 and 
2005. 

Fixed effects 
models of SWB 

30%-50% of the SWB 
loss is attenuated over 
time depending on the 
severity of the 
disability 

Lucas (2007) To estimate the 
degree of 
adaptation of SWB 
to major life 
events such as 
divorce or the 
death of a spouse. 

German Socio-
economic Panel 
Study and the 
British Household 
Panel Study 

Estimated 
trajectories of SWB 
before and after 
major life events 

There is an overall 
process of adaptation 
to major life events, 
although the degree 
to which adaptation 
occurs varies over 
events and across 
individuals.  
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Table 2.5 The estimated compensating value required to compensate for 
changes in subjective well-being due to flood experiences, risk 
perceptions, or preparedness decisions 

    

 Expected Value 90% confidence 
interval lower bound 

90% confidence 
interval upper bound 

Correlation between 
ln(Income) and SWB 

0.21 0.17 0.25 

 
 Mean CV 90% confidence 

interval upper bound 
90% confidence interval 
lower bound 

Immediate aftermath of a flood 
Median income €126,000 €23,000 €235,000 
Mean income €150,000 €27,000 €280,000 
12 months after being flooded 
Median income €51,000 €900 €104,000 
Mean income €61,000 €1073 €124,000 
A neighbour was flooded, while you were not 
Median income €40,000 €30,000 €53,000 
Mean income €48,000 €36,000 €63,000 
An individual expects their flood risk to grow 
Median income €66,000 €53,000 €81,000 
Mean income €79,000 €63,000 €97,000 
Elevation 
Median income -€33,000 -€23,000 -€45,000 
Mean income -€39,000 -€27,000 -€53,000 

Notes: Positive values represent compensation for SWB losses, while negative values represent in effect 
SWB gains.  

2.3.3 Policy implications 
It must be kept in mind that this chapter’s study focuses a specific sub-set 
of the overall French population and as such the results may not be fully 
transferable to other regions that are not flood-prone. Nevertheless, this 
chapter’s focus on the average inhabitant of flood-prone areas produces 
results about the SWB impacts of flooding that are relevant for risk 
management policies that concern such flood-prone areas. The 
introduction noted that intangible benefits and costs are often excluded 
from the decision making process of risk managers. If intangible impacts 
from flooding would be negligible, then flood risk management decisions 
based on cost-benefit analysis that only include tangible impacts would be 
close to the socially optimal decisions. However, the results of this study 
indicate that the intangible costs of flooding may be between a quarter and 
twice the size of the tangible impacts. It is clear that intangible impacts are 
not negligible and should not be excluded from decision-making about 
flood risk reduction, because otherwise investments in flood risk 
management strategies are socially sub-optimal. 
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2.3.4 Sensitivity analysis 
When evaluating the robustness of this chapter’s results, potential 
endogeneity of the flood risk SWBD variables must be considered. 
Endogeneity occurs when an important excluded variable is correlated with 
one of the included explanatory variables and the dependent variable. The 
excluded variable causes the estimated model to provide inaccurate 
parameter estimates. Dolan et al. (2008) note several robust relationships 
between socio-economic variables and SWB that should be controlled for in 
a regression model of SWB, which include: (relative) income; health; 
personal and community relationships; and employment status. For the 
most part, these variables are key components of this chapter’s SWBDs, 
meaning that they are controlled for in this chapter’s regression models. 
This chapter’s respondents were asked to evaluate their level of SWB 
regarding the specific SWBDs and can be assumed to take into account the 
relevant subjective or objective factors that relate to the domain in scoring 
their degree of satisfaction. For instance, an individual may decide to live in 
a flood-prone area because of cheap housing prices there, implying that 
individuals with a high flood risk may have a general lower living standard. 
Such an effect should be capture by this chapter’s financial SWB variable, 
and, hence, not represent a major endogeneity problem. 

Dolan et al. (2008) states several further important unobservable variables 
that may play a role in determining SWB, which include: motivation; 
intelligence; and family background. One can argue that since one of the 
control variables is SWB with family life, this element has been controlled. 
One model run added an explanatory variable reflecting individual 
motivation to reduce flood risk, which did not affect this chapter’s results. 
Intelligence may not be such a relevant factor for the flood risk SWBD, 
because the thought processes related with flood preparedness decisions 
are often determined by simple behavioral heuristics (e.g., Kunreuther and 
Pauly, 2004). Nevertheless, it was checked whether the results were 
affected by including education as a proxy for intelligence, which was not 
the case.  

A further source of potential endogeneity can be the introduction of ‘bad 
controls’ into the model. These are control variables that are themselves an 
outcome variable, which leads to the introduction of selection bias (Angrist 
and Pischke, 2008). This study has attempted to minimize the amount of 
control variables required through the use of the SWBD variables.  
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The flood risk SWBD was not directly defined in the survey, which implies 
that aspects of personality may still have an uncontrolled influence in that 
domain. However, the respondent’s personality can be argued to be 
uncorrelated with a respondent’s flood experience, because floods are 
random events that occur independently of personality characteristics. This 
implies that a respondent’s personality has no relationship with their 
history of previous flood experiences. There may be a connection between 
flood preparedness decisions and personality. Several studies find that 
protection motivation theory (PMT) can explain household flood 
preparedness decisions (e.g., Poussin et al., 2014). Personality is a factor 
that determines a household’s PMT evaluation (Maddux and Rogers, 1983). 
Heller et al. (2005) argue that the most appropriate aspect of an individual’s 
personality in this regard is their tendency to worry about natural hazards. 
Worry was controlled for in the regression models by including a series of 
dummy variables of how concerned the respondent is with current and 
future flood risk. 

Even though effects of socio-economic variables, like marital status for 
example, on overall SWB are in principle already captured by the SWBD 
variables, they may have effects over and beyond their link with SWBDs. To 
this end, the sensitivity of the main results to including variables for: age, 
age squared, gender, income, and marital status are also tested. There is 
little change in the overall patterns of the magnitude and significance of the 
regression coefficients, while for the most part these socio-economic 
variables are statistically insignificant. The inclusion of only statistically 
significant socio-economic variables (which differ per SWBD) does not 
substantially affect this chapter’s main results about the flood risk and flood 
preparedness variables. 

Furthermore, the sensitivity of the results is also tested by accounting for 
individual pessimism by including a variable for sadness of the respondent 
(detailed results not reported here). Including a variable for the overall 
sadness of the respondent results in small changes in coefficient values of 
the SWBDs, but does not affect the statistical significance of explanatory 
variables. Most importantly, including the sadness variable does not affect 
the main results of the flood risk domain variables.10 

                                                           
10 An additional sensitivity test is conducted by including a binary variable that indicates if the individual 
is motivated to further reduce or manage their risk. The rationale is that an individual who is motivated 
to further manage and control the external issue of flood risk may not be as pessimistic as others who 
are not as motivated. Including this variable did not affect this chapter’s main results. 
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2.4 Conclusion 
Flooding can cause large direct economic impacts, like property damage, 
which has been extensively researched. However, the consequences of 
floods or other natural hazards go beyond direct repair costs or production 
losses, because there are also intangible impacts, such as psychological 
consequences for individuals or reputational impacts for businesses. These 
impacts have hardly been studied, which may be due to the perceived 
difficulty of modelling or converting these intangible impacts in monetary 
terms for use in cost-benefit analysis. This chapter builds upon this 
literature in this chapter’s study, by estimating both the SWB implications 
of floods and how these can be limited by flood preparedness. Moreover, 
these SWB impacts are split into tangible and intangible impacts on SWB. 
This is done by analysing data collected from a survey of about 900 
households in flood-prone areas in France. This chapter estimates 
relationships between SWB and explanatory variables of flood experiences, 
perceptions and preparedness decisions. Using these relationships Chapter 
2 calculated the monetary value of the intangible impacts of these variables 
on overall SWB. This provided insight into the relative size of tangible and 
intangible impacts of experiencing flooding and flood preparedness. 

Four main conclusions can be drawn from this chapter’s results. First, the 
immediate impacts of a flood have a large negative effect on overall SWB 
that is larger than the effects of other individual SWBDs. Moreover, there is 
a degree of adaptation to flood events since the reduction in overall SWB is 
nearly halved 12 months after the flood event. The second conclusion is 
that flood events can have consequences for an individual’s overall SWB, 
even if they themselves are not flooded. Such effects are relatively small; 
namely about one third of that associated with the immediate effects of 
being personally flooded. Third, for communities that are prone to flooding 
the employment of individual flood protection measures can increase the 
SWB of these households. Elevation of homes increases SWB of flood-prone 
households. The fourth conclusion is that the intangible benefits or costs of 
the flood risk SWBD on overall SWB tend to be larger than the tangible 
damage suffered or the damage prevented. The average total tangible 
damage suffered during a respondent’s previous flood was €50,000, while 
the implicit intangible loss was an average of €100,000.  

Two important lessons for flood risk management policies can be drawn. 
One lesson is that the SWB impacts of the intangible losses from flooding or 
the intangible benefits of household preparedness can outweigh the 
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importance of the direct damage and should be integrated into the risk 
management decision process. Therefore, the failure to take into account 
intangible benefits in flood risk management decisions will result in a 
socially inefficient level of flood protection. However, a challenge with 
accounting for intangible costs and benefits is that their estimates are 
uncertain and have been hardly quantified. This study has provided a 
starting point for monetising tangible and intangible impacts of floods on 
subjective well-being on which future research can develop. The second 
lesson is this chapter finds that even though the combined tangible and 
intangible losses due to a flood event or worries over future flood events 
are large, households can adapt to this loss in SWB over time and through 
adequate preparedness decisions.  

There is a large degree of uncertainty regarding the monetary equivalent 
values for the effects of flood risk on overall SWB, which highlights the need 
for future research in other regions. Future research could focus on the 
development of longitudinal data of flood experience, flood preparedness 
measures, and SWB in various regions prone to flooding. Such research 
would allow for obtaining improved insights into how SWB adapts to 
different kinds of flood events over time as well as the kind of flood risk 
management policies that are effective in ameliorating SWB losses. 
Furthermore, the purpose of this chapter’s study was to value the SWB 
effects of flooding and preparedness for the average individual in order to 
be applicable for risk management decisions. The study of who is most 
affected by flooding is a question that may require a different approach, 
but can provide relevant insights for more tailored policy. This avenue of 
future work is further highlighted by Malmendier and Nagel (2011) who 
note that not only are different people likely to be differently affected, but 
such impacts are determined by the sum of their lifetime experiences 
rather than focusing mainly on the most recent flood events a respondent 
experiences.  
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3. CHAPTER 3: EVALUATING THE EFFECTIVENESS OF 
HOUSEHOLD LEVEL FLOOD RISK REDUCTION 
MEASURES BY THE APPLICATION OF PROPENSITY 
SCORE MATCHING11 

Abstract 

The employment of damage mitigation measures by individuals is an 
important component of integrated flood risk management. In order to 
promote efficient damage mitigation measures, accurate estimates of their 
damage mitigation potential are required. That is, for correctly assessing 
the damage mitigation measures’ effectiveness from survey data, one 
needs to control for sources of bias. A biased estimate can occur if risk 
characteristics differ between individuals who have, or have not, 
implemented mitigation measures. This study removed this bias by applying 
an econometric evaluation technique called Propensity Score Matching to a 
survey of German households along three major rivers that were flooded in 
2002, 2005 and 2006. The application of this method detected substantial 
overestimates of mitigation measures’ effectiveness if bias is not controlled 
for, ranging from nearly €1,700 to €15,000 per measure. Bias-corrected 
effectiveness estimates of several mitigation measures show that these 
measures are still very effective since they prevent between €6,700-14,000 
of flood damage per flood event. This study concludes with four main 
recommendations regarding how to better apply Propensity Score 
Matching in future studies, and makes several policy recommendations.  
 

 

 

 

 

 

                                                           
11 This chapter is based on: Hudson, P., Botzen, W.J.W., Kreibich, H., Bubeck, P., Aerts, J.C.J.H., 2014. 
Evaluating the effectiveness of flood damage mitigation measures by the application of propensity score 
matching. Natural Hazards and Earth System Sciences, 14, 1731-1747. 
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3.1 Introduction 
Chapter 1 discussed several studies that project increasing flood risk. 
Moreover, globally natural disaster losses are increasing. Therefore, this 
trend of increasing flood risk means that the potential benefits from 
investing in a public or private damage risk reduction (DRR) are also 
increasing. Think of, for example, privately implemented DRR measures, 
such as sealing cellars to flood waters, or elevating buildings above 
expected inundation depths. The movement towards integrated flood risk 
management (Kron, 2005; Kreibich et al. 2007) places greater weight on the 
responsibilities of private agents to limit flood risk, for instance by 
mitigating possible levee effects (IPCC, 2012). A levee effect can occur when 
individuals feel safer after flood protection infrastructure has been 
installed. A reduction in flood risk lowers the expected costs of living or 
doing business in the area owing to a lower flood frequency, which 
promotes greater exposure, increasing potential flood damage. DRR 
measures implemented by households could help to mitigate these effects. 
For integrated flood risk management to be successful, an important 
research question that needs to be answered is ‘which private DRR 
measures are most effective at reducing flood damage?’ This chapter 
focuses on private DRR measures because integrated flood risk 
management requires all stakeholders in a flood risk area to play a role in 
managing risk. The potential of government investment in this area is 
relatively more known than that of private households. This chapter seeks 
to add to the nascent literature on this topic. 

There are several studies that investigate potential flood damage reduction 
that can be achieved by various DRR measures. For example, Holub and 
Fuchs (2008) investigate the cost- effectiveness of risk reductions using a 
cost-benefit analysis approach, where, if benefits are larger than costs, the 
measure is regarded as an efficient DRR. Holub and Fuchs (2008) estimate 
the natural hazard risk posed in their sample area. Once the level of risk is 
known, the sample area is divided into different risk zones, and the level of 
exposure within a risk band is used to estimate damage. Holub and Fuchs 
(2008) then proceed to calculate the benefits of the measures by assuming 
that a DRR prevents all damage up to a certain severity of hazard. Poussin 
et al. (2012) employ a similar method by modelling the risk reducing effect 
of DRR measures, such as wet-proofing a house, by assuming that the 
effectiveness of a measure is a percentage reduction in flood damage 
simulated by a flood risk model. Other studies, such as De Moel et al. 
(2013), Dutte et al. (2003), and DEFRA (2008), also apply similar 
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methodologies. While these methods are useful, they are not able to 
empirically evaluate DRR measures because they assume, on the basis of 
expert judgement, that the DRR measures are effective to a predetermined 
degree.  

Damage models, however, do not provide empirical proof that the DRR 
measures are able to prevent damages up to the assumed degree. 
Therefore, studies are undertaken that use household survey data, 
empirically ground the evaluation in specific cases, such as Kreibich et al. 
(2005; 2009; 2011) and Bubeck et al. (2012). Bubeck et al. (2012) use a 
repeated-measure design to compare the amount of flood damage suffered 
by the same households during two consecutive flood events along the 
German part of the Rhine in 1993 and 1995. To avoid possible bias due to 
differences in flood hazard characteristics, the most important damage-
influencing facto: namely, inundation depth (Thieken et al., 2005), was 
controlled for. Only those households were included in the comparison that 
reported identical water levels in the cellar and ground floor during both 
flood events. This comparison reveals a central tendency towards lower 
flood damage in 1995. Moreover, less extreme damage values were 
recorded for the later event. This trend towards lower flood damage in 
1995 is attributed to a considerable increase in DRR measures implemented 
by households between the 1993 and the 1995 flood event. Those 
households that increased the level of DRR measures, showed the largest 
reduction in flood damage suffered. However, this method still may not 
produce an accurate estimate of the effectiveness of a DRR for several 
reasons. The first is that an explicit value for the effectiveness per DRR has 
not been provided. The second is that other possible differences in hazard 
characteristics were not controlled for, such as flow velocity or 
contamination of floodwater. Also possible changes in household 
characteristics, such as an increase in the value of household contents for 
example, between the floods were not taken into account.  

A different survey data methodology is that of Kreibich et al. (2005; 2011). 
In these studies a more direct estimate of effectiveness was provided. In 
Kreibich et al. (2005), for the various DRR measures, households were 
divided into those who have employed a particular DRR and those who did 
not. Once the sample has been divided into two groups based on the use of 
a DRR, the average damage suffered in each group is calculated, and the 
difference between these averages forms the estimated effectiveness. 
These results are important initial steps regarding the evaluation of DRR 
measures. However, a drawback of this approach is that the difference in 
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average damage suffered between those who installed a DRR and those 
who did not install a DRR may still not provide an accurate estimate of the 
damage savings obtained by the DRR. This is because other factors could 
have influenced the difference in damage, such as inundation depth, flow 
velocity, or differences in household characteristics. This is because in 
effect the respondents are able to ‘treat’ themselves by employing a DRR 
measure.  

Kreibich and Thieken (2009) employ a similar method to examine the 
success of DRR measures in Dresden. In particular, they estimate the mean 
difference in damage between individuals who suffered roughly similar 
natural hazard risks, and refine the DRR effectiveness estimate by removing 
a source of bias, but still leaving several factors uncontrolled for, and 
creating problems due to very small sample sizes (groups of 3-5 
households). Finally, the later study of Kreibich et al. (2011) had an 
additional benefit to its micro-scale cost-benefit analysis due to using a 
sample consisting of structurally identical households. The identical 
household construction removes some sources of bias. However, the 
approaches employed have meant that potential sources of bias have been 
independently controlled for. These issues result in a direct effectiveness 
estimate, but one that is potentially inaccurate due to the presence of 
selection bias. 

Angrist and Pischke (2009) states that the difference in observed means 
contains two effects: the treatment effect (employing a DRR, the effect of 
interest12) and a selection bias. This is due to the traits that drive both 
outcomes (flood damage) and employing the DRR measure. A method for 
controlling for many sources of bias simultaneously, Propensity Score 
Matching (PSM), will be applied to the data used by Kreibich et al. (2005; 
2011). The application of PSM can create a more refined and reliable 
estimate of the protective qualities of a DRR by removing the selection bias 
that may be present in previous studies that used a mean comparison 
evaluation methodology. Selection bias arises because survey data is 
observational, and both the outcome of interest (damage reduction) and 
the employment of risk reduction measures can be driven by individual 
traits and their own decision process. This means that the two groups are 
systematically different, and cannot form the counter-factual observations 

                                                           
12 While it can be argued that as there is no external treatment (due to the self-treatment) that using the 
term treatment is not appropriate. However, this Chapter uses the term ‘treatment’ of the econometric 
literature to indicate the effect of interest: the possible damage prevented; and ‘treatment group’ to 
indicate the group that employs a given DRR measure. 
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needed for an unbiased effectiveness estimate. For example, suppose that 
the control group faces a higher flood hazard than the treatment group, 
and then the treatment effect may be overestimated by a mean 
comparison methodology.  

The general idea of PSM is that in the absence of an experimental design 
(i.e. a randomised controlled trial), assignment to treatment is frequently 
nonrandom (i.e. that the respondents are ‘self-treated’) which can generate 
sources of statistical biases due to systematically different characteristic 
(Heinrich et al., 2010). PSM aims to find ‘treatment’ and ‘control’ group 
members that are sufficiently similar to another, so that an estimate of the 
mean impact can be provided.  PSM uses the probability that a respondent 
employs a given risk reduction measure, given a set of observed variables 
(Heinrich et al., 2010). A suitable PS will produce valid matches for 
estimating the impact of a respondent’s decision to employ a DRR measure. 
Therefore, rather than attempting to match on all values of the variables, 
cases can be compared on the basis of propensity scores alone (Heinrich et 
al., 2010), which reduces possible selection bias. 

D’Agostino (1998) notes that PSM has been applied to a wide range of 
topics, for instance in medicine it is commonly used to study the 
effectiveness of drugs or surgical methods. For example Vincent et al. 
(2002) investigate the effectiveness of blood transfusions when the patient 
is critically ill and suffering from anemia. In economics, PSM is applied to a 
wide variety of economic issues. For example, Dehejia and Wahba (2002) 
provide an evaluation of the effects of taking part in a government-training 
programme on incomes. In the above cases, PSM is used because the most 
reliable method of estimating the treatment effect, a controlled 
randomised trial, is unfeasible due to practical and or ethical concerns, and 
therefore a different technique is needed.  

The objectives of the current chapter are two-fold. The first is to remove 
selection bias that may be present in previous DRR effectiveness estimates, 
in order to produce a more accurate estimate of DRR effectiveness. The 
second is to judge the applicability of PSM to wider natural hazards 
research. To the best of this chapter’s knowledge, this chapter is the first 
study to use PSM to evaluate the installation of flood DRR measures. 
Furthermore, only one other study has applied PSM to natural hazards; 
being Butry (2009) who investigates the success of wildfire mitigation 
programmes. The current chapter seeks to apply PSM to provide a bias-free 
estimate of the flood damages prevented due to DRR measures, which will 
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be useful in guiding integrated flood risk management strategies and the 
role individuals can play in mitigating flood risk. 

3.2 The propensity score matching method 
To evaluate the potential reduction in damage due to the use of a private 
DRR (referred to as ‘treatment’), it is required to make an estimate of the 
difference between what occurred and what would have occurred if the 
agent had not employed the DRR measure. This is the average treatment 
effect on the treated (ATT), which is defined in eq. (3.1). Below, E(.) is the 
expectations operator; T is a binary variable for employing the DRR 
measure or not; y1 is the outcome under treatment; while y0 is the outcome 
under non-treatment;  

𝐴𝑇𝑇 = 𝐸(𝑦1 − 𝑦0|𝑇 = 1) = 𝐸(𝑦1|𝑇 = 1) − 𝐸(𝑦0|𝑇 = 1)                       (3.1) 

A positive ATT indicates that participation in the treatment is expected to 
increase the outcome variable (damage suffered) while a negative value 
indicates a reduction (in damage suffered). For a DRR measure, a highly 
negative ATT would indicate that it was effective at mitigating flood 
damage. However, either the outcome under treatment (𝐸(𝑦1|𝑇 = 1)) or 
under non-treatment (𝐸(𝑦0|𝑇 = 0)) is observed. Therefore, for individual i 
the ATT cannot be constructed, as only the first half of eq. (3.1) is known. 
The intuitive method of recreating the counterfactual observation is to use 
the respondents who did not take part in the treatment. Angrist and 
Pischke (2009) provide a general expression for the difference between 
sample sub-group averages, showing the potential combination of the ATT 
and selection bias (SB) in eq. (3.2): 

𝐸(𝑦1|𝑇 = 1) − 𝐸(𝑦0|𝑇 = 0) = 𝐴𝑇𝑇 + 𝑆𝐵                                         (3.2) 

Selection bias is present (𝑆𝐵 ≠ 0) if there are traits that explain both 
participation in the treatment and outcomes, and where these traits differ 
across these two groups. These traits are confounders, and their influence 
on outcomes and participation masks the true value of the ATT, which PSM 
attempts to minimise. If there were random entry into the control and 
treatment group, treatment participation would no longer be tied to 
individual traits. This means that the difference in mean damage between 
the two groups would provide an unbiased estimate of the ATT, which is 
the rationale behind a controlled randomised trial. However, while 
randomised trials will provide an unbiased estimate of the effect, Grossman 
and Mackenzie (2005) argue that a controlled randomised trial can only 
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provide a reliable estimate if behaviour can be monitored and outcomes 
observed during the trial period. A trial for a DRR measure is in practice 
unfeasible due to the organisational requirements, costs and unpredictable 
nature of flood events. There are also ethical concerns about forcing the 
control group to remain unprepared for potential disasters. Therefore, 
survey data and observational outcomes must be used, which, in turn, 
means that entry into the treatment group is non-random and driven by 
traits such as total exposure or perceived risk, making selection bias a 
potential problem. In such a case PSM can be used to estimate the ATT.  

PSM, developed by Rosenbaum and Rubin (1983), is based on the intuition 
that, by conditioning on the confounders, it is possible to find agents who 
are similar enough to form each other’s counterfactual observation, and 
can, therefore be matched together. If the individuals in a match are 
similar, enough selection bias can be removed and average difference in 
outcomes between the matches is a reliable estimate of the ATT. Originally, 
matching was based on covariates, where a researcher would attempt to 
find individuals who have the same values of the confounding covariates, 
and match these individuals. However, this can be problematic or even 
impossible with large numbers of confounders. Identical individuals are 
easy to find if there are only two binary confounders, and thus only four 
possible combinations to group respondents. But this becomes more 
difficult, the more relevant confounders there are that must be included in 
the matching process, and even more complicated if these variables are 
continuous rather than binary variables. For example, if matching takes 
place based on whether the building is located in an urban area, then urban 
treatment group members can be matched with urban control group 
members. If household content values are additionally matched upon, then 
control and treatment group members who are both urban and have an 
equal contents value must be found. Then if house size is also matched, 
matches must be identical in all three respects. This dimensionality issue 
can greatly reduce the possible sample size. Matching on the PSV removes 
this dimensionality issue as the estimated propensity score compresses the 
relevant information into a single value. PSM allows a match to be made by 
finding two, or more, agents with a sufficiently close PSV. 

For PSM to be valid the following three conditions are required to hold, 
where ⊥ represents independence; X is the set of observable traits; p(X) is 
the propensity score as a function of the observable traits; T is a binary 
variable for participation in the treatment group or not; and y1 is the 
outcome under treatment, while y0 is the outcome under non-treatment: 
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 Condition 1: Unconfoundedness –(𝑦1, 𝑦0) ⊥ 𝑇|𝑝(𝑋) ; 

 Condition 2: Balancing – 𝑇 ⊥ 𝑋|𝑝(𝑋);  

 Condition 3: Overlap – The probability distributions for the control 
and treatment group share a common support, as in Figure 3.1. 

Condition 1 means that treatment participation and potential outcomes are 
independent of one another, conditional on the PSV, in effect achieving y1 
or y0 is as good as random. The role of condition 1 is that, by conditioning 
on the set of confounders, the selection bias in the treatment is removed. 
Unconfoundedness holds when all the confounders have been included in 
generating the PSV. 

Condition 2 is that, when conditioned on p(X), treatment participation and 
individual traits are independent of one another. When condition 2 holds, 
the PSV is a balancing score, and then matching on the value of the PSV 
achieves the same as conditioning on each individual confounder value.  

Condition 3 implies that the observations have a similar enough PSV to 
create a good match of individuals. Heckman et al. (1996) provide a 
formulation of the bias introduced due to matching, showing that the 
smaller the common support, the greater the possible bias in the final 
estimate (an example of a common support is displayed in Figure 3.1). The 
reason is that outside this range the matched participants are potentially 
too different from one another. Heckman et al. (1996) then proceed to 
state that by only matching over PSV located in the common support this 
matching quality bias is removed. Matching quality bias is introduced when 
matched individuals are too different from each another.  

Taken together conditions 1 and 3 remove bias from the estimate, while 
condition 2 allows for matching based on a single value constructed from all 
the confounders.  

 
Figure 3.1 An example of a common support 

In most cases, a probit or logit model will estimate the PSV. It has been 
found that using an estimate of the PSV rather than the true PSV (the actual 
probability for an individual to employ a DRR) can increase efficiency 
(Rosenbaum, 1987; Robins et al., 1995; Rubin and Thomas, 1996; Heckmen 
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et al., 1998; Hirano et al., 2003). The variables to be included in the PSV 
model need to meet the aims of Conditions 1 and 2. Brookhart et al. (2006) 
find that including variables that are only connected to outcomes tends to 
reduce the variance of the final estimate, while variables that only affect 
participation tend to increase the variance. Taken together, this implies that 
variables connected to outcomes should be included; their inclusion 
reduces bias or at least reduces the variance of the model. However, there 
is a trade-off because the more variables in the PSV function, the smaller 
the potential overlap between the probability distributions. 

The evaluation of the PSV is not focused on the quality of the PSV 
estimates, in the sense that the estimated PSV is close to the true PSV, or 
that the regression used to estimate the PSV is consistent (unbiased). The 
role of the PSV is solely to collapse the relevant information into a single 
value, which is achieved upon balancing (Rosenbaum, 2002). Furthermore, 
the actual estimated coefficients of the probit or logit model are also 
unimportant; evaluation is based solely on achieving the conditions of 
balancing, Unconfoundedness and sufficient overlap.  

Once Conditions 1-3 are deemed to hold, a matching algorithm must be 
selected. The algorithm will find for each agent in the treatment group (a) 
member(s) of the control group who has (have) a similar enough PSV, and 
these two are matched; the average difference between the outcomes 
(flood damage) of the matches is an estimate of the ATT. There are several 
methods for the matching process: 

1. Nearest-neighbour matching: A match is the person with the 
closest PS to the observation of interest, but located in the control 
group. However, it may be that the nearest neighbour is very far 
away, in terms of the PSV, increasing the potential bias of the 
estimate, due to poor quality matches. With this method, matching 
with, or without, replacement can have a large effect. This is 
because by matching without replacement, an individual is out of 
the sample once it has been matched. If this individual would have 
been a good match for another agent, then a worse match for that 
agent must be made. Matching with replacement solves this issue, 
and the ordering of data will no longer be important, but the use of 
less unique information can increase the variance. The trade-off to 
be made is between bias-reduction (matching with replacement) 
and precision (matching without replacement). 
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2. Caliper/Radius matching: Caliper matching creates a match by 
accepting any PSV as viable if it lies within a bandwidth around the 
PSV in which we are interested in for example +/-2%. The benefit of 
this method is that the number of bad matches will be reduced due 
to the bandwidth. However it is possible that fewer matches may 
be made compared with nearest-neighbour matching, as, if no 
agent is located inside the caliper then there is no match. Radius 
matching is an extension of this approach because it matches all 
the observations found inside the bandwidth. There is no strong 
reason to select one bandwidth over another, a priori, as there is a 
trade-off between the total matches that can be made against the 
bias of the matches.  

3. Stratification Matching: The area of PSV overlap is partitioned into 
intervals or strata. Each stratum is defined over a specific range of 
the PSV, e.g., [0.1, 0.3], and within each strata there are no 
statistically significant differences between the traits of the 
treatment and those of the control groups. The overall ATT is 
estimated by first solving for the ATT within each stratum, and then 
using a weighted average of the strata ATT. These strata are 
commonly the same as those used to test the balancing 
assumption. 

4. Kernel Matching: Kernel models use a weighted average of all of 
the observations in the control group to create matches for the 
members of the treatment group, where the greater the distance 
between the PSVs, the lower the weight. As such models use all the 
members of the control group to create a counterfactual 
observation for a treatment group member, bad matches will be 
included in the process. However, the weighting process reduces 
the influence of bad matches, mitigating their influence. The 
bandwidth of the kernel is very important, as it determines the 
degree of smoothing, and large bandwidths may introduce bias into 
the estimated ATT. While the bandwidth is important, it is unclear 
what the correct bandwidth is before the investigation begins. 
Selection of the bandwidth should be treated as a trade-off 
between bias and variance.  

Caliendo and Kopeinig (2005) state that there is no single preferred 
matching method, as the suitability of each matching method is dependent 
on the features of the data concerned, but, as the number of possible 
matches increases, the estimates of each matching method will tend 
towards the same value. Nevertheless, in small samples, matching with 
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replacement is clearly preferred in order to maximise the number of 
possible matches. Additionally, if there are a large number of unmatched 
control group members, then a kernel matching method may be useful 
(Caliendo and Kopeinig, 2005) to capture this otherwise lost information. 
The various measures do allow for a robustness check of the estimated PSV 
(and, as such, the estimated ATT), as if Conditions 1 and 2 hold they should 
provide an equally consistent estimate of the ATT. If there is a large 
difference between estimates, then a detailed investigation to find the 
missing confounder will be required, so that the estimated PSV can be 
made more reliable. As such, in small samples, a set of consistent results 
may indicate that a suitable set of confounders has been found. All of the 
above matching methods are used here to act as a robustness test and to 
provide an average estimate of the bias due to selection bias. 

The following PSV function will be estimated, where φ(.) is the standard 
normal distribution CDF, θ is a vector of coefficients, xit and is a vector of 
explanatory variables, and εit is the error term: 

 𝑇𝑖𝑡 = 𝜑(𝜃0 + 𝜽
′𝒙𝒊𝒕 + 휀𝑖𝑡  )                                 (3.3)  

In eq. (3.3) xit consists of the confounding variables that explain both 
participation and outcomes, or at the least outcomes. Variables that only 
explain participation are to be avoided. Once this model has been 
estimated for a given vector of xit, the balancing assumption will be tested, 
as a series of t- or F-tests within each supposed PSV strata. In effect, the 
sample is stratified by PSV and tested for a lack of systematic differences 
between the control and treatment group members of that stratum. When 
balance is achieved, the matching process will be carried out. If balancing is 
not achieved additional variables will be added to the xit vector until 
balance is achieved. The fitted value of eq. (3.3) is the PSV that is used to 
create matches. 

The vector of confounding variables will be guided by economic intuition. 
The economic incentive to undertake a DRR is the savings due to the 
installation of the measure over the measure’s lifetime. The damage 
generated by a flood can be viewed as coming from the following process: 

𝐷𝑎𝑚𝑎𝑔𝑒𝑖𝑡 = 𝐹(𝐻𝑎𝑧𝑎𝑟𝑑𝑖𝑡 , 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒𝑖𝑡 , 𝑉𝑢𝑙𝑛𝑒𝑟𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑖𝑡)                        (3.4) 

Chapter 1 noted that each element of eq. (3.4) is positively related to the 
damage outcome. The incentive to employ a DRR is based more on 
expected damage; the individual’s perception of the risk faced, but 
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expected and actual damage may be similar in construction. This economic 
framework means that there will be a large overlap between the incentive 
to employ a DRR and the final outcome, and, as such, the major 
confounders can be found by focusing on the elements of eq. (3.4). 
Therefore, the aim of eq. (3.4) is to capture the aspects of the decision 
making process for employing DRR measures that potentially overlap with 
damage outcomes (in order to minimise selection bias). 

3.3 Data 
3.3.1 Survey description 

The data was collected via two surveys, one after the flood in 2002, and 
another one after the floods in 2005 and 2006 in both the Elbe and the 
Danube river catchments in Germany (Kreibich et al., 2005; 2011; Thieken 
et al., 2005; Kreibich and Thieken, 2009). On the basis of building specific 
random samples of private households in flood-affected areas, computer-
aided telephone interviews were undertaken in April and May 2003 and in 
November and December 2006. These surveys resulted in 1697 and 461 
completed interviews with private households, respectively. These were 
large magnitude flood events, as the 2002 flood and caused an estimated 
total direct damage of €11.6 billion in Germany (Kron, 2004). The flood 
history of the two catchment areas is quite different. Before 2002, the last 
major flood that had occurred along the Elbe was in the 1950’s while along 
the Danube a major flood had occurred in 1999 (Thieken et al., 2005). 
Figure 3.2 presents a map of the catchment areas, as well as an indication 
of the areas surveyed to provide information on household flood 
preparedness and consequences of the floods.  

 
Figure 3.2 A map of the survey locations and river catchment areas 
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The questionnaires addressed the following topics: emergency and 
precautionary measures; flood experience; flood parameters (e.g., 
contamination, water level); socio-economic parameters; and flood 
damage. The sample provided by the surveys is trimmed in two respects. 
The first is that any observations with damage over €100,000 are removed 
when investigating contents damage and over €300,000 when investigating 
building damage, as these respondents are strong outliers, and there are 
few of these observations regarding the sample that can be matched. 
Furthermore, if these individuals are included in the sample the balancing 
assumption could not be achieved, and the methodology could not be 
applied, as described in Section 3.2. 

3.3.2 Variables 
A brief description of the DRR measures investigated in this study is 
provided in Table 3.1; a more detailed description can be found in Kreibich 
et al. (2005; 2011). 

The confounding variables are described in Chapter 9.2, but the intuition 
behind their inclusion is explained here. The variables have been divided 
into categories based on the elements of the risk triangle and eq. (3.4). The 
category assigned to each variable is not important for the PSM model. 
Rather, the categories are used to determine the variables derived from the 
survey that can influence flood damages. To control for exposure, the value 
of household contents (for contents damage) or the house price (for 
building damage) has been included. House prices and contents values fully 
capture exposure, as they represent the value at risk, where greater values 
indicate greater potential losses from a flood. 

Vulnerability is a more complicated concept. In this study, the focus is on 
physical vulnerability. The following confounding variables have been used: 
if the household has a cellar as these houses generally experience higher 
flood damage (Kreibich et al., 2011), the age of the building, the quality of 
the building materials and whether the building is located in an urban 
environment. Floor space is used to proxy the size of the building, as larger 
buildings may be more likely to come into contact with floodwaters. Where 
required, to either reduce an ATT’s variance or to achieve the balancing 
assumption, the quality and duration of a flood warning was also included. 
A warning provides time to make sure that static DRR measures are used 
correctly or allows mobile measures, like ‘Dry flood-proofing’ for example, 
to be employed.  
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Table 3.1 Flood risk reduction measures 

DRR Description 

Flood adapted use Use in a low value way the flood endangered 
floors, to keep possible flood damage low, e.g., 
storing only low value items in flood prone areas 

Wet flood-proofing Avoid valuable, fixed units as interior fitting in the 
flood endangered floors, but use water resistant 
or easy replaceable materials for interior fitting, 

Adapted building structure Adapting the building structure, e.g., had an 
especially stable building foundation, or 
waterproof sealed cellar walls 
 

Dry flood-proofing Mobile barriers to prevent water entering the 
building, e.g., sandbags or local small flood 
protection walls. 

 

The following variables are used to control for the hazard that the 
respondents faced: flood water height inside the building; flood duration; 
contamination of flood water; the return period of the flood; velocity; flood 
experience; if the building could not be used while flooded; and whether 
the building is located along the Elbe river (as compared to the Danube 
river). 

It should be noted that above variables might not be useable for all 
potential PSV functions that analyse a DRR. This is because a variable 
should be reasonably unaffected by the use of the particular DRR, and 
certain measures are aimed at directly altering these variables. This 
problem occurs with ‘Dry flood-proofing’, which potentially affect water 
height, flow velocity, and the duration that a building was flooded. In 
principal the same set of confounders is used to construct the PSV for each 
DRR. However, when certain variables were included it proved impossible 
to achieve the balancing assumption. Therefore, not every variable could be 
included in each PSV function. The list of variables included in each PSV 
function is displayed in Table 9.3 in Appendix B (Chapter 9.2).  

In order to retain as much information as possible and to achieve the 
balancing assumption, the survey variables were coded in the following 
manner. Where a variable was categorical, the categories were treated as 
separate binary variables, and a binary dummy variable was created for 
each category. Variables such as water height and duration were left as 
continuous variables.  
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However, occasionally one of the categorical confounding variables was 
dropped from the PSV function. Removing a categorical confounding 
variable will not completely remove all of the information contained by this 
variable, possibly only altering the variance of the model. However, there is 
a core set of variables included in each PSV function based on: housing type 
and quality; whether the building has a cellar; total floor space; 
building/contents value; building age; experiences relating to the 2002 (or 
later) flood(s); warning duration; and how often the individual has been 
affected by flooding in the past. These variables as a whole capture the 
elements of eq. (3.4) quite well. For example, contents value would capture 
the level of contents exposure completely. The methodological approach 
followed was that the core variables are included in every PSV model and 
additional variables are added as required to achieve balance or to improve 
the variance of the estimates.  

Once the PS has been estimated, only observations with PSVs within the 
common support are retained. The common support is determined by 
removing any observation that has a PSV that lies outside the over lapping 
areas of PSV. 

3.4 Estimation results 
3.4.1 Treatment effect estimates 

The ATT estimates are presented in Table 3.2 for the five matching methods 
used. Several methods were used to test the consistency of the ATT 
estimates, and infer the validity of the confounding variable vector. In 
particular, the ratio of the standard deviation to the mean of a set of ATT 
estimates was calculated as a consistency indicator (Table 3.2). This 
indicator ranges in value from 0.04-0.54, where the smaller the value, the 
smaller the spread of ATT estimates. Some of the DRR measures have ATT 
estimates that are very strongly concentrated around a central value. As an 
illustration, for the significantly effective DRR measures (the effective 
measures, though ‘Dry flood-proofing’ are only partial successful), the 
above consistency indicator ranges from 0.04-0.08. However, for the 
ineffective measures the indicator ranges from 0.12-0.54. This indicator is 
especially large for ‘Adapted building structure’, namely 0.33-0.54, implying 
that a confounding variable may be missing from the PSV function due to 
the greater spread of estimated ATT values. 

In order to have an overview of the potential bias in a DRR’s estimated 
effectiveness a mean comparison is also carried out similar to that of 
Kreibich et al. (2005; 2009; 2011). However, the results are not directly 
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comparable with Kreibich et al. (2005; 2011), as these previous studies used 
(slightly) different data, and the dependent variable here is the absolute 
value of damage suffered rather than the flood damage proportional to 
exposure. The former is reported here since it improves the interpretability 
of the results by generating an explicit value for damage prevented. 

The estimated ATTs show that once PSM has removed the sources of bias 
originating from exposure, vulnerability and hazard, several DRR measures 
are still effective at reducing flood damage (Table 3.2). Four sets of ATT 
estimates are highly significantly different from 0 (past the 1% level): these 
are the DRR measures ‘Flood adapted use’ with respect to contents and 
building damage, and ‘Wet flood-proofing’ with respect to contents and 
building damage. A fifth ATT set is marginally significant at the 10% level: 
this is ‘Dry flood-proofing’ with respect to building damage. This indicates 
that these DRR measures are the most effective ones out of those 
investigated. Furthermore, it appears that a large bias is introduced by the 
elements of eq. (3.4) into mean comparison estimates (Table 3.2). The 
(average) bias is always negative, and ranges from €387-€14,515, across all 
measures and types of damage investigated. This implies that a simple 
comparison of means may result in a substantial overestimate of the 
damage reduction potential of DRR measures. 

After comparing the distributions of the confounders and other descriptive 
statistics, the main reason for the bias appears to be due to the control 
group having had, on average, a greater proportion of households suffering 
from contaminated flood waters, higher water levels, and floods with 
higher return periods over 1 in 200 years. This may seem to be counter 
intuitive in that households who did not employ DRR measures face a 
greater hazard it may be that these householders are less risk averse, 
underestimate risks, are more myopic or suffer from charity hazard due to 
the possibility of being compensated by the German government. The 
possibility of government compensation is mentioned in Seifert et al. 
(2013). It may also be simply an idiosyncratic feature of these flood events 
and for a different series of flood events the potential bias may be 
reversed. Exposure and vulnerability indicators seem rather similar across 
the two groups.  



57 
 

Table 3.2 Estimates of the effectiveness of private disaster risk reduction [in euros] 

 Flood adapted 
use (contents 
damage) 

 Flood adapted 
use (building 
damage) 

Wet flood-
proofing 
(contents 
damage) 

Wet flood-
proofing 
(building 
damages) 

Water barrier 
(contents 
damage) 

Water barrier 
(building 
damages) 

Adapted building 
structure 
(contents 
damage) 

Adapted building 
structure 
(building 
damages) 

Nearest 
Neighbour  
Matching 

-6386*** 
(2364) 

-13943** 
(6694) 

-5255* 
(3099) 

-10276* 
(6030) 

4099 
(4162) 

-8543 
(6675) 

-2608 
(3470) 

-1032 
(9036) 

Radius Matching 

-6923*** 
(2059) 

 -13574*** 
(4853) 

-4536*** 
(1919) 

-10660*** 
(4237) 

4837 
(2964) 

-8404* 
(4465) 

-1521 
(2629) 

-2281 
(6236) 

Stratification 
Matching -6649*** 

(1660) 
-16042*** 
(5519) 

-5217*** 
(1889) 

-11478*** 
(3354) 

4034 
(2760) 

-8263* 
(4987) 

-1211 
(3078) 

-3856 
(5828) 

Kernel Matching 
(Gaussian) 

-7092*** 
(1599) 

-16035*** 
(4469) 

-5830*** 
(1814) 

-12630*** 
(3347) 

3408 
(2749) 

-9438** 
(4402) 

-1885 
(2653) 

-5235 
(5577) 

Kernel Matching 
( Epanechnikov) 

-6608*** 
(1581) 

-14793*** 
(4644) 

-5170*** 
(1598) 

-11466*** 
(3659) 

4110 
(2800) 

-8108* 
(4373) 

-1339 
(2670) 

-2478 
(5726) 

Mean 
Comparison 

-8415*** 
(1361) 

-21968*** 
(374) 

-9063*** 
(459) 

-25817*** 
(3915) 

-713 
(1594) 

-15,486*** 
(4315) 

-1326 
(1760) 

-13888*** 
(4564) 

Matches 85 93 80 88 68 80 55 60 
Bias -1683 -7583 -3861 -14515 -4811 -6935 -387 -10912 
Average ATT 
estimate 

-6732 -14385 -5202 -11302 4098 -8551  -1713 -2976 

Spread of ATT 
estimates 

0.04 0.07 0.09 0.08 0.12 0.06 0.33 0.54 

Effective DRR Yes Yes Yes Yes No Yes No No 

Notes:*, **, *** stand for statistical significance at the 10%, 5% and 1% levels, respectively. The numbers in parenthesis are standard errors. Where analytical standard errors are not available, 
they have been calculated via bootstrapping with 2000 repetitions. The ATT estimates above have been rounded to the nearest whole euro. The ATT is change in expected flood damages due to 
a DRR is given, i.e. the more negative the ATT, the more effective is the DRR in mitigating flood damage. The spread of ATTs is measured by the ratio of the standard deviation to the mean of ATT 
estimates; bias has been estimated as the difference between the ‘mean comparison’ estimate and the average of the PSM estimates. 
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While exposure and vulnerability indicators are required to remove bias in 
the estimated ATT, because they are important confounders at an 
individual level, the larger degree of difference in hazard seems to be the 
major source of bias in this application. The reason is that these 
distributions are most divergent across the groups. Therefore, a simple 
mean difference in damage fails to account for the differing severity of the 
floods affecting the control and treatment group. 

The DRR measures ‘Flood adapted use’ and ‘Wet flood-proofing’ are still 
very effective when bias has been removed, as these measures have 
prevented, respectively, about €6,700 and €5,200 of contents damage. The 
selection bias present in mean comparisons is rather substantial, as for 
‘Flood adapted use’ the bias is 25% of the size of the estimated ATT, while, 
for ‘Wet flood-proofing’, the selection bias is 74% of the size of the ATT. 
Selection bias appears to be a very powerful masking force in a mean 
comparison. 

It appears that ‘Flood adapted use’ (e.g., storing only low value items in 
flood prone storeys) is more effective than ‘Wet flood-proofing’ (e.g., using 
flood resistant materials to construct interior fittings) for reducing contents 
damage, which is most likely because the former is a direct measure for 
limiting the impacts of floods on contents, while ‘Wet flood-proofing’ would 
be an indirect way of reducing contents damage due to storage units being 
more flood safe. The two measures work by altering different aspects of eq. 
(3.4); ‘Flood adapted use’ alters the effective level of exposure, while ‘Wet 
flood-proofing’ would reduce the vulnerability of household storage units.  

The measures that are effective at reducing building damage, i.e. ‘Flood 
adapted use’, ‘Wet flood-proofing’ and ‘Dry flood-proofing’ again suffer 
from a substantial bias of €7,583, €14,515, and €6,935, respectively. As a 
percentage of the ATT, this bias is 55%, 128%, and 81%. The bias regarding 
building damage as a proportion of the ATT is, on the whole, larger than 
that present in the estimated ATTs relating to content damage. ‘Flood 
adapted use’, ‘Wet flood-proofing’ and ‘water barrier’ are still potentially 
very effective DRR measures preventing €14,385, €11,302 or €8,551 of 
building damages respectively. ‘Wet flood-proofing’ is more effective than 
‘Dry flood-proofing’ at reducing building damage because it has reduced 
the vulnerability level of the building. ‘Dry flood-proofing’ would reduce the 
amount of water entering the house, but, dependent on the magnitude of 
the flood may be overtopped and then would not work at all. Considering 
the magnitude of the floods suffered, which was up to a 1 in 500 year 
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return period in some cases (Risk Management Solutions, 2003), it may be 
that ‘Dry flood-proofing’ may be more effective at reducing building 
damages incurred from smaller magnitude flood events. The series of 
strategies represented by ‘Flood adapted use’ would have caused its 
reduction in damages due to lower levels of exposure in floodable areas.  

‘Adapted building structure’ was, via a mean comparison, detected to have 
no significant effect of reducing contents damage, and, even controlling for 
bias via PSM it is still ineffective. A further finding is that, if nearest-
neighbour matching is ignored, then the average bias is only about €150. 
Such a remarkably close estimate in a small sample could mean that, for 
this measure, its implementation could be almost as good as random. If all 
estimated ATTs are included, then the bias increases to 16% of the average 
ATT for this DRR. This observation reinforces the misleading nature of mean 
comparisons because sometimes a mean comparison is an accurate 
estimation technique, while in other cases it is not. The results for ‘Adapted 
building structure’ regarding building damage are the most inconsistent set 
of ATT estimates. This may indicate that there is a missing confounder in 
the relationship between ‘Adapted building structure’ and building damage, 
as, if the whole set of confounders was found then the estimated ATTs 
should be closer together in value. This inconsistency means that any 
inference about ‘Adapted building structure’ and building damage (and, a 
smaller, degree contents damage) should be treated with caution.  

The measure that seems most effective is ‘Flood adapted use’ as it has a 
substantial impact on both building and contents damages, while being 
closely followed by ‘Wet flood-proofing’. ‘Wet flood-proofing’ may be less 
effective because damage in this chapter is measured via replacement 
values; ‘Flood adapted use’ aims at reducing this value while ‘Wet flood-
proofing’ does not. An interesting observation from the ATT estimates is 
that ‘Dry flood-proofing’ had a very different effect on contents and 
building damage. The same measure had a positive (insignificant) ATT 
regarding contents damage and a negative ATT for building damage, from 
which it can be inferred that ‘Dry flood-proofing’ is effective at protecting 
the building but not its contents. This could be an artefact of an incomplete 
set of confounders, but this argument fails to explain why ‘Dry flood-
proofing’ protects the building.  

3.4.2 Sensitivity analysis 
Table 3.3 presents the results of a sensitivity analysis using the 
methodology suggested in Rosenbaum (2002), who attempts to provide an 
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indication of the possible strength that an excluded confounder would 
require to alter the results qualitatively. It must be kept in mind that the 
results of this investigation cannot be viewed as a test of the 
unconfoundedness assumption. The two areas of sensitivity presented are 
the bounds on possible statistical significance and the potential 95% 
confidence interval around the ATT estimate. The way to understand the 
sensitivity results is as follows: for example, suppose = 3 , then an excluded 
confounder would have to change the participation odds by threefold for 
the observed result to become statistically insignificant at the selected 
level. This would indicate an ATT estimate that is very insensitive to possibly 
excluded confounders, and that inference based on the estimated ATT is 
more reliable than for lower values of 𝛤. Sensitivity to potential excluded 
confounders, in this study, will be judged upon what strength of 
confounder would be required to remove statistical significance at the 10% 
level. In addition, it is examined what would be required for the possible 
95% confidence interval of estimates to include 0. The 95% confidence 
interval always contains 0 for the results found to be statistically 
insignificant, i.e. ‘Dry flood-proofing’ with respect to contents damage and 
‘Adapted building structure’ with respect to contents and building damage. 
Thus, Table 3.3 only presents the results of this sensitivity analysis for the 
DRR measures that were found to have a statistically significant effect (up 
to and including the 10% level).  

On the whole ‘Flood adapted use (contents damage)’ and ‘Wet flood-
proofing (contents and building damage)’ ATT estimates are fairly robust to 
the possible presence of a missing confounder since, except for nearest-
neighbour matching, to remove the statistical significance of the results 
would require a possible confounder to alter the odds ratio by over 200%. 
As all relevant and applicable variables from the original survey were 
included, it is not likely to be the case that such a powerful confounder 
would have been excluded. ‘Dry flood-proofing’ on the other hand is less 
robust as a possibly excluded confounder would have to alter the odds ratio 
by only 20% to significantly change results. It must be kept in mind that 
when the ATT for ‘Dry flood-proofing’ was estimated, because of survey 
design, it was not able to have a large range of confounders for the hazard 
component of risk. A large number of hazard variables would be directly 
affected by the measure and the use of these particular variables would 
confuse the causal direction of the estimates. It is likely that the negative 
effect on building damage is still an overestimate, judging from the 
previously found importance of hazard characteristics.  
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Table 3.3 Sensitivity analysis 

Measure Matching Method Statistical significance  95% confidence 
interval of the ATT 
includes 0 

Flood adapted use 
(contents damage) 

Nearest neighbour  1.4  1.2 

 Kernel Matching 
(Gaussian) 

 3.4  2.8 

 Kernel Matching 
(Epanechnikov) 

 3.2  2.6 

 Radius Matching 3.3 2.6 
Flood adapted use 
(building damage) 

Nearest neighbour 1.2 1.1 

 Kernel Matching 
(Gaussian) 

2.5 2.1 

 Kernel Matching 
(Epanechnikov) 

2.4 2.0 

 Radius Matching 1.6 1.3 
Wet flood-proofing 
(contents damage) 

Nearest neighbour  1.7  1.4 

 Kernel Matching 
(Gaussian) 

 2.5  2.1 

 Kernel Matching 
(Epanechnikov) 

 2.3  1.9 

 Radius Matching 2.2 1.8 
Wet flood-proofing 
(building damage) 

Nearest neighbour 1.4 1.2 

 Kernel Matching 
(Gaussian) 

3.4 2.7 

 Kernel Matching 
(Epanechnikov) 

3.2 2.6 

 Radius Matching 3 2.5 
Dry flood-proofing 
(building damage) 

Kernel Matching 
(Gaussian) 

 1.5  1.2 

 Kernel Matching 
(Epanechnikov) 

1.4 1.2 

 Radius Matching 1.4 1.2 

Notes: The sensitivity to excluded confounders can be estimated for each matching method used, but to 
save on space only three matching methods have been selected. For statistical significance the number 
presented refers to the gamma required to reduce significance to past the 10% level. 

As the complete range of hazard variables seems to be a major source of 
bias, it is likely that if the complete range of hazard variables could be 
included in the confounding vector for ‘Dry flood-proofing’ it would alter 
participation odds by more than 20%. Therefore, although ‘Dry flood-
proofing’ seems to reduce building damage, this result should be treated 
with caution. ‘Flood adapted use’ appears to be more sensitive to missing 
confounders regarding building damage compared with contents damage. It 
is difficult to judge how robust this measure is compared with ‘Dry flood-
proofing’. For kernel matching ‘Flood adapted use (building damages)’ 
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seems to be fairly sensitive and more so than ‘Dry flood-proofing’. While for 
nearest-neighbour and radius matching the results are less sensitive than 
those for ‘Dry flood-proofing’. However, compared to ‘Dry flood-proofing’ 
‘Flood adapted use (building damages)’ contains a more complete range of 
variables (mainly regarding the hazard) making it less likely that a 
confounder has been excluded from the model. The results of Table 3.3 
may indicate that certain DRR measures are quite sensitive to missing 
confounders. However, this finding must be balanced against the smaller 
likelihood that relevant confounders are actually missing from the model. 

3.5 Discussion 
3.5.1 Discussion of the effectiveness of the studied natural disaster risk 

reduction measures 
The application of PSM to flood damage survey data is able to remove the 
substantial bias present in estimates of damage reduction via DRR 
measures based on simple mean comparisons. The bias removed is large, as 
for the statistically significant content-related measures the bias is around 
€1,700 to €3,900, while for building-damage related measures the bias is 
around €6,900 to €14,500. In all cases, the biases are a substantial 
proportion of the ATT. PSM allows us to provide a more accurate estimate 
of a DRR’s effectiveness, while maintaining as wide a sample as possible. 
The estimated ATT estimates displayed in the previous section are a 
refinement of previous estimates of DRR measures in Germany (Kreibich et 
al., 2005; 2011). 

Once bias-corrected estimates have been produced the effectiveness of 
private DRR measures was found to be less than previously estimated by a 
comparison of mean damage. Nevertheless, the overall picture of effective 
DRR measures has not altered substantially as only one previously detected 
effective measure: namely ‘Adapted building structure’ in respect to 
building damage (Kreibich et al. 2005) has been reduced to marginal 
effectiveness. The most effective DRR is ‘Flood adapted use’, followed by 
‘Wet flood-proofing’. This is due to their ability to significantly reduce both 
contents and building damages. ‘Flood adapted use’ may also be more 
favourable, because as a series of coping strategies it may involve smaller 
installation costs than other measures. The reasons for the effectiveness of 
the various measures are described in detail in Kreibich et al. (2005; 2011). 
Kreibich et al. (2011) also provides indications of the costs of installing 
various DRR measures, estimated for a model building, i.e. for a detached, 
solid single-family house with a property area of 750m2, from which the 
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cost-benefit ratios of some of the currently investigated DRR measures can 
be calculated. The successful measure common to this study and Kreibich et 
al. (2011) is ‘Dry flood-proofing’. Kreibich et al. (2011) provide a cost 
estimate of €6,100 for installing 10m of ‘Dry flood-proofing’. Assuming that 
a flood affects a building every year, the expected lifetime discounted 
(discounted at 3%) cost-benefit ratio is 22.3. The less often a flood is 
expected to occur, the smaller the cost-benefit ratio, until the breakeven 
point is reached with an expected flood frequency of around once every 22 
years. 

The first implication for future flood risk management is that ‘Flood 
adapted use’ and ‘Wet flood-proofing’ should be expanded due to their 
double dividend return for only one set of installation costs. The next 
implication is that, while individual level DRR measures do still seem to be 
powerful tools for limiting flood risk, the role of DRR, as part of current risk 
management strategies should be altered to take into account the finding 
that they are less effective than previously believed. This reduction in 
effectiveness confirms the importance of multiple stakeholders undertaking 
action as a part of a risk management strategy. A related implication is that, 
as selection bias was a prominent feature of this study, the possible 
presence of selection bias in evaluations of non-randomly-employed flood 
risk management strategies (e.g., the success of a flood warning system) is 
a concern. Therefore, evaluation techniques that control for many sources 
of bias simultaneously are required to produce accurate evaluations to 
guide more productive risk management policies. 

It should be noted that the above policy implications are based on the 
experience of three floods with high overall return periods and water 
depths. For instance, the average water depth for the treatment group 
(averaged over all DRR measures) it is approximately 30cm, while for the 
control group (averaged over all DRR measures) is approximately 80cm. The 
largest gap is for DRR at nearly 70cm. The investigated DRR measures might 
respond differently if average floodwater heights were systematically lower 
across the sample population. While PSM controlled for many sources of 
bias, it would be useful to analyse in more detail how well the investigated 
measures perform under a wider range of flood events and in different 
regions. For instance ‘Dry flood-proofing’ may be more effective in limiting 
the damage of more frequent flood events with shallow water depths. 
Conducting an investigation of the effectiveness of DRR measures that 
covers a wider range of flood events and geographical areas, while using 
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PSM, could create more readily generalizable results and policy 
implications. 

3.5.2 Discussion of the application of propensity score matching 
The value added of PSM in the current application is dependent on the 
inferred size of selection bias. The estimates of selection bias contained in 
mean comparison estimates range from 16%-128% of the size of the ATT. 
Therefore, selection bias can create quite misleading inferences about the 
ATT as in one case (‘Dry flood-proofing’ for building damages) the bias is 
larger than the ATT estimate. The wide range of selection bias indicates a 
strong possibility for misleading inferences to be made from simple 
evaluation techniques. Therefore, evaluation techniques that provide a way 
of controlling for the possibility of large selection bias effects are required. 
PSM is a technique that is able to achieve the possible removal of selection 
bias.  

The applicability of PSM is strengthened by the ability to employ many 
different ways of creating a match. This is because the more consistent the 
results of several matching methods are, the more likely it is that 
unconfoundedness holds. This becomes apparent from the results of 
different matching methods for ‘Flood adapted use’ (contents damage) and 
‘Adapted building structure (building damage)’. The estimates for ‘Flood 
adapted use’ are very closely scattered together. However, the ATT 
estimates for ‘Adapted building structure (building damage)’ is about 13 
times as wide as that of ‘Flood adapted use’. Additionally, by using several 
matching methods, patterns in the ATT estimates can be revealed. These 
patterns can allow inference about the true value of the ATT in a way that a 
single estimate may not. For example, ‘Adapted building structure 
(contents damage)’ provides four estimates that seem to be centred around 
a value of -1,500, while the fifth is -2,600. This could indicate that the true 
value is more closely centred on -1,500.  

It appears that direct measures of exposure performed better than indirect 
measures; e.g., contents value is preferred to income. Furthermore, it 
appears that differences in hazard were a major source of bias. Therefore, a 
wide range of questions relating to hazard characteristics should be asked. 
This study successfully applied the following core variables to each PSV 
function: contents or building value; flood experience; flood water depth 
and duration; water contamination; flow velocity; building age; and housing 
material quality. A related recommendation is that the survey must contain 
not only all of the relevant confounders, but additionally variables that 
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explain outcomes. Relevant confounders can be difficult to identify, as they 
require a synthesis of the literature that investigates flood damage 
outcomes and the use of DRR measures. The survey questions should also 
be presented in a way that allows for the easy construction of dummy 
variables based on variables that only explain damage outcomes. These 
variables would provide ample scope for meeting the balancing assumption 
and reducing the models’ variance.  

The application of PSM also indicated that large samples are very useful. 
Large samples are useful, as it is possible that in a flood-affected area the 
treatment group could be relatively small, simply because few people in the 
area have chosen to employ a particular DRR. Sampling highly flood-prone 
areas may also solve this issue, as there is a stronger incentive in these 
areas to employ a DRR. However, this potentially makes the sample less 
representative of the larger population at risk. While it is difficult to judge 
the smallest number of matches that produces a reliable estimate of the 
ATT, Prirracchio et al. (2012) note that using nearest-neighbour matching 
(without replacement) and a sample size (total participants) of 40 resulted 
in a maximum relative bias of 10%. From Prirracchio et al. (2012), it can be 
inferred that a sample of 100 has a relative bias of 3%, while with a sample 
of 600 (the total sample in this chapter’s application was approximately 
640) it is approximately 1.5%. It is difficult to generalise this, but, when 
combined with the arguments of Holmes and Olsen (2010) and Caliendo 
and Kopeinig (2005), if several matching methods produce similar results, 
even in small samples, these results appear to be robust. However, while 
this study has focused on the applicability of PSM there are additional 
matching techniques that can be applied, such as Coarsened Exact 
Matching (see Blackwell et al., 2010 for a sample algorithm).  The idea of 
this matching technique is to temporarily coarsen the data into meaningful 
groups, then to conduct an exact match on these coarsened data and then 
only retain the original (uncoarsened) values of the matched data 
(Blackwell et al., 2010). Such matching techniques can be used in future 
studies to further support PSM methods (Blackwell et al., 2010) in order to 
further identify the suitability of the matches made . 

The application of PSM seemed to indicate that the relationship between 
different DRR measures and the confounders may be different between 
measures. For instance, receiving a flood warning can be a confounder for 
the use of mobile flood barriers, but not for static DRR measures. 
Moreover, a variable may allow for balancing in one equation, while in 
another its presence may invalidate this assumption. Both of these 
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problems mean that an inflexible approach to selecting PSV variables is to 
be avoided in order to increase the number of situations where PSM can be 
applied. The principle concern, however, should always be the strength of 
the unconfoundedness assumption.  

3.6 Conclusion 
The literature that evaluates DRR measures using survey data is limited. 
Simple evaluation methodologies and small sample numbers of 
observational data have the potential to create misleading inferences 
regarding the success of various DRR measures. This is due to confounding 
variables, which are variables that explain both the outcomes and the use 
of a DRR, thereby introducing bias into the estimated effectiveness. The 
current study sought to remove confounding bias by applying Propensity 
Score Matching (PSM) to a sample of German households living along the 
Elbe and Danube rivers who were surveyed in response to floods occurring 
in 2002, 2005 and 2006. PSM was applied in order to meet the first 
objective of this study of more precisely evaluating the effectiveness of 
various DRR measures. PSM removes confounding bias by matching every 
individual who uses a DRR with a sufficiently similar individual who did not 
employ the DRR in order to form the required counter-factual observation. 
Once PSM has been applied it was found that previous research using mean 
comparisons of flood damage could result in very inaccurate estimates of 
the effectiveness of a DRR, due to the presence of confounding variables. 
However, once PSM has refined previous evaluation estimates by removing 
the large selection bias, it is found that several DRR measures are still very 
effective measures for reducing flood risk at an individual level. Moreover, 
the overall image of successful DRR measures is broadly the same as 
revealed under previously used methods, only their damage reducing effect 
is less than may have been previously inferred.  

The refined estimates of the damage prevention potential of various DRR 
measures resulted in several policy recommendations for integrative flood 
risk management. This study indicates that the most effective measure to 
extend would be ‘Wet flood-proofing’ due to the double dividend that this 
DRR offers and its robustness to excluded confounders. ‘Flood adapted use’ 
may be an even more effective DRR to expand, but it is more sensitive to 
excluded confounders. However, while employing ‘Dry flood-proofing’ 
seems to be effective, this result is highly sensitive and should be treated 
with care. The next implication is that, because selection bias was detected 
to be strongly present, future evaluation of the success of flood risk 
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management strategies should use methods that allow for several sources 
of bias to be simultaneously removed, in order to produce accurate 
estimates. 

The second objective of this chapter was to judge the suitability of PSM to 
the field of flood risk (or natural hazard risk more generally). PSM requires a 
synthesis of the literature regarding the use of various DRR and damage 
outcomes, further research in these areas will improve the applicability of 
PSM as an evaluation tool. This feature leaves several avenues for future 
research regarding flood risks. An example for further research could 
concern the factors that induce an agent to improve their building’s flood 
safety and alter the expected damage to the building. The current study 
seems to indicate that the required set of confounders for this measure 
may be quite different from the other measures due to the inconsistency of 
the ATT estimates. Moreover, not only could PSM be used to evaluate flood 
outcomes at an individual level, but it can also be used to investigate other 
outcomes due to the implementation of flood defences such as estimating 
a value for possible levee effects, i.e. false sense of security due to 
structural defence measures. Additionally, as PSM is an evaluation 
methodology it can be applied to all areas of natural disaster risk research 
that uses survey data in order to evaluate the role that a particular variable 
plays in generating damages, mitigation activities or other possible 
outcomes and actions, as this study showed that there can be substantial 
bias in effectiveness estimates. When this chapter’s study is combined with 
previous research using PSM, it can be seen that PSM can successfully 
evaluate measures using either survey data or data derived from land use 
patterns. This chapter also provides four recommendations for the use of 
PSM in future research. The first recommendation is to use multiple 
matching methods in order to check for consistency in ATT estimates. The 
second recommendation of this study provides advice on the type of 
variables to include in future surveys. A survey should aim to include direct 
indicators of the hazard faced, the level of exposure and a range of 
indicators regarding vulnerability. The third recommendation is that a larger 
sample population, in terms of respondents and geographical coverage, is 
always beneficial. This is because of the seemingly small number of 
individuals employing DRR measures in any given region. The fourth 
recommendation is that the set of possible confounders for each measure 
may have to be altered for each DRR. 

One area for future research concerns investigating the success of DRR 
measures for different flood characteristics, e.g., floods of smaller overall 
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magnitudes so that a more complete picture of DRR effectiveness can be 
provided. Future research can also seek to apply PSM to binary treatment 
participations to a wider range of natural hazards or extensions of PSM can 
be applied to evaluate a continuous treatment variable rather than a binary 
variable as in this study, as extended in Imbens (2000). Alternatively, a 
treatment might alter the relationships in the damage generating process in 
several mutually exclusive ways, as discussed in Lechner (2001). Finally, the 
results of this chapter indicate the degree of success DRR enjoyed in 
response to a large flood event, and so may behave differently regarding 
smaller magnitude flood events. 
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4. CHAPTER 4: MORAL HAZARD IN NATURAL 
DISASTER INSURANCE MARKETS - EMPIRICAL 
EVIDENCE FROM GERMANY AND THE UNITED 
STATES13 

Abstract 

Moral hazard in natural disaster insurance markets has the effect that 
policyholders prepare less for disasters, which increases the risk they face. 
However, moral hazard may not arise due to high risk aversion of insured 
individuals and/or the inherent insurance market context. Chapter 4 offers 
a comprehensive empirical study of the relation between disaster risk 
reduction and insurance coverage to assess the presence of moral hazard in 
two different natural hazard insurance markets. Four econometric models 
are applied to data from field surveys targeting two different natural hazard 
insurance markets in Germany and the United States. The results show that 
moral hazard is in general absent. Nevertheless, evidence for the presence 
of adverse risk selection is presented because this chapter finds that 
insured households experience higher damage from floods due to a more 
severe flood hazard. This has significant public policy relevance regarding 
the existing market structures for natural disaster insurance, such as 
opportunities for strengthening the link between insurance and risk 
reduction measures. 

 

 

 

 

 

 

                                                           
13 This chapter is based on: Hudson, P., Botzen, W.J.W., Czajkowski, J., Kreibich, H., 2017. Risk selection 
and moral hazard in natural disaster insurance markets: empirical evidence from Germany and the 
United States, Land Economics, 93 (2), 179-208. 
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4.1 Introduction 
Insurance plays an important role in managing natural hazard risks and 
promoting recovery from disasters. It reduces financial risks by spreading 
risk over many policyholders and can also provide incentives for risk 
reduction by acting as a price signal of risk, or by providing premium 
discounts to policyholders who protect their property against disaster 
damage (Kunreuther, 1996). On the other hand, insurance coverage may 
result in an increased vulnerability to natural disasters, if insured individuals 
take fewer measures to limit risk because they expect that insurers will 
compensate their damage irrespective of their risk reduction efforts (Ehrlich 
and Becker, 1972; Arnott and Stiglitz, 1988). The possible negative 
relationship between risk reducing measures and insurance can be viewed 
as giving rise to moral hazard because the possession of insurance coverage 
can directly reduce the incentive to employ risk-reducing measures (Ehrlich 
and Becker, 1972). Moral hazard poses problems if the resulting behaviour 
cannot be observed by the insurer. This is because if an insurer was able to 
identify, or anticipate, a change in behaviour leading to higher risk, the 
insurer would charge a higher insurance premium, or additional penalties to 
maintain a flow of premiums that matches the expected loss (Chiappori and 
Salanie, 2000). The presence of moral hazard would result in insured 
individuals suffering greater losses during natural disaster events. A moral 
hazard effect combined with the strong likelihood that the magnitude of 
extreme weather events will increase may result in an increasing reliance 
on government or charity schemes when the societal costs of natural 
disasters increase. A further problem that can arise is adverse risk selection, 
which obstructs the adequate functioning of natural disaster insurance 
markets if it is mainly individuals who face a high risk who hold insurance 
(Akerlof, 1970; Rothschild and Stiglitz, 1976).  

Cohen and Siegelman (2010) conducted a comprehensive review of 
empirical studies of adverse risk selection and moral hazard effects in the 
following insurance markets: automobile, mortality risk, long-term care, 
crop, and health. Cohen and Siegelman (2010) found mixed results and 
concluded that whether or not adverse risk selection and moral hazard 
effects arise depends on individual insurance market characteristics, such 
as whether policyholders have private risk information or not. 

Moral hazard (i.e. weaker incentives to prepare less for disaster events) 
may not be an issue if insurance purchase decisions are mostly driven by 
risk aversion, and if the highly risk-averse agents who purchase insurance 
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also take other precautionary measures that limit risk (de Meza and Webb, 
2001; Cohen and Siegelman, 2010). This is because moral hazard occurs 
once an agent has acquired insurance cover and their incentives for self-
protection are altered, which leads to an overall increase in risk taking 
behaviour or undertaking of fewer risk reducing precautions. It is possible 
that agents who buy insurance coverage for extreme high-impact/low-
probability events are sufficiently risk-averse, or concerned about the 
threat that they face, that the incentive for more risky behaviour does not 
successfully materialise.  

Such effects have been extensively researched for health insurance 
markets. Several of these studies show that adverse risk selection or moral 
hazard is present (Sloan and Norton, 1997; Finkelstein et al. 2005; Courbage 
and Roudaut, 2008; Almond and Doyle, 2011; Anderson et al., 2012), 
although there are studies that argue the opposite (Cardon and Hendel, 
2001; Finkelstein and McGarry, 2006; Cutler et al., 2008; Einav et al., 2013). 
For example, Finkelstein and McGarry (2006) arrived at an opposite finding 
to that of a moral hazard effect since individuals with health insurance in 
the U.S. take more measures to reduce health risks than uninsured 
individuals, which may be explained by risk aversion (Dionne and 
Eeckhoudt, 1985). Likewise, Cutler et al. (2008) found that those individuals 
who engage in less risk-reducing behaviour (which would result in moral 
hazard) are less likely to have life, acute health, long-term care, and 
Medicare supplemental insurance, as well as annuities. Cutler et al. (2008) 
proposed that this finding arises due to differing risk preferences, in part 
resulting from different degrees of risk aversion, between insured and non-
insured individuals. Therefore, it is hardly predictable whether moral hazard 
is present in an insurance market. The potential ambiguity of a moral 
hazard effect makes it difficult to distinguish whether the results found are 
due to the specific statistical test or study region, or are a generalizable 
feature of the natural disaster insurance market.  

 The main objective of this study is to investigate whether the patterns of 
natural disaster insurance purchase and risk reduction decisions are 
consistent with what the presence of moral hazard would imply. We 
conducted an empirical analysis of field survey data to examine the relation 
between individual disaster risk reduction and insurance coverage in 
natural disaster insurance markets in the U.S. and Germany. The key finding 
of this study is that decisions to reduce natural disaster risk and to buy 
insurance are mainly and jointly driven by internal (behavioural) 
characteristics of individuals. Moreover, the absence of moral hazard may 
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be a general feature of natural disaster insurance markets due to the 
consistency of this chapter’s model results across very different insurance 
market contexts.  

Since the presence of moral hazard is dependent on the features of the 
market and the particular risk (Cohen and Siegelman, 2010), it is important 
to examine two markets that have different risk profiles as well as 
economic and political contexts, which we have done. This chapter’s 
methodological approach is based on the wider overall literature (see e.g., 
Cutler et al., 2008; Chiappori and Salanie, 2000) and unlike that used in 
previous natural disaster studies focused primarily upon moral hazard. By 
providing such a focused and systematic empirical analysis of the presence 
of moral hazard in two different natural disasters insurance markets, we 
advance the relatively small amount of existing literature investigating 
general relations between natural disaster insurance and risk reduction 
(e.g., Thieken et al., 2006; Carson et al., 2013; Petrolia et al., 2015; 
Osberghaus, 2015). 

For instance, this chapter’s analysis of the German flood insurance market 
focused on floodplain inhabitants for whom it is more relevant to examine 
moral hazard effects than for a national sample such as that used by 
Osberghaus (2015). It is these households that primarily face flood risk, and 
they are most strongly exposed to the incentives to buy insurance and 
employ or not employ risk reduction measures. From an insurance 
company perspective, it is especially important to know whether floodplain 
inhabitants who face a high flood risk still take measures to limit flood 
damage once they have flood insurance coverage, which we found to be 
the case. Therefore, the use of actual coverage (and not the perceived 
coverage as used by Osberghaus (2015), which may deviate from actual 
coverage rates) is a suitable indicator for assessing moral hazard from the 
perspective of insurance companies and for deriving relevant policy 
implications. 

Thieken et al. (2006) used simple mean comparison tests to examine 
whether the number of measures that German households take to prepare 
for flooding differs between households with and without flood insurance 
coverage. We improved upon this by jointly modelling the relation between 
risk preferences, implemented risk reduction measures and having flood 
insurance. This chapter’s methodology allows for determining if there are 
behavioural characteristics driving both the wish to be insured and 
employing risk reduction measures. We confirmed the presence of this 
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behaviour, which cannot be examined using simple correlations. Moreover, 
out of all the aforementioned studies we are the first study to use 
propensity score matching to estimate the degree to which household flood 
damage is separately influenced by risk and moral hazard. This chapter’s 
analysis found that households with flood insurance suffer larger losses 
than uninsured households due to their higher hazard level rather than due 
to moral hazard, which to the best of this chapter’s knowledge has not 
been shown before.  

Similarly, this chapter’s U.S. analysis results in new insights by building on 
the work of Carson et al. (2013) and Petrolia et al. (2015). In order to 
examine whether decision processes when purchasing wind insurance are 
related to decisions to take wind damage risk reduction measures, Petrolia 
et al. (2015) applied mixed probit and tobit models to data from a sample 
of households living on the Gulf of Mexico. This chapter’s analysis for 
windstorm insurance examined whether the findings of Petrolia et al. 
(2015) hold more broadly to the U.S. by extending the analysis to different 
sample areas in addition to the Gulf of Mexico; namely, the mid-Atlantic 
and North-eastern U.S. In addition to wind insurance, we also examined 
relations between risk reduction and flood insurance coverage in the U.S., 
which is a separate insurance market. This chapter’s analysis indicates that 
moral hazard is absent in both the U.S. wind and flood insurance markets in 
diverse geographic areas. Carson et al. (2013) investigated the influence 
that windstorm deductibles have on a household’s expenditure on, or 
overall decisions to use, risk-reduction measures in Florida. Chapter 4 
extended this analysis by including areas outside of Florida as well as by 
investigating the relationship between the deductible and the actual 
number of risk reduction measures employed. Moreover, Chapter 4 
examined whether this relationship is non-linear, which turns out to be the 
case. Chapter 4 also show that a deductible has a very minor influence on 
risk reduction measures taken, unless the deductible is very high, 
supporting this chapter’s main finding that decisions to mitigate risks of 
disasters are mainly driven by internal (behavioural) characteristics of 
individuals rather than external incentives. 

Lastly, this chapter’s U.S. data uniquely utilizes real-time survey responses 
collected while respondents were under the threat of a storm. This 
technique remedies potential hindsight bias issues present in traditional 
field surveys conducted months or even years after storms have passed, 
and when memories of what risk perceptions were before the storm and 
the process by which preparation decisions were made may have faded. 
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Overall then, from a policy perspective this chapter’s results do not support 
concerns that broader natural disaster insurance coverage would result in 
fewer risk-reducing activities by policyholders, which is important for 
informing ongoing policy discussions about reforming natural disaster 
insurance markets in both countries. An example of a recommendation 
based on this chapter’s research is strengthening the use of risk-based 
insurance premiums, because this chapter finds that adverse risk selection 
may be present, while moral hazard is not. This supports ongoing reforms 
of the National Flood Insurance Program in the U.S. (such as the Biggert-
Waters Flood Insurance Reform Act of 2012 and the Homeowner Flood 
Insurance Affordability Act of 2014) or the use of a wider range of social 
incentive mechanisms to stimulate flood preparedness. 

The remainder of this chapter is structured as follows. Section 4.2 provides 
a theoretical framework and describes the econometric methods used. 
Section 4.3 provides information on the German and U.S. natural disaster 
insurance markets along with the specific data collection methods used. It 
shows that understanding the behaviour that may lead to moral hazard in 
the market for natural disaster insurance has important public policy 
relevance in these countries. Section 4.4 presents the results regarding 
moral hazard in Germany and the U.S. Section 4.5 consists of the 
conclusion. 

4.2 Theory and methods 
4.2.1 Theory 

The work of Ehrlich and Becker (1972) provides the theoretical foundation 
for this chapter’s investigation. They developed a model of the interaction 
between market insurance, self-protection (defined as actions that reduce 
the probability of a claimable event), and self-insurance (defined as actions 
that reduce the impact of an event). The model shows that market 
insurance and self-insurance are substitutes for one another. Ehrlich and 
Becker (1972) found that there is only a small incentive for self-insuring 
against large losses, as it is preferable to insure these large losses. This 
assumes that premiums are independent of risk-reduction activities, as is 
likely to hold. The link between risk reduction and premiums is weak in 
Europe (Surminski et al., 2015) and the U.S., where in general flood 
insurance premiums are not linked to household risk reduction other than 
increasing a household’s elevation. Taken together this may produce a 
moral hazard effect whereby individuals with natural disaster insurance 
coverage invest less in risk reduction measures.  
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Dionne and Eeckhoudt (1985) extended the research of Ehrlich and Becker 
(1972) by investigating the role of risk aversion in household risk-reduction 
investments. They found that risk aversion is an important factor for self-
insurance, which means that highly risk-averse agents are likely to invest 
more in damage prevention. This is supported by the theoretical work of de 
Meza and Webb (2001) showing that advantageous selection may occur in 
insurance markets when very risk averse individuals purchase both 
insurance coverage and take other measures to reduce their risk.  

Moreover, the assumed rationality of individuals in standard models of 
adverse risk selection and moral hazard may not hold in practice. The 
literature suggests that individuals most often base decisions on subjective 
risk, which is generally an underestimation of low-probability/high-impact 
objective risk (Pahl et al., 2005). Individuals tend to misperceive risk, for 
example, due to bounded rationality (Kunreuther and Pauly, 2004). 
Decision processes may also deviate from expected utility theory as, for 
example, prospect theory predicts (Kahneman and Tversky, 1979).  

Moreover, social psychological theories can explain common risk 
misperceptions. For instance, optimism bias can occur, implying that 
individuals overestimate the probabilities of pleasant outcomes (Sheppard 
et al., 2002; Smiths and Hoorens, 2005), while valence effects imply 
underestimation of bad outcomes probabilities (Rosenhan and Messick, 
1966). These effects suggest that individuals do not purchase insurance or 
take measures to limit damage form natural disasters because such 
disasters are viewed as unpleasant outcomes.  

Additional evidence also suggests that individuals have difficulties assessing 
low-probability risks or negative risk in general (e.g., Rosenhan and Messick, 
1966; Sheppard et al., 2002; Kunreuther et al., 2001; Botzen et al., 2009). 
Moreover, individuals tend to use favourable and unfavourable information 
in a manner that results in positively biased views, or comparative optimism 
(Sharot and Garrett, 2016).  

Kahlil (2010) argues that an individual’s key convictions form the basis for 
behaviour and are very resistant to updating when more information 
becomes available. Hence, these convictions may not change when 
employing risk-reduction measures or buying insurance. This argument is 
supported by Windschitl et al. (2013) who showed that people select 
information that support their beliefs and behaviour. Additionally, Tyler and 
Rosier (2009) showed that the degree to which people feel that they are 
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accountable is an important driver of decisions to protect against a hazard. 
The more autonomy individuals have over natural hazard risk, the more 
likely that these individuals will invest in risk-reducing measures. 

The aforementioned features of the way people process low-probability 
hazards may translate into poor decision making with respect to natural 
disaster insurance purchases (Botzen and van den Bergh 2012a,b; 
Kunreuther et al., 2013). As a result individuals may not buy natural disaster 
insurance based on objective risk, but rather based on risk preferences 
(Lindell and Hwang, 2008) or how risk information is processed (Sheppard 
et al., 2015), both of which are intrinsic characteristics of the individual. 
This could contradict the standard theoretical economics literature, which 
predicts that in the absence of linkages between policyholder risk reduction 
and the premiums charged we should observe that risk reducing measures 
and insurance are substitutes for one another and that moral hazard 
occurs. These predictions assume that policyholders are following a 
traditional economically rational decision making process. However, if the 
purchase of insurance is driven by risk aversion) or other intrinsic 
motivations the above substitution effect may not occur in practice when 
the underlying intrinsic motivations are unaffected by the purchase of 
insurance (Pahl et al., 2005; Sharot and Garrett, 2016).  

Overall, it is ambiguous whether characteristics of natural disaster 
insurance markets in both countries indicate the presence of moral hazard 
(Section 4.3). The theoretical literature indicates that in the absence of 
linkages between policyholder-level risk reduction and the premiums 
charged we should observe that risk reducing measures and insurance are 
substitutes. Similarly, the theoretical models predicting the presence of 
moral hazard assume that policyholders are following an economically 
rational decision process. However, if the purchase of insurance is driven by 
risk aversion the above substitution effect may not occur in practice, as the 
underlying risk convictions or feelings of accountability are unaffected by 
the purchase of insurance (Pahl et al., 2005; Sharot and Garrett, 2016). For 
instance, the empirical work of Carson et al. (2013) provides evidence in 
favour of the risk aversion hypothesis of Dionne and Eeckhoudt (1985) and 
but none in favour of the substitution effects proposed in Ehrlich and 
Becker (1972). 

Insurance penetration rates vary significantly across locations, both in 
Germany and the U.S., signalling varying risk preferences and levels of risk 
aversion (Section 4.3). Furthermore, low deductible choices could be due to 



77 
 

risk aversion (Carson et al., 2013) also muting moral hazard incentives 
(Dionne and Eeckhoudt, 1985). Alternatively, deductible levels may be high 
enough that moral hazard behaviour is muted when the deductible level is 
known, regardless of the policyholder’s level of risk aversion. 

Our statistical and methodological approach was guided by the approaches 
taken in previous studies investigating moral hazard in insurance markets. 
However, here multiple statistical methods were applied across varied 
market constructs to investigate different aspects of moral hazard and to 
act as a robustness check. As noted earlier, the presence of moral hazard is 
theoretically ambiguous and hard to predict; therefore, it is sensible to 
apply several models to different regions in order to draw a more general 
conclusion about moral hazard in natural disaster insurance markets, as this 
chapter aims to do. Several consistent model results over different datasets 
would indicate that the findings regarding moral hazard in natural disaster 
insurance is a generalizable feature of voluntary natural disaster insurance 
markets. 

4.2.2 Methods 
4.2.2.1 Statistical method 1: Probit models 

For the first set of statistical models this chapter applied a similar approach 
to Cutler et al. (2008), who investigated the presence of moral hazard and 
adverse risk selection in health insurance by estimating probit models of 
simple relations between risk-reducing activities (as a proxy for risk 
preferences) and insurance. In this study, we estimated probit models that 
investigate the relation between risk-reducing behaviour and natural 
disaster insurance purchases. Probit models were estimated for both the 
German and the U.S. datasets. The objective of this analysis was not to 
arrive at a ‘causal’ interpretation of the parameters, such as estimating the 
direct influence of risk reduction behaviour on insurance coverage, but 
instead to establish a general relation between insurance and risk reduction 
activities.  

The overall presence of moral hazard can be investigated by estimating the 
combined correlation between risk-reduction measures and insurance. This 
correlation aggregates the various relevant observable and unobservable 
factors that determine the joint decision process, and allows for detecting 
the overall moral hazard signal. In particular, an insurance disincentive 
(moral hazard) that systematically outweighs the risk aversion effects 
across the sample population should result in a negative overall combined 
correlation. Moreover, the theoretical model developed by Ehrlich and 
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Becker (1972) that we tested here implies a simple negative relation 
between insurance and risk reduction activities since these are substitutes.  

4.2.2.2 Statistical method 2: Bivariate probit models 
The second set of statistical models was drawn from Chiappori and Salanié 
(2000) who modelled the joint decision process of risk reduction and 
insurance uptake. Chiappori and Salanié (2000) applied a bivariate probit 
model approach to investigate the presence of moral hazard. The bivariate 
approach jointly estimates two probit models of risk-reduction measures 
and insurance uptake, which allows for estimation of the cross correlation 
(rho) between the error terms of the two probit models. A statistically 
significant rho indicates the two equations are dependent in the sense that 
the error terms of the equations are correlated. Therefore, the estimated 
rho is an estimate of the unobserved relationship between having insurance 
and carrying out risk-reducing measures and the key indicator of moral 
hazard. The variables included in the probit regressions were guided by the 
Cutler et al. (2008) approach for the purpose of consistence between these 
two approaches. 

The use of bivariate probit models also allows for circumventing the 
potential problem of endogeneity, as the dependent variables are excluded 
from the opposing regression, resulting in each decision being treated as 
“seemingly unrelated” to the other (Petrolia et al., 2015). A statistically 
significant negative rho implies moral hazard, which is consistent with the 
theoretical prediction that insurance and self-insurance (or self-protection) 
are substitutes, while a statistically significant positive rho indicates 
advantageous selection based on an unobserved relationship. This 
chapter’s application of the Chiappori and Salanié approach jointly 
estimates a probit model of insurance uptake and a probit model of 
employing a risk reduction measure. 

4.2.2.3 Statistical method 3: Propensity score matching  
The third approach applies PSM to the German data (for more details see 
Chapter 3). The PSM approach is in line with other studies that use 
matching methods to investigate moral hazard in insurance markets (e.g., 
Barros et al., 2008). It is also similar to the studies reported in Cohen and 
Siegelman, (2010) that exploit natural experiments in order to detect moral 
hazard and adverse risk selection in damage outcomes. The PSM results 
provide evidence of effects on damage of possible adverse risk selection 
and risk-reducing behaviour by insured households, which can lead to 
moral hazard and adverse risk selection. The presence of aspects of adverse 
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risk selection should mean that those with insurance should suffer a greater 
degree of damage than those without insurance, while moral hazard could 
be the result of behavioural change resulting in a greater degree of 
vulnerability and greater damage suffered during an event. We believe that 
we can make this distinction because we are looking at the impacts of a 
flood (the monetary loss) after the insurance policy was purchased. The 
variables that we have included in the PSV function have controlled for 
many of the factors that can give rise to adverse risk selection, and not a 
weaker incentive for self-protection. For instance,  self-protection measures 
are excluded from the PSV function. Therefore, we have minimised the 
potential for selection bias from risk factors to get a closer view to that 
associated with a behavioural change (one that could be associated with 
moral hazard). 

4.2.2.4 Statistical method 4: Sample selection models and the influence of 
deductibles 

In the fourth and final approach we used the U.S. data to investigate the 
effect of known deductible levels on the likelihood of undertaking any 
short- or long-term preparation activities. We undertook three separate 
statistical estimations. First, a Heckman sample selection model (Carson et 
al., 2013) was used to control for endogeneity in a similar manner to that 
employed by Petrolia et al. (2015). Moreover, this model builds upon 
Carson et al. (2013) by examining the potential for a non-linear relationship 
between the deductible and the number of behavioural risk-reducing 
measures employed. Second, a probit model of the likelihood of having 
window protection in place was applied. Third, another probit model 
estimated the likelihood of having done any other risk reduction. The 
purpose of these last two models is to investigate whether there is a non-
linear relationship between the deductible and the specific preparation 
actions of a household. 

 

4.3 Natural disaster insurance markets in Germany and the 
U.S., and the datasets  
 
Natural disaster insurance is available in both Germany and the U.S.; 
however, the context in which insurance is offered differs markedly 
between the two countries. The difference in market structures results in 
different implications for both the potential role and the occurrence of 
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moral hazard due to, for instance, differences in premium pricing rules, 
which is why the two market structures are discussed next. 

4.3.1 Flood insurance market in Germany 
The German flood insurance market is based on free market provision and 
voluntary purchase (Keskitalo et al., 2014). The German government can 
also provide ad hoc compensation after a major flood event. Flood 
insurance is often provided as bundled coverage with other natural hazard 
risks as a supplement to regular building or contents insurance (Keskitalo et 
al., 2014; Seifert et al., 2013).  

Flood insurance premiums are to a certain extent differentiated on the 
basis of flood probability. The Zürs flood zoning system uses four zones of 
flood probabilities ranging from 1 (less than 1/200 chance of flooding) to 4 
(greater than 1/10 chance of flooding) (GDV, 2008). Moving from zones 1 to 
4 entails an increase in premiums (Seifert et al., 2013). The majority of 
households are located in zone 1, 10–12% are in zone 2, and just 3% of 
households live in zones 3 and 4 (GDV, 2008). Deductibles are set as either 
a percentage of the damage suffered or as a percentage of the value of the 
insured property (Schwarze et al., 2011). 

The market penetration rate of flood insurance in Germany has increased 
strongly in recent years. The penetration rate has grown over 
approximately 10 years to 19% and 33% for contents and residential 
buildings, respectively, (GDV, 2013) from between 3% and 10%, 
respectively (GDV, 2003). The national average hides large regional 
differences in penetration rates (Seifert et al., 2013). For instance, 95% of 
households are estimated to have flood insurance in Baden-Württemberg, 
but only 11% in Bremen (Keskitalo et al., 2014). Overall, East Germany is 
estimated to have higher penetration rates than West Germany, due to a 
history of compulsory flood insurance in the East. It has been argued that 
adverse risk selection is one of the reasons for the observed low market 
penetration of flood insurance in some areas, which has resulted in calls for 
introducing mandatory flood insurance coverage (Schwarze and Wagner, 
2007; Seifert et al., 2013). 

Thieken et al. (2006) conducted surveys of German insurance companies 
and households in flood-prone areas in 2002, in order to examine 
characteristics of flood insurance policy conditions in Germany, and 
whether flood insurance provides incentives for risk reduction. This survey 
revealed that deductibles were not dependent on the Zürs zoning system. 
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Thieken et al. (2006) found that flood insurance deductibles in Germany 
ranged between €500 and €5,000. These deductibles provide a small 
incentive for taking risk-reducing measures; namely, an expected loss of 
between €2.50 and €25 in areas with a flood probability of 1/200. 
Deductibles and premiums were also found not to be dependent on flood 
risk-reduction measures implemented by policyholders (Thieken et al., 
2006). Additionally, the statistical models employed in the current chapter 
use additional explanatory variables to control for observable traits of 
households. In contrast, Thieken et al. (2006) presented and compared raw 
sample averages to generate their conclusions. Moreover, in contrast to 
Thieken (2006) the Kreibich et al. (2011) dataset included information on a 
later large scale flood (4 years later) affecting a separate region of 
Germany. 

4.3.2 Windstorm and flood insurance in the U.S. 
In the U.S, a standard multi-peril homeowner insurance policy is normally 
required as a condition for a mortgage. These policies cover damage from 
fire, wind, hail, lightning, and winter storms, among other common non-
catastrophe perils (Czajkowski et al., 2012). Although catastrophe perils are 
covered in the standard homeowners insurance policy, in highly hazard-
prone areas of the U.S. some of these perils are subjected to separate 
deductibles that are generally a percent of the insured value of the home. 
For example, both hurricane deductibles and more general windstorm 
deductibles are applied in hurricane and wind-prone areas of the U.S. 
Percentage deductibles generally vary from 1% to 15% of a home's insured 
value, depending on the risk faced (Insurance Information Institute, 2014). 

Nineteen states in the U.S. have hurricane deductibles, including the states 
of Alabama, Delaware, Louisiana, Maryland, Mississippi, New Jersey, New 
York, North Carolina, and Virginia, where this chapter’s U.S. survey 
respondents were situated (Insurance Information Institute, 2014). The 
deductibles help, potentially, to avoid moral hazard, but may substantially 
lower the attractiveness of the insurance for consumers (Carson et al., 
2013). 

Whether these deductibles can be applied in the case of recent major 
events, such has Hurricane Irene and Sandy, has been a contestable legal 
issue (Pomerantz and Suglia, 2013). It is, therefore, of interest to examine 
whether moral hazard is a major issue in the U.S. natural disaster insurance 
market, and whether deductibles are effective overall in stimulating 
policyholders to mitigate risks, as is being studied here.  
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While standard U.S. homeowners insurance covers a number of 
catastrophe perils, coverage for flood damage resulting from rising water is 
explicitly excluded in homeowner insurance policies (Michel-Kerjan et al., 
2015). Since 1968 the National Flood Insurance Program (NFIP), 
administered by the U.S. Federal Emergency Management Agency (FEMA), 
has been the primary source of residential flood insurance in the U.S. 
(Michel-Kerjan, 2010, Michel-Kerjan and Kunreuther, 2011). The NFIP was 
developed in 1968 because ever since the severe Mississippi floods of 1927 
the private insurance industry believed flood risk was uninsurable. This was 
due to adverse risk selection, the possibility of massive losses, and the 
inability to correctly price the product stemming from the level of 
sophistication in hazard assessment in the 1960s (Michel-Kerjan et al., 
2015). As of January 1, 2014, there were 5.47 million NFIP policies in force 
nationwide, which generated $3.53 billion in premiums for a total of $1.28 
trillion under coverage. Less than 5%, approximately, of total flood 
insurance coverage is provided by private insurers (Michel-Kerjan et al., 
2015). 

To set premiums and support local governments, the NFIP maps 
participating communities by designating flood risks through different flood 
zones on the flood insurance rate maps (FIRMs) (Michel-Kerjan et al., 2015). 
A building that was in place before the mapping of flood risk was completed 
in that area is often given subsidized rates, while homes built after the risk 
mapping are charged premiums reflecting FEMA’s flood maps. Around a 
quarter of properties are still subsidized today (Michel-Kerjan et al., 2015). 
Premiums are determined using the actuarial rate formula, which is focused 
on the high-risk A and V 100-year flood zones (Michel-Kerjan et al., 2015). 
The 100 year A and V zones are areas with a 1% or greater annual chance of 
flooding, and coastal areas with a 1% or greater annual chance of flooding 
and an additional hazard associated with storm waves, respectively. 

Federal law requires property owners in these 100-year floodplains with a 
mortgage from a federally backed or regulated lender to purchase flood 
insurance. Despite the mandatory purchase requirement, due to weak 
enforcement take-up rates are typically low (50% or less), especially in non-
coastal areas (Dixon et al., 2006; Czajkowski et al., 2012). Take-up rates can 
vary substantially depending upon location (Dixon et al., 2006). FEMA rates 
also vary depending on the elevation of the first floor of the dwelling in 
relation to the 100-year return flood event. However, FEMA does not 
collect elevation information for many of the insured houses (Michel-Kerjan 
et al., 2015). Michel-Kerjan et al. (2015) show that the NFIP’s overall pricing 
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strategy leads to important divergences from the true risk for a number of 
residents covered by the program. Rates are not risk-based at the individual 
level (probabilistically defined), so prices might be too high in some areas 
and too low in others.  

The NFIP offers deductibles ranging between $500 and $5,000. Michel-
Kerjan and Kousky (2010) find that 97% of NFIP policyholders choose 
deductible levels of $1,000 or less. Finally, to encourage risk reduction, the 
NFIP operates the Community Rating System (CRS), a voluntary program 
that rewards communities that undertake mitigating activities with 
premium discounts, depending on the level of actions taken. However, the 
risk-reduction emphasis of the CRS program is at the community level, not 
the individual policyholder level. 

There have been recent calls for reform of the NFIP, including more private 
market involvement (Michel-Kerjan and Kunreuther, 2011). One example is 
the 2016 committee-approved House of Representatives legislation aimed 
at promoting private insurers to enter the flood insurance market (the 
Flood Insurance Market Parity and Modernization Act, 2016). Adverse risk 
selection would be a deterrent in this regard. Moreover, the movement 
toward risk-based premiums as a part of the recent flood insurance reform 
acts is aimed at providing incentives for risk reduction, for which it is 
relevant to know to what extent insurance acts as a risk reduction 
disincentive (moral hazard).Reforms of the NFIP are ongoing since the 
Biggert-Waters Flood Insurance Reform Act was enacted in 2012. This act 
has been partly modified by the Homeowner Flood Insurance Affordability 
Act signed by President Obama on March 21, 2014. Reform discussions are 
likely to continue through the scheduled renewal of the NFIP in 2017. 

4.3.3 Survey data 
The German data were obtained from surveys carried out in the Elbe and 
Danube river catchment areas in response to flood events occurring in 
2002, 2005, and 2006. The sample population was selected by using official 
data to collect all of the streets that suffered from a flood. The sample 
population was refined into the experimental sample by drawing a random 
sample of households from the identified addresses. The survey was 
conducted as a 30-minute telephone interview directed to the person in the 
household with the best knowledge about flood damage. The surveys 
provide approximately 2,000 respondents in total (Kreibich et al., 2011), of 
which 42% had flood insurance. The high insurance penetration rate is the 
result of the majority of observations lying in the Elbe catchment area, 
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where the insurance penetration rate is traditionally high. The surveys were 
intended to ascertain both damage outcomes from the flood and whether a 
respondent had undertaken precautionary flood risk-reduction measures.  

The flood risk-reduction measures taken from the German survey to 
examine moral hazard were defined as the following dummy variables: Dry 
flood-proofing (if mobile barriers to prevent water entering the building are 
available); adapted building use (if flood endangered floors are used in a 
low value way); flood-proofed home (if valuable fixed units are avoided as 
interior fitting in the flood-endangered floors and if water-resistant 
materials for interior fitting are used); flood risk information (if the 
household has collected any information about flood protection before or 
during the flood); flood awareness (if the respondent did know that s/he 
lives in a flood-prone area); a member of a flood-coping network (the 
household is a member of a citizens’ initiative for the improvement of flood 
risk reduction and protection).  

Following Ehrlich and Becker (1972), the risk reduction measures were split 
in the following manner: mobile Dry flood-proofing were considered self-
protection measures and adapted building use and flood-proofing were 
considered self-insurance measures. According to Ehrlich and Becker (1972) 
there should be a negative correlation with all of the above risk-reduction 
measures, because at the time of the survey there was no connection 
between risk reduction and premiums (Thieken et al., 2006), which is still 
the case across Europe (Surminski et al., 2015).  

In order to model subjective risk perceptions a series of proxy variables 
were created from the survey data. The first is the perceived flood 
probability, which was derived from answers to a question about how likely 
a respondent thinks it is that they will be affected by a flood, with answer 
options ranging from completely unlikely to completely likely on a 6-point 
scale. Such an indicator of the perceived flood probability is commonly used 
for eliciting individual perceptions of flood risk, as described in a review of 
studies about flood risk perceptions by Kellens et al. (2013). The second 
proxy for risk perceptions is a dummy for the river catchment area in which 
a respondent is located. This variable captures differences in risk cultures 
between East and West Germany, which can influence flood risk reduction 
behaviour. For example, East Germany has a history of compulsory 
insurance, while this is not the case for survey respondents from West 
Germany (Seifert et al., 2013). Moreover, this variable controls for an 
element of objective risk since flood protection standards are higher in the 
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Danube than the Elbe catchment area (Jongman et al., 2014). Previous 
research has shown that such geographical indicators are important proxies 
for perceived flood risk (see Botzen et al., 2009). All variables used are 
described in Section 9.3 and more detailed information about the surveys 
can be found in Kreibich et al. (2011). 

The U.S. data were obtained from field surveys that measured the evolution 
of coastal residents’ risk perceptions and preparation plans as three 
hurricanes ─ Irene (2011), Isaac (2012), and Sandy (2012) ─ approached the 
U.S. during the 2011 and 2012 hurricane seasons. The surveys were 
conducted by phone, and were initiated up to 72 hours before each storm’s 
predicted landfall, and then repeated with different random samples three 
times a day (morning, afternoon, and evening) until 6 hours before 
predicted landfall. The survey shifts were timed to allow measures of 
subjective storm beliefs to be paired with objective storm information 
carried in the 5 a.m., 11 a.m. and 5 a.m. EDT National Hurricane Center 
advisories (see Meyer et al., 2014 for further details). Thus, in these studies, 
perceptions and preparation decisions were notably measured in real time 
as they were being made by residents threatened by the storms. This real-
time approach contrasts with the traditional method of conducting these 
type of field surveys weeks or even years after storms have past, when 
memories of what risk perceptions were before the storm and the process 
by which preparation decisions were made may have faded, and possibly 
distorted, by hindsight bias. 

The surveys for these three storms provided 1,698 respondents in total. 
Irene respondents were from coastal counties in North Carolina and New 
York; Isaac respondents were from coastal counties in Florida, Alabama, 
Mississippi, and Louisiana; and Sandy respondents were from coastal 
counties in Virginia, Maryland, Delaware, and New Jersey. 

The questions provided information on whether respondents had a 
homeowner insurance policy that would pay for damages to one’s home 
resulting from the storm, if they had a separate flood insurance policy, and 
whether they knew the amount of their insurance policy deductible or 
would have to look it up. While 86% of total respondents indicated having a 
homeowner insurance policy, only 32% indicated having a separate flood 
insurance policy. Answers to these two questions served as this chapter’s 
indicator variables for whether a respondent had homeowner’s insurance 
or flood insurance. 
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We utilized four dummy variables for the behavioural moral hazard 
measures: preparation (if have respondent has undertaken any of the 
presented short-term preparation activities); window protection (if 
answered ‘yes’ to whether their home has any sort of window protection); 
risk reduction (if answered ‘yes’ to whether ever modified their home to 
reduce the amount of hurricane wind damage other than having window 
protection); and evacuation plans (if answered ‘yes’ to whether they plan to 
evacuate to someplace safer).  

Short-term preparation activities identified included whether the 
respondent purchased supplies for the home such as food, water, and 
batteries; filled car with gas; filled generator with gas (or readied 
generator); put up storm shutters; brought in furniture or took other 
outside precautions; and made reservations or plans in case evacuation is 
needed.  

While only 8% of total respondents indicated not doing any short-term 
preparation activities, 67%, 78%, and 71% percent did not undertake any 
window protection, long-term risk reduction, or evacuation plans, 
respectively. The surveys were conducted in real-time and responses are as 
of the time of contact. It is possible that individual short-term behaviour in 
regard to questions could have changed after the survey contact. 
Responses were not ex-post verified. See Meyer et al. (2014) for more 
information on the survey application. These measures are self-insurance 
measures because in the case of hurricanes policyholders can only limit the 
damage and not the occurrence probability. Ehrlich and Becker (1972) 
predicted a negative relationship between insurance and these measures, 
suggesting the presence of moral hazard. 

In order to account for an individual’s subjective risk perception of the 
event in relation to undertaking any risk-reducing activities we included a 
measure of safety perception. Responses to the following question were 
given on a 0 to 100 scale: “How safe did one feel about staying in your 
home through the storm, considering both wind and water?” 0 indicated 
certain that it will not be safe and 100 indicated certain that it will be safe. 
The related safety question for Hurricane Irene, an earlier version of the 
field survey, was slightly different, utilizing a scale of 0 to 10 and not 
specifically indicating the consideration of both wind and water. For the 
pooled dataset we multiplied these values by 10 to make them consistent 
with the 0 to 100 safety scale for Isaac and Sandy. The mean perception of 
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safety values for any one storm were all above 75, indicating that survey 
respondents felt relatively safe concerning the impending hurricanes.  

Respondent location data allowed for spatial geocoding in GIS where 
respondents were determined to be located in or out of the 100-year 
floodplain, as well as the distance in miles from the nearest coastline. 21% 
of survey respondents were located in a 100-year floodplain and the mean 
distance to the nearest coast for all respondents was 0.99 miles (0.54 miles 
for those in the 100-year floodplain, 1.11 for those outside), and these two 
measures served as objective measures of risk in this chapter’s estimations 
(correlation of -0.17 and 0.11, respectively, vs. feeling of safety). To control 
for any previous damage suffered from a hurricane we used a categorical 
variable of damage = 1 if has ever experienced damage from a hurricane, 
either while living in their present home or a different home, otherwise 
damage = 0. 

Insurers are often concerned with moral hazard, and one way to offset this 
is through the use of a deductible. The deductible forces the insured to 
have ‘skin in the game’ by making them at least partially responsible for any 
losses incurred. In the U.S. separate wind and hurricane deductibles ranging 
from 1% to 15% of the insured value of the home provide a potentially 
substantial incentive to homeowners. Unfortunately for insurers relying on 
a deductible to offset moral hazard behaviour, this chapter’s survey data 
suggest that homeowners are not aware of their deductible amount, or if 
they are aware, believe it to be relatively low. For example, from this 
chapter’s 1,442 respondents who indicated that they have homeowners 
insurance, 62% did not know what their deductible was (57%, 62%, and 
68% for Hurricanes Irene, Isaac, and Sandy, respectively.). Furthermore, 
only 12% believed it to be greater than $1,000. More detailed information 
on the real-time hurricane survey methodology, data, and specific 
questions can be found in Meyer et al. (2014). 

4.4 Empirical models and results 
4.4.1 Statistical method 1: Probit models 

For both the U.S. and German samples the likelihood of a household having 
an insurance policy (ℙ(𝑖𝑛𝑠𝑢𝑟𝑒𝑑𝑖 = 1) was estimated as a probit 
model, 𝜙(. ), which is a function of three sets of variable vectors as 
presented in eq. (4.1): behavioural measures that reduce risk, measures of 
subjective risk perceptions, and measures of objective risk as described 
below; 𝛼𝑛 are the estimated coefficients for variable vectors.  
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ℙ(𝑖𝑛𝑠𝑢𝑟𝑒𝑑𝑖 = 1) =
𝜙(𝛼1𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟𝑎𝑙 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑠𝑖 , 𝛼2𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑟𝑖𝑠𝑘 𝑝𝑒𝑟𝑐𝑒𝑝𝑡𝑖𝑜𝑛𝑖 , 𝛼3𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑟𝑖𝑠𝑘𝑖)         (4.1) 

Considering the German sample first, the behavioural measures were the 
employment of self-protection or self-insurance measures. German 
subjective risk preferences were modelled through a dummy variable for 
the catchment area, and whether the individual feels they will not be 
flooded again. Objective risk measures were if the respondent has been 
flooded before and is located within a 100-year floodplain. Being located 
within the 100-year floodplain for Germany is based upon the return 
periods used in the PSM. The return periods of the hydrological event 
rather than occurrence probability are used. This is because the Zürs zones 
do not have a 100-year flood probability as a cut-off point for the zones. We 
made this choice to better match the US and German samples. Following 
the approach developed by Cutler et al. (2008) for health insurance, a 
negative correlation between the risk-reducing behaviours and insurance 
would indicate that moral hazard occurs, while advantageous selection is 
present if there is a positive correlation.  

A similar approach was taken for the U.S. data sample, whereby the 
behavioural measures include short-term preparation or long-term risk-
reduction activities that were undertaken prior to the arrival of an 
impending hurricane. Undertaking these al measures are hurricane risk 
reducing in that they could reduce damage to one’s property (putting up 
storm shutters, taking in furniture, permanent modifications to one’s home, 
etc.) or oneself (purchase of food and water supplies, made reservations in 
case evacuation is needed, plan to evacuate, etc.). A subjective risk 
perception proxy is how safe one feels in staying in their home throughout 
the hurricane event. Objective risk is measured as a household’s location in 
or out of a 100 year floodplain, how far they are located from the coast, 
and previous experience of hurricane damage. 

Table 4.1 provides the results of the estimated German probit model. These 
results do not provide evidence for the overall presence of moral hazard 
since the undertaking of two of the three risk reducing measures are not 
significantly related with the likelihood of having a flood insurance policy, 
while those households who employed dry flood-proofing are 6.4 percent 
more likely to have flood insurance (the marginal effect). This indicates that 
the average risk preferences were such to overcome the theoretical 
disincentive emanating from insurance. Overall, there is no evidence of 
insured households being more vulnerable to floods. The significant 
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marginal effects of the 3 information variables further complement this 
finding. These variables show that individuals who were more proactive in 
understanding and coping with the flood risk that they face are also more 
likely to have flood insurance. This finding would be in line with the 
approach findings of Cutler et al. (2008), indicating that these households 
are more risk averse, which translates into taking a more proactive attitude 
towards educating themselves about the risk. As a sensitivity analysis, we 
checked whether the overall finding of this model is the same when 
employing a risk reduction measure is used as a dependent variable and 
having insurance as an independent variable. The results (not shown here) 
were indeed similar. 

We expected risk perception to be related to the purchase of insurance, but 
mixed results were found for the subjective risk variables. This is because 
the variable for the perceived future likelihood of being flooded was 
statistically insignificant, while the catchment area proxy for risk cultures 
and regional risk differences was the single most powerful influence. Two of 
the risk variables included in this probit model, being located in the 100-
year floodplain and being flooded before, are insignificant. These variables 
are commonly viewed as being important determinants of flood insurance 
purchases. Their insignificance in this context can be explained by the 
importance of the risk-reducing al and informational variables that capture 
individual risk preferences, which outweigh the importance of subjective 
and objective risk factors. Overall, these probit results provide evidence 
that suggests that moral hazard is not present in the German flood 
insurance market, since the proactive actions of a policyholder in mitigating 
risks are mostly uncorrelated with flood insurance purchases, which is not 
the relation that theory would suggest. 

Table 4.2 presents the relationship between the lack of undertaking any 
hurricane risk reducing behaviour (self-insurance) and having homeowners 
(Model 1) and flood insurance coverage (Model 2) in the U.S. The data was 
pooled across the three hurricanes and controls for unobserved 
hurricane-specific fixed effects through hurricane dummy variables (Irene, 
Isaac, Sandy), with Sandy being the omitted category. We estimated 
separate individual storm regression models with results similar to those 
presented here. The coefficient signs across both pooled Models 1 and 2 
indicate that those survey respondents that engage in short- or long-term 
ex-ante property risk-reducing behaviour(preparation, window protection, 
and risk reduction) were more likely to have homeowners or flood 
insurance, compared to those who did not engage in these activities. These 
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effects were statistically significant in both models at the 1% and 5% levels. 
That is, those without homeowners or flood insurance were more 
vulnerable due to a lack of risk-reducing measures, and thus those that had 
insurance did not exhibit evidence of an overall moral hazard effect. 

For example, for two otherwise average U.S. respondents, the probability of 
having homeowners or flood insurance for those that engaged in 
preparation activities was 23 and 12 percentage points higher, respectively, 
than for those that did not engage in any preparation activities. We see 
similar statistically significant percentages for those that engaged in 
window protection, who were 4% and 11% more likely to have 
homeowners and flood insurance, respectively. Moreover, those that 
engaged in long-term risk reduction were 12% more likely to have flood 
insurance as compared to those that did not engage in either risk-reducing 
activity.  

For both Models 1 and 2, those that had experienced previous hurricane 
damage were more likely to have homeowners and flood insurance than 
those respondents that had not experienced hurricane damage, which is 
statistically significant at the 1% level. While those that are further from the 
coast were more likely to have homeowners insurance, respondents 
located in the 100-year floodplain were more likely to have flood insurance. 
This effect decreases with distance from the coast, as indicated by the 
negative coefficient sign. Hurricane Isaac respondents were also more likely 
to have flood insurance than those from Sandy. This finding is likely a 
remnant from Hurricane Katrina striking the same geographic area as Isaac 
in 2005, causing massive flooding damage. Lastly, those respondents that 
engaged in ex-ante personal risk-reducing behaviour or have plans to 
evacuate were less likely to have homeowner’s insurance. These results 
suggest a trade-off in risk aversion to property losses vs. risk aversion to 
personal harm among this chapter’s respondents. The results in Table 4.2 
do not indicate the presence of moral hazard in regard to U.S. natural 
disaster coverage. 
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Table 4.1 Probit model results of the relationship between any flood risk 
reducing behaviour and flood insurance coverage for Germany 

Variables Parameter Estimates  
Insurance 

Has dry flood-proofing 0.165* 
(0.095) 

  

Has adapted building use 0.018 
(0.088) 

  

Has flood-proofed home 0.042 
(0.077) 

Has flood risk information 0.297*** 
(0.068) 

Has flood awareness 0.156** 
(0.072) 

A member of a flood coping network 0.186*** 
(0.068) 

Risk culture proxy (Elbe catchment area) 0.822*** 
(0.081) 

The respondent feels another flood will not occur 0.03 
(0.068) 

100 year flood zone -0.09 
(0.083) 

Flooded before -0.087 
(0.081) 

Constant -0.236* 
(0.139) 

  

N 2143 

Log-likelihood -1315 

LR chi2 (prob > chi2) 231 [0.000] 

Pseudo R2 0.08 

Notes: *, **, *** stand for statistical significance at the 10 percent, 5 percent, and 1 percent levels 
respectively. The numbers in parentheses are standard errors. Values for the constant are not the 
marginal effect but the coefficient estimate from the probit model. Numbers in brackets are p-values. 

The probit models applied to both the U.S. and Germany were estimated 
with two different datasets with different relevant explanatory variables. 
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Neither set of probit models indicated the presence of moral hazard in 
either market. This suggests that the absence of moral hazard is a robust 
finding that is independent of the market features, and may be the result of 
behavioural characteristics of those who voluntarily buy natural disaster 
flood insurance.  

Table 4.2 Probit model results of the relationship between any hurricane risk reducing 
behaviour and insurance coverage for the U.S. 

Risk reducing behavioural variable Homeowners insurance 
estimated parameters (1) 

Flood insurance  
estimated parameters  
 (2) 

Has preparation 0.231*** 
(0.047) 

0.118** 
(0.042) 

Has window protection 0.042** 
(0.0186) 

0.111*** 
(0.027) 

Has conducted risk reduction 0.023 
(0.021) 

0.122*** 
(0.031) 

Has evacuation plans -0.051** 
(0.022) 

0.005 
(0.028) 

Safety 0.000 
(0.000) 

0.000 
(0.000) 

Hundred year floodplain 0.011 
(0.022) 

0.213*** 
(0.032) 

Distance to coast 0.017** 
(0.008) 

-0.013 
(0.009) 

Experienced damage 0.053*** 
(0.018) 

0.083*** 
(0.026) 

Hurricane Irene -0.084*** 
(0.021) 

-0.017 
(0.028) 

Hurricane Isaac -0.057* 
(0.034) 

0.198*** 
(0.041) 

Constant 1.092*** 
(0.179) 

-.301** 
(0.154) 

   

N 1610 1610 

Log-likelihood -630.60 -869.73 

LR chi2 (prob > chi2) 98.18 [0.00] 268.05 [0.00] 

Pseudo R2  0.07 0.13 

Notes:*, **, *** stand for statistical significance at the 10 percent, 5 percent, and 1 percent levels 
respectively. The numbers in parentheses are standard errors. Values for the constant are not the 
marginal effect but the coefficient estimate from the probit model. Numbers in brackets are p-values. 
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4.4.2 Statistical method 2: Bivariate probit models 
The probit models discussed in the previous subsection were further 
confirmed by estimating bivariate probit models, based on Chiappori and 
Salanie (2000). Bivariate probit models were estimated for both the 
German and the U.S. samples. The likelihood of a household having both an 
insurance policy and conducting behavioural risk reducing measures as 

shown in eq. (4.2), ℙ(𝑖𝑛𝑠𝑢𝑟𝑒𝑑𝑖,1 = 1, 𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟𝑎𝑙 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑠𝑖,2 = 1), was 

estimated as a joint probit model, 𝛷(. ). This is a function of two sets of 
variable vectors (as behavioural measures are now a dependent 
variable) :(1) measures of subjective risk perceptions and (2) measures of 
objective risk as described in the previous section. 𝛽𝑛,𝑗 are the estimated 

coefficients for variable vectors where j=1 if the individual probit model is 
estimating the probability of holding insurance, and j=2 if estimating the 
probability of employing a risk reduction measure. 𝜌 is the correlation 
between the error terms of the individual probit models. 

ℙ(𝑖𝑛𝑠u𝑟𝑒𝑑𝑖,1 = 1, 𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑟𝑎𝑙 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑠𝑖,2 = 1) =

𝛷(𝛽1,1𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑟𝑖𝑠𝑘 𝑝𝑒𝑟𝑐𝑒𝑝𝑡𝑖𝑜𝑛𝑖 , 𝛽2,1𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑟𝑖𝑠𝑘 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑠𝑖,    

𝛽1,2𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑟𝑖𝑠𝑘 𝑝𝑒𝑟𝑐𝑒𝑝𝑡𝑖𝑜𝑛𝑖 , 𝛽2,2𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑟i𝑠𝑘 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑠𝑖, 𝜌)                                         (4.2) 

The variables included in the bivariate models for both the German and U.S. 
samples follow the same principles as for the probit models described 
above for the same reasons. The most striking difference between these 
two sets of models is that the two probit models are jointly estimated. 
Therefore, there is one model predicting insurance use and another 
predicting the use of a risk-reduction measure. The use of a risk reduction 
measure in these models is defined in both Germany and the U.S. as 
employing one of the household self-protection or self-insurance measures. 
The new variable of interest is 𝜌, which is the cross-correlation of probit 
error terms and can be directly estimated. 

The German bivariate probit model was estimated twice: once with the 
informational variables included and once without. The results are 
presented in Table 4.3. It can be argued that the results of the two 
estimated models support the absence of moral hazard because they show 
the importance of proactive information gathering. When these 
information variables are excluded there is a strong positive relation (rho) 
between the models of flood insurance purchases and carrying out risk 
reduction measures. The proactive information-gathering activities of the 
insured household could imply a higher degree of risk aversion, which 
outweighs the moral hazard disincentive for protection activities that 
originate from insurance. Once proactive information gathering activities 
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have been controlled for there is no longer a statistically significant 
unobserved relationship driving the joint decision process.  

The bivariate probit models for the U.S. sample are similar to the bivariate 
probit models presented for Germany, in that they estimate the relation 
between having either homeowners or flood insurance and employing risk-
reducing measures. Table 4.4 shows the estimate of rho (𝜌) for these 
bivariate probit models, which is statistically significant. This implies a 
dependency between the two equations and also that the joint decision 
process is positively related due to an unobservable relationship. This 
indicates advantageous selection rather than moral hazard.  

In parallel with the previous subsection, the bivariate probit models do not 
present evidence for moral hazard, due to the lack of a statistically 
significant negative rho estimate (which would indicate a negative 
relationship between insurance and risk-reduction measures). The results 
of the bivariate probit models further confirm the absence of moral hazard 
in voluntary natural disaster insurance markets.  

Moreover, this chapter finds some evidence for advantageous selection, 
since the U.S. results show a positive joint dependency between insurance 
purchases and risk reduction, which suggests that similar behavioural 
characteristics influence both decisions to insure and to reduce risk. A 
similar relationship was found for Germany where households that are 
aware of their flood risk or develop social coping networks were more likely 
to have both flood insurance coverage and at least one risk reduction 
measure in place. These results indicate that households with flood 
insurance have a different mind-set or intrinsic behaviour than those 
without insurance. The bivariate model results confirm that the absence of 
moral hazard is due to the intrinsic behaviour of the households with 
insurance.  
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Table 4.3 Bivariate probit model results of the relationship between any 
flood risk reducing behaviour and flood insurance coverage for Germany 

 (1) (2) 

 Have insurance Employed a 
risk reducing 
measure 

Have 
insurance 

Employed a 
risk 
reducing 
measure 

Has flood risk 
information 

0.161** 
(0.073) 

0.159** 
(0.076) 

  

Has flood 
awareness 

0.324*** 
(0.064) 

0.723*** 
(0.065) 

  

A member of a 
flood coping 
network 

0.203*** 
(0.066) 

0.479*** 
(0.069) 

  

Risk culture proxy 
(Elbe catchment 
area) 

0.816*** 
(0.081) 

-0.06 
(0.083) 

0.81*** 
(0.08) 

-0.049 
(0.078) 

The respondent 
feels another 
flood will not 
occur 

0.033 
(0.097) 

0.157 
(0.104) 

-0.001 
(0.096) 

0.07 
(0.1) 

100 year flood 
zone 

-0.073 
(0.08) 

0.717*** 
(0.082) 

-0.016 
(0.079) 

0.742*** 
(0.078) 

Flooded Before -0.073 
(0.08) 

0.36*** 
(0.082) 

0.125* 
(0.066) 

0.624*** 
(0.065) 

Constant -0.369*** 
(0.110) 

0.232** 
(0.113) 

-0.869*** 
(0.094) 

-0.736 
(0.0821) 

Rho 0.055 
(0.04) 

0.142 
(0.038) 

   
Log-ratio test 1.9 [0.169] 13.92 [0.00] 
N 2143 2143 
Wald Test 725 [0.00] 542 [0.00] 
Notes: *, **, *** stand for statistical significance at the 10 percent, 5 percent, and 1 percent levels 
respectively. The numbers in parentheses are standard errors. Values for the constant are not the 
marginal effect but the coefficient estimate from the probit model. Numbers in brackets are p-values. 
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Table 4.4 Coefficient estimates of U.S. bivariate probit models 

 (1) (2) 

 General 
Insurance 

Risk 
Reduction 

Flood 
Insurance 

Risk 
Reduction 

Has evacuation 
plans 

-0.194** 
(0.091) 

0.196* 
(0.103) 

0.074 
(0.081) 

0.2* 
(0.103) 

Safety 0.002 
(0.002) 

0.002 
(0.002) 

0.00 
(0.001) 

0.002 
(0.002) 

Hundred year 
floodplain 

0.089 
(0.101) 

-0.033 
(0.107) 

0.587*** 
(0.084) 

-0.029 
(0.107) 

Distance to 
Coast 

0.085** 
(0.038) 

-0.0811* 
(0.045) 

-0.043 
(0.028) 

-0.078* 
(0.044) 

Experienced 
Damage 

0.3*** 
(0.087) 

0.36*** 
(0.099) 

0.297*** 
(0.075) 

0.366*** 
(0.099) 

Hurricane 
Irene 

-0.4*** 
(0.093) 

0.182 
(0.117) 

-0.029 
(0.081) 

0.177 
(0.117) 

Hurricane Isaac -0.159 
(0.131) 

0.8*** 
(0.123) 

0.664*** 
(0.104) 

0.79*** 
(0.132) 

Constant -0.981*** 
(0.16) 

-1.89*** 
(0.19) 

-0.907** 
(0.14) 

 

Rho 0.119* [0.097] 0.218*** [0.0001] 
     
N 1610 1610 
Log likelihood -1147.77 1383.04 
LR chi2 (prob > 
chi2) 

154.66 [0.00] 289.05 [0.00] 

Notes:*, **, *** stand for statistical significance at the 10 percent, 5 percent, and 1 percent levels 
respectively. The numbers in parentheses are standard errors. Values for the constant are not the 
marginal effect but the coefficient estimate from the probit model. Numbers in brackets are p-values. 

4.4.3 Statistical method 3: Propensity score matching 
This chapter’s application of PSM is a novel approach to estimating a 
relationship between insurance purchase and damage outcomes. The key 
PSM equation is shown in eq. (4.3). It shows that the presence of a 
behavioural change due to insurance would be detected though an average 
treatment effect on the treated (ATT) estimate that is significantly different 
from zero14. The ATT is the difference in expected flood damage, E (.), if a 
household suffers damage while insured (𝐹𝑙𝑜𝑜𝑑 𝑑𝑎𝑚𝑎𝑔𝑒1|𝐼𝑛𝑠𝑢𝑟𝑒𝑑 = 1) 
compared to the damage suffered when not insured 

                                                           
14 This chapter follows the same convention as Chapter 3, in that: ‘treatment’ is the possession of an 
insurance policy; ‘treatment effect’ is the influence of holding insurance on damage outcomes; and 
‘treatment group’ the group of the respondents holding an insurance policy. 
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(𝐹𝑙𝑜𝑜𝑑 𝑑𝑎𝑚𝑎𝑔𝑒0| 𝐼𝑛𝑠𝑢𝑟𝑒𝑑 = 0). However, as 𝐹𝑙𝑜𝑜𝑑 𝑑𝑎𝑚𝑎𝑔𝑒0 cannot be 
directly observed, we must use the flood damage suffered by the non-
insured population. This potentially introduces a sample bias (SB) due to 
risk selection into insurance, which has been filtered out from this ATT. This 
provides an indication of the importance of risk traits in determining both 
damage outcomes and insurance purchasing. This approach was described 
in more detail in Chapter 3. In this application the ATT is assumed to be 
equal to the moral hazard effect on damage outcomes, while SB is the 
effect of adverse risk selection on damage outcomes. 

𝐸(𝐹𝑙𝑜𝑜𝑑 𝑑𝑎𝑚𝑎𝑔𝑒1|𝐼𝑛𝑠𝑢𝑟𝑒𝑑 = 1) − 𝐸(𝐹𝑙𝑜𝑜𝑑 𝑑𝑎𝑚𝑎𝑔𝑒0| 𝐼𝑛𝑠𝑢𝑟𝑒𝑑 = 0) =
𝐴𝑇𝑇 + 𝑆𝐵                              (4.3)  

We report results of five different matching methods in order to provide an 
informal robustness check.  

The propensity score matching analysis was applied to Germany and 
focused on the link between insurance and flood damage outcomes. The 
matching analysis of flood damage outcomes provides further support for 
the absence of an overall moral hazard effect. The presence of adverse risk 
selection or moral hazard would cause systematic differences in these 
variables between the insured and the non-insured samples. A mean 
comparison of experienced flood damage between groups of individuals 
with and without flood insurance reveals that insured individuals in 
Germany suffered significantly higher flood damage to contents and 
buildings (Table 4.5). It can be argued that because a mean comparison 
contains the ATT and a selection bias (see Chapter 3) it estimates the 
combined effect of the risk selection and the al element of moral hazard. 
Adverse risk selection would be expected to increase damages. The 
behavioural effect of having insurance coverage is more ambiguous, as 
insurance could cause individuals to become more lax, or insured 
individuals may take more risk-reducing measures because they are 
generally very careful (risk averse). It is thus an empirical issue to estimate 
whether individuals with flood insurance experience a systematically 
different level of flood damage than uninsured individuals.  
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Table 4.5 Estimates of the difference in average flood damages due to 
having a flood insurance policy (in EUR). The average treatment effect on 
the treated (ATT) is estimated using Propensity Score Matching with 
different matching methods 

 Contents damage Building damage 

Comparison of mean flood 
damage suffered by households 
with and without flood insurance 

3458*** 
(928) 

9514*** 
(2537) 

ATT based on PSM using as 
matching method: 

Contents damage Building damage 

-Nearest neighbour matching 2126 
(2241) 

6337 
(5852) 

- Radius matching 1619 
(1684)  

7016 
(4490) 

- Stratification matching  1395 
(1874) 

6261 
(4668) 

- Kernel matching 
(Gaussian) 

1832 
(2075) 

6196 
(4013) 

- Kernel matching 
(Epanechnikov) 

1583 
(1978) 

7266* 
(7266) 

Average ATT estimate 1711 6615 
No. Matches 270 255 
Variables described in Section 9.3 3-32,34-40 3-8,10-32,34-40 

Notes: *, **, *** stand for statistical significance at the 10 percent, 5 percent and 1 percent levels. The 
numbers in parentheses are standard errors. Where analytical standard errors are not available, they 
have been calculated via bootstrapping with 2,000 repetitions. The ATT estimates above have been 
rounded to the nearest whole Euro. For a list of variables used in the PSV function refer to Section 9.3. 

Panel A of Table 4.6 presents summary statistics of the hazard experience. 
It shows that an element of adverse risk selection may be present because 
the treatment group scored higher on various hazard indicators than the 
control group. In other words, respondents with flood insurance suffered 
from a worse flood event, as the difference in water levels shows. This 
suggests that households with flood insurance face a higher flood risk, as 
the overall shape of the water-level distribution can be argued to be the 
same across different flood magnitudes, although it is centred at different 
locations. Furthermore, water level can be considered to be the most 
important variable of influence on flood damage (DEFRA, 2006; Mars et al. 
2010). In conclusion, adverse risk selection may be present in the German 
flood insurance market, since the insured households faced higher risk than 
non-insured households, which indicates that higher risk households have a 
greater incentive to purchase flood insurance coverage. Problems with 
adverse risk selection can, in practice, be limited by reflecting in insurance 
premiums the higher flood risks of individuals in floodplains who demand 
flood insurance.  
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Table 4.6 Natural hazard summary statistics 

Panel A 

Indicator Insurance group Non-insurance group 
Water level 100cm 78cm 

Flood duration 192 hours 163 hours 
Proportion of households 
suffering from contaminated 
water 

0.63  0.55  

Proportion of households who 
evacuated 

0.63  0.48  

Panel B 
Collected information regarding 
the flood hazard 

0.43  0.32  

Member of flood support group 0.33  0.23  
Employing at least one reduction 
measure 

0.35  0.35  

Employed at least one of the 
above 3 flood coping measures 

1  0.56  

 

The PSM estimates can be regarded as providing an indication of the 
presence of a moral hazard effect, because the method removes risk 
selection effects on flood damage. The results presented in Table 4.5 show 
that the expected difference in flood damage between the groups with and 
without flood insurance is lower once adverse risk selection has been 
controlled for using PSM. The latter removed effects on flood damage 
resulting from risk-related factors that determined whether people 
purchased flood insurance. The ATT estimates suggest that any al change by 
insured people does not increase flood risk, because the difference in 
damage between the insured and non-insured was statistically insignificant. 
For moral hazard to be present the insured group would have to undertake 
fewer protective measures, resulting in higher overall damage once adverse 
risk selection has been controlled for. The results presented in Tables 4.1 
and 4.3, however, indicate this is not the case. 

The summary statistics displayed in Panel B of Table 4.6 indicate that the 
insured group was more informed about the risk they face as well as being 
more likely to be a part of a flood support network. It is also arguable that 
the insured group is more risk averse than the non-insured group, as every 
member of the insured group employed at least one of the flood-coping 
measures indicated in Table 4.6, while only 56% of the non-insured group 
did so. It could be argued that the group employing risk-reduction measures 
while being insured is wealthier than their non-insured counterparts. 
However, Chapter 3 indicated that no important differences appear to exist 
in income between the insured and non-insured groups. Therefore, it is 
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possible that the higher level of risk aversion has reduced any negative 
moral hazard effect.  

The previous results are based on data from both the Elbe and Danube 
River catchment areas; however, there may be differences between these 
two catchments. For historical reasons, the flood insurance cultures in the 
two catchment areas have developed differently. The Elbe catchment is 
mainly located in the former German Democratic Republic (East Germany), 
where flood insurance was a part of the compulsory insurance policies a 
household must have. Even now, after the reunification of Germany, a large 
number of households in that area still have an equivalent set of contracts, 
while insurance penetration in the former West Germany (including the 
German part of the Danube catchment) is much lower (Thieken et al., 
2006). In order to investigate if the PSM results are being driven by regional 
effects, the model was estimated first using only the sample of households 
located in the Elbe catchment area and then if the sample was restricted to 
the Danube catchment. The results of these spilt sample models are 
presented in Table 4.8 as part of the sensitivity analysis. These results are 
broadly similar to the pooled model results, and do not provide evidence of 
a moral hazard effect after controlling for risk selection into insurance. 
Moreover, a split sample analysis of the relation between flood risk 
reduction activities and flood insurance coverage (Table 4.9) reveals that 
the positive relation between insurance and risk reduction is stronger in the 
area where the decision to buy flood insurance is more consciously made 
(the Danube catchment).  

The analysis of relations between flood insurance and flood damage 
outcomes provides an additional confirmation of the absence of moral 
hazard. The novel finding of the propensity score matching analysis is that 
the results confirm that German households with flood insurance suffer 
greater losses during a flood not because insured households prepare less 
well for floods, but because these households face on average higher levels 
of flood risk.  

4.4.4 Statistical method 4: Sample selection models and deductibles 
Sample selection models and a focused analysis of the role of insurance 
deductibles were applied to the U.S. data. The purpose was to investigate 
the deductible’s role in the likelihood of undertaking any short- and long-
term preparation activities, while controlling for having flood insurance in 
place, previous hurricane damage experience, the perceived level of safety, 
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and objective measures of risk. These models were only applied for those 
respondents who had homeowners insurance.  

We undertook three separate statistical estimations pooled across 
hurricanes, as shown in eq. (4.4). The first element of eq. (4.4) is a Heckman 
sample selection model (Carson et al., 2013), where the selection stage is a 
probit model of the likelihood of undertaking any short-term preparation 
and the outcome component of the model estimates the effects of the 
explanatory variables on the actual number of preparation activities 
undertaken. In the first element of eq. (4.4), 
𝐸(𝑒𝑣𝑒𝑛𝑡 𝑝𝑟𝑒𝑝𝑖|𝑥, 𝑠ℎ𝑜𝑟𝑡 𝑡𝑒𝑟𝑚 = 1) is the expected number of pre-event 
preparation activities that takes place, given that the household has 
employed at least one short term preparation measure; 𝜓 is a vector of 

estimated coefficients for the independent variables; 𝜆 (
𝑥𝛾

𝜎2
) is the inverse 

Mills ratio; �̅� is the correlation between the error terms of the two stages; 
and 𝜎1 is the standard deviation of the outcome component.  

The second element of eq. (4.4) is a probit model of the likelihood of having 
window protection in place, ℙ(𝑊𝑖𝑛𝑑𝑜𝑤 𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛𝑖 = 1). The third 
element of eq. (4.4) is a probit model of the likelihood of employing 
preparation measures other than window protection, 
ℙ(𝑜𝑡ℎ𝑒𝑟 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑖 = 1). Across all three models four dummy variables for 
deductibles of various sizes are included (𝑑𝑒𝑑𝑢𝑐𝑡𝑖𝑏𝑙𝑒𝑠𝑖).  

{
 

 𝐸(𝑒𝑣𝑒𝑛𝑡 𝑝𝑟𝑒𝑝𝑖|𝑥, 𝑠ℎ𝑜𝑟𝑡 𝑡𝑒𝑟𝑚 = 1) = (𝑖𝑛𝑠𝑢𝑟𝑎𝑛𝑐𝑒𝑖 , 𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑟𝑖𝑠𝑘 𝑝𝑒𝑟𝑐𝑒𝑝𝑡𝑖𝑜𝑛𝑖 , 𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑟𝑖𝑠𝑘𝑖, 𝑑𝑒𝑑𝑢𝑐𝑡𝑖𝑏𝑙𝑒𝑠𝑖)𝜓 + �̅�𝜎1𝜆 (
𝑥𝛾

𝜎2
)

ℙ(𝑊𝑖𝑛𝑑𝑜𝑤 𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛𝑖 = 1) = 𝜙(𝑖𝑛𝑠𝑢𝑟𝑎𝑛𝑐𝑒𝑖 , 𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑟𝑖𝑠𝑘 𝑝𝑒𝑟𝑐𝑒𝑝𝑡𝑖𝑜𝑛𝑖 , 𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑟𝑖𝑠𝑘𝑖 , 𝑑𝑒𝑑𝑢𝑐𝑡𝑖𝑏𝑙𝑒𝑠𝑖)

ℙ(𝑜𝑡ℎ𝑒𝑟 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑖 = 1) = 𝜙(𝑖𝑛𝑠𝑢𝑟𝑎𝑛𝑐𝑒𝑖 , 𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑟𝑖𝑠𝑘 𝑝𝑒𝑟𝑐𝑒𝑝𝑡𝑖𝑜𝑛𝑖 , 𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑟𝑖𝑠𝑘𝑖, 𝑑𝑒𝑑𝑢𝑐𝑡𝑖𝑏𝑙𝑒𝑠𝑖)

 

(
4.4) 

Table 4.7 presents the pooled hurricane results from the Heckman sample 
selection (Model 1) and probit (Models 2 and 3) estimations.  

Similar to the results presented in Table 4.5, we see little evidence of moral 
hazard for the insured. In contrast, the likelihood of undertaking any short- 
or long-term preparation activities, as well as the number of preparation 
activities undertaken, has a positive and statistically significant relationship 
with having flood insurance in place. As would be expected, coefficient 
signs indicate that having experienced hurricane damage in the past, feeling 
less safe, and living in the 100-year flood plain are generally positively 
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related to undertaking more preparation activities. However, having 
experienced damage is the only statistically significant variable. 

In terms of the deductible coverage, the Model 1 selection stage coefficient 
value of having a known deductible does not suggest this increases the 
likelihood of undertaking any preparation activities. From the Model 1 
second stage results compared to those having an unknown deductible 
amount (the omitted category), coefficient signs generally indicate that 
knowing one’s deductible increases the number of preparation activities 
undertaken, but only knowing that one has a deductible greater than 
$2,500 was statistically significant.  

Similarly, from Models 2 and 3, while most coefficient signs on the various 
deductible levels are positive, only knowing the deductible is $2,500 or 
greater had a statistically significant impact on the likelihood of undertaking 
window protection or long-term risk reduction. The lack of statistical 
significance for any of the deductible variables in the three models, other 
than for the highest deductible levels (> $2,500) is notable (Carson et al., 
2013), especially since only 12% of respondents believe their deductible to 
be greater than $1,000, if they know it at all. These results indicate the 
deductible’s relative lack of importance in incentivizing short-term 
preparation or longer-term risk reduction ahead of the hurricane for this 
chapter’s insured respondent sample. 

A second group of bivariate probit models estimated the joint relationship 
between a policyholder knowing their deductible and employing a risk-
reducing measure. The estimated values for rho are, for the most part, 
statistically insignificant, which implies that knowledge of the deductible 
has not influenced household risk reduction action. These findings suggest 
that the reasons for engaging in risk-reducing behaviour emanate from the 
individual, and not from an external financial incentive like the deductible.  

4.4.5 Sensitivity analysis 
We test the sensitivity of the PSM results for Germany by splitting the 
sample into two separate samples based on the catchment area an 
observation is located. The split sample results reported in Table 4.8 show 
that the overall results of the combined sample in Table 4.2 appear to be 
mainly driven by significant mean comparison estimates for contents 
damage by the Elbe catchment area and building damage by the Danube 
catchment area. Consistent with Table 4.2 is that within both catchment 
areas there is no conclusive evidence for the presence of moral hazard, 
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because the ATT estimates are insignificant. There remains evidence for the 
presence of adverse risk selection from the results of the mean comparison: 
namely, for contents damage in the Elbe catchment and property damage 
in the Danube catchment. However, although building damage in the Elbe 
and content damage in the Danube appear to be higher for households 
with flood insurance, this difference compared with uninsured households 
is insignificant. Where the results are statistically significant we see a strong 
potential for adverse risk selection.  

The difference in insurance culture between the two regions in Germany 
provides an opportunity for examining how this translates in different flood 
protection behaviour. In particular, in the Elbe area insurance is acquired as 
a matter of habit, while in the Danube area it is more of a conscious 
decision to buy insurance. This allows investigating if the risk averse 
population has a higher tendency to buy insurance, which could be 
reflected by the more choice based insurance culture of the Danube 
catchment area displaying a higher portion of the insured population taking 
measures to protect themselves. While focusing on the Elbe catchment 
area on the other hand provides an opportunity to investigate if whether a 
more social consensus based reasoning behind insurance purchase 
encourages less personal risk reduction. Table 4.9 provides an indication of 
the difference in damage reduction attempts between the insured and non-
insured population. On the whole, it appears that the insured group has a 
greater proportion of its population employing various damage reduction 
measures. In the Elbe catchment area this is a modest increase across all 
the measures investigated, while for the Danube catchment area especially 
large differences can be found in the use of water proofing and Dry flood-
proofing. This finding indicates that in general those who purchase 
insurance have also carried out more damage reduction actions, and that 
this effect is greater when the decision to buy insurance is more consciously 
made.  
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Table 4.7 For those with homeowners insurance the relationship between the 
likelihood and number of preparation activities undertaken and deductible 
coverage 

Preparation 
outcome variable 

Pre-event 
preparation – 
Coefficients  
(1) 

Window protection 
– Estimated 
parameters (2) 

Other risk reduction 
– Estimated 
parameters(3) 

Flood insurance .276*** 0.135*** 0.119*** 
Experienced 
damage 

.314*** 0.0415 0.111*** 

Safety -0.001 0.0003 0.000 
Hundred year 
floodplain 

0.055 0.036 -0.039 

Distance to coast -0.0145 -0.023** -0.007 
$0 to $500 
deductible 

0.072 0.016 0.026 

$501 to $1000 
deductible 

-0.037 -0.017 0.029 

$1001 to $2500 
deductible 

0.106 0.046 0.063 

> $2500 deductible .326** 0.107* 0.087* 
Hurricane Irene 0.019 0.123*** -0.034 
Hurricane Isaac .252** 0.326*** 0.046 
Constant 3.055*** -1.105*** -1.125*** 
Selection Stage    
Flood insurance .245*   
Experienced 
damage 

0.048   

Safety -0.002   
Hurricane Irene -0.148   
Hurricane Isaac 0.183   
Known deductible  -0.002   
Constant 1.769***   
Inverse Mills Ratio 
(lambda) 

-1.152***   

N 1369 1369 1369 
Censored 
observations 

66   

Log likelihood -2395.45 -769.14 -686.27 
Wald/LR chi2 (prob 
> chi2) 

76.44 [0.00] 180.97 [0.00] 87.19 [0.00] 

AIC 4832.90 1562.28 1396.55 
Notes: *, **, *** stand for statistical significance at the 10 percent, 5 percent and 1 percent levels. (1) 
are the Heckman sample selection model results, (2) and (3) are probit models; each model was 
estimated via maximum likelihood. For models (2) and (3) the values for the constant are not the 
marginal effect, but the coefficient estimate from the probit model. Numbers in brackets are p-values. 
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Table 4.8 Estimates of the difference in average flood damages due to 
having a flood insurance policy (in EUR) for households located in the Elbe 
and Danube River catchment areas separately. The average treatment 
effect on the treated (ATT) is estimated using Propensity Score Matching 
with different matching methods 

 Elbe catchment – 
Historically compulsory 
insurance 

Danube catchment – 
Historically voluntary 
insurance 

 Contents 
damage 

Building 
damage 

Contents 
damage 

Building 
damage 

Comparison of 
mean flood 
damage suffered 
by households 
with and without 
flood insurance 

2838** 
(1149) 

1253 
(3411) 

360 
(1694) 

6651** 
(2961) 

ATT based on PSM 
using as matching 
method: 

Contents 
damage 

Building 
damage 

Contents 
damage 

Building 
damage 

-Nearest 
neighbour 
matching 

1073 
(2772) 

9571 
(8629) 

1573 
(3355) 

6763 
(7460) 

- Radius matching 1282 
(2085) 

8436 
(6831) 

1707 
(3306) 

5627 
 (5764) 

- Stratification 
matching  

1356 
(2887) 

8790 
(5561) 

1228 
(3631) 

5751 
(6003) 

- Kernel matching 
(Gaussian) 

1380 
(2074) 

7956 
(4970) 

1465 
(3005) 

6315 
(5964) 

- Kernel matching 
(Epanechnikov) 

1371 
(2135) 

9091* 
(4862) 

1652 
(3006) 

5561 
(6025) 

Average ATT 
estimate 

1292 8769 1525 6000 

No. Matches 203 203 43 48 
Variables 
described in 
Section 9.3 

3-32,34-41 3-8,10-
32,34-40 

3-32,34-40 3-8,10-
32,34-40 

 

Table 4.10 presents the results of a bivariate probit model between a 
policyholder knowing their deductible and employing risk reducing 
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measures. The purpose of these models is to provide a sensitivity analysis 
for Table 4.7 and the potential robustness of the (lack of) connection 
between the deductible and the use of risk reducing measures. Table 4.10 
shows that there is not a statistically significant estimate for rho. This in 
turn implies that there is no joint relationship between the two variables. 
This supports the findings presented in Table 4.7. 

Table 4.9 Difference in damage reduction measure usage between the 
insured and non-insured groups within the Elbe and Danube River 
catchment areas  

Damage reduction 
measure 

Elbe catchment Danube catchment 

Flood adapted use 0.06 0.02 
Wet flood-proofing 0.04 0.01 
Waterproofing 0.04 0.15 
Dry flood-proofing 0.02 0.09 
Notes: See Kreibich et al. (2005) for definitions of the above damage reduction measures. 

4.4.6 Summary of overall results 
The results of each of the 4 sets of models across both countries indicate 
that moral hazard is not present in the investigated markets. Each set of 
model results individually (with the expectation of the propensity score 
matching set) produced findings that are both internally and externally 
consistent with the wider literature regarding natural disaster insurance. 
Each of these findings was reproduced across two countries, several 
different natural disaster insurance markets, and several statistical 
methods. Therefore, it does not appear that insured individuals are less 
likely to employ risk-reducing measures and that, due to this chapter’s 
extensive testing, it can be concluded that the absence of moral hazard is a 
generalizable feature of natural disaster insurance markets. In fact, there is 
slight evidence for a higher tendency towards self-protection across insured 
individuals, while there was no systematic difference in the levels of self-
insurance. Moreover, we also observed that individuals with flood 
insurance were more proactively informing themselves about the risk, 
which suggests that they are more risk-averse, as these households tended 
to score more highly on the subjective risk preference variables.  

These findings taken together are not consistent with the theoretical 
predictions of Ehrlich and Becker (1972). Overall, there is no evidence for 
moral hazard. The higher degree of risk aversion may be what is preventing 
the predicted insurance disincentives from occurring. Moreover, this 
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chapter’s results confirm that the higher damage suffered during a flood by 
those with insurance (compared to those without) is a result of higher risk 
traits rather than al changes resulting in a greater susceptibility to flood 
damage. 

These findings suggest that the reasons for engaging in risk-reducing 
emanate from the individual and not from residual risk incentives, such as 
the deductible that insurers often employ to prevent moral hazard. This 
supports the conclusions drawn from the models in the previous 
subsections.  
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Table 4.10 Coefficient estimates of the U.S. bivariate probit models between knowing the 
size of the deductible and the employment of risk reducing measures 

Independent 
variable 

Coefficient Standard 
error 

Coefficient Standard 
error 

Coefficient  Standard 
error 

 Any pre-
event 
preparation 

Window 
protection 

Other risk 
reduction 

   

Flood 
insurance 

0.173 0.137 0.377*** 0.081 0.399*** 0.085 

Experienced 
damage 

0.137 0.131 0.122 0.081 0.394*** 0.086 

Safety -0.002 0.002 0.001 0.001 0.000 0.001 
Hundred 
year 
floodplain 

0.220 0.171 0.103 0.093 -0.139 0.100 

Distance to 
coast 

0.082 0.057 -0.068** 0.031 -0.026 0.032 

Hurricane 
Irene 

-0.306** 0.136 0.364*** 0.088 -0.100 0.092 

Hurricane 
Isaac 

-0.043 0.210 0.895*** 0.115 0.171 0.118 

Constant 1.767*** 0.245 -1.091*** 0.143 -1.094*** 0.150 
 Known 

deductible 
Known 
deductible 

Known 
deductible 

   

Flood 
insurance 

0.048 0.078 0.048 0.078 0.048 0.078 

Experienced 
damage 

0.319*** 0.076 0.319*** 0.076 0.319*** 0.076 

Safety 0.002 0.001 0.002 0.001 0.002 0.001 
Hundred 
year 
floodplain 

-0.031 0.091 -0.031 0.091 -0.031 0.091 

Distance to 
coast 

-0.017 0.027 -0.017 0.027 -0.017 0.027 

Hurricane 
Irene 

0.236*** 0.080 0.235*** 0.080 0.235*** 0.080 

Hurricane 
Isaac 

-0.002 0.111 -0.002 0.111 -0.002 0.111 

Constant -0.711*** 0.136 -0.711*** 0.136 -0.711*** 0.136 
Rho -0.043  0.075 

 
0.039 
 

0.047 0.087* 
 

0.048 

LR Test rho = 
0 

0.322 0.570 0.700 0.402 3.173 0.074 

       
N 1369  1369  1369  
Log-
likelihood 

-1152.18  -1666.78  -1582.77  

LR chi2  47.95 [0.00]  206.71 
[0.00] 

 112.49 
[0.00] 

 

Notes:*, **, *** stands for statistical significance at the 10%, 5% and 1% level respectively. 
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4.5 Conclusion 
It is often suggested natural disaster insurance can result in moral hazard 
when individuals with insurance take fewer measures to limit risks. Moral 
hazard increases the vulnerability of policyholders to natural disasters, and 
can create problems in establishing well-functioning natural disaster 
insurance markets. In this research we investigated the overall presence of 
moral hazard for natural disaster insurance markets in Germany and the 
U.S., utilizing field survey data. 

Results indicate that flood insurance purchases in Germany appear to be 
insignificantly or positively related with flood preparation activities of 
households. In other words, a significant moral hazard effect was not 
observed. Moreover, propensity score matching (PSM) was applied to 
estimate the influence of adverse risk selection and behavioural changes as 
a result of having flood insurance on experienced flood damage by 
households in Germany, a novel approach to the best of this chapter’s 
knowledge. The results show that adverse risk selection can occur since 
households with flood insurance experienced a worse hazard during past 
flood events in both the Elbe and Danube catchments.  

However, flood damage did not differ significantly after controlling for this 
adverse risk selection effect, meaning that behavioural changes from 
insurance disincentives have not heightened the vulnerability of insured 
households to floods, the opposite finding to what the systematic presence 
of moral hazard would imply. In contrast, individuals with flood insurance in 
Germany were more likely to have undertaken one of the suggested flood 
coping measures than uninsured households. This suggests that households 
with flood insurance are more risk-averse, since they have collected more 
information about flood risk and are no worse prepared for flooding despite 
the disincentives emanating from insurance. 

The evidence from Germany is complemented by a study of moral hazard in 
the markets for flood insurance and homeowner’s policies that cover wind 
damage in the U.S. That analysis used real time data on hurricane risk 
reduction activity and shows that those households that engage in short- or 
long-term ex-ante property risk reducing behaviour are more likely to have 
homeowner’s or flood insurance. This also points towards the opposite of a 
moral hazard effect. Moreover, respondents have little specific knowledge 
of their deductible amount, or if they do, believe the amount to be 
relatively low despite the potentially large amounts due to separate 
hurricane and/or wind deductibles in these areas. The complementary 
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statistical analysis shows that except for the known highest deductible 
levels, deductibles have no significant influence on undertaking short or 
long-term hurricane preparations. This finding extends previous work in this 
area by providing some evidence for the hypothesis that the positive 
correlation found in the U.S. for the employment of risk reduction 
measures and having insurance is due to the intrinsic characteristics of the 
policyholder rather than external incentives.  

The key novel finding of this study is that this chapter finds that decisions to 
reduce natural disaster risks and to buy insurance are jointly and mainly 
driven by internal (behavioural) characteristics of individuals who face low-
probability/high-impact events, such as floods or hurricanes. Moreover, the 
strength of these internal characteristics can be seen through the 
consistency of the results across the different contexts in Germany and the 
U.S. The strong degree of consistency suggests that the absence of moral 
hazard is related to the nature of natural disasters as a low-
probability/high-impact event. Such risks are commonly misperceived and 
individuals often do not use traditional economic rational decision-making 
models in preparing for low-probability disaster risk. This may imply that 
the disincentive to invest in risk reduction that emanates from insurance 
coverage is less important than standard economic theory predicts. Future 
research can examine whether similar findings hold in other natural 
disaster insurance markets. 

The results of this study have implications for ongoing policy discussions 
about reforming natural disaster insurance markets in both countries (and 
further afield). An important finding is that adverse risk selection may be 
present while moral hazard is not. Insurers should reflect this higher risk 
profile of households who demand natural disaster insurance in premiums 
that reflect the risk that a particular policyholder faces. This supports policy 
reforms such as recent flood insurance reform acts concerning the National 
Flood Insurance Program in the US and moving toward risk-based rates, 
such as the Biggert-Waters Flood Insurance Reform Act of 2012 and the 
Homeowner Flood Insurance Affordability Act of 2014. Moreover, policies 
aimed at increasing the uptake of flood insurance among both low- and 
high-risk groups could be useful for creating a large risk pool and limiting 
the potential problems with adverse selection. 

Future research could examine the effectiveness of social psychological 
interventions that the government could undertake. Examples include 
public service announcements and mail campaigns that provide, in simple 
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language, information or reminders about natural disaster risks and the 
benefit of purchasing natural disaster coverage (Box et al., 2016; Bolderdijk 
et al., 2012). For example, studies of the effectiveness of communication 
about flood risk show that communication messages can be effective in 
increasing risk awareness and demand (at least hypothetical demand) for 
flood risk reduction measures (Maidl and Buchecker, 2015; de Boer et al., 
2015) and flood insurance (Botzen et al., 2013).  

Taken together, this chapter’s results suggest that the absence of moral 
hazard is an intrinsic trait of insured households. We conclude this on the 
basis of this chapter’s findings of the positive joint decision process 
between risk reduction and insurance and the small influence of insurance 
policy deductibles (a residual risk incentive) on stimulating risk reduction. 
This implies that households with a different set of intrinsic traits compared 
to the insured, such as being less risk averse, would likely not prepare as 
extensively for natural disaster events. 

Our findings support on-going reforms and debates about using a greater 
range of incentives to stimulate risk reduction for households who are 
currently preparing insufficiently for natural disasters (Michel-Kerjan and 
Kunreuther, 2011; Surminski et al., 2015). External (non-residual risk) 
incentives may be useful for changing household motivations to prepare for 
natural disasters, if they do not already do so. For instance, in the U.S. the 
Disaster Savings and Resilient Construction Act would provide a tax 
incentive for building in a disaster resilient manner, which may encourage 
non-insured household to conduct risk-reduction activities. Moreover, 
policy interventions can also be based around the use of social network 
effects, such as normative feedbacks, social priming, and creating social 
norms to increase the level of self-protection before and after flood events 
(see e.g., Nolan et al., 2008; Parker et al., 2009; Becker, 2010; Eiser et al., 
2012; Bolderdijk et al., 2012; van der Linden et al., 2015; Cheng et al., 
2016). Studies of household flood risk reduction decisions in Germany 
(Bubeck et al., 2013) and Australia (Lo, 2013) have found that such social-
psychological mechanisms significantly influence flood risk reduction. An 
important topic for future research can be to examine how government 
policies can make better use of such social network effects in improving 
individual risk reduction outcomes for natural disasters.  

Another important finding for policy is that this chapter’s results do not 
support concerns that broader natural disaster insurance coverage would 
result in fewer risk-reducing activities by policyholders. This chapter finds 
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no evidence of moral hazard in the very different market contexts of the 
German and U.S. insurance markets. While the use of high deductibles by 
insurance companies in the U.S. aims to prevent moral hazard behaviour, it 
appears that policyholders lack knowledge of the deductible amount. Only 
12% believe it to be higher than $1,000, thus likely negating the high 
deductible’s intended effect of stimulating policyholder risk-reduction for 
disasters. This highlights the importance of informing policyholders about 
their deductible level or reminding them to check their deductible before 
the hurricane season starts. 
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5. CHAPTER 5: INCENTIVISING FLOOD RISK 
ADAPTATION THROUGH RISK-BASED INSURANCE 
PREMIUMS - TRADE-OFFS BETWEEN 
AFFORDABILITY AND RISK REDUCTION15 

Abstract 

The financial incentives offered by the risk-based pricing of insurance can 
stimulate policyholder adaptation to flood risk while potentially conflicting 
with affordability. We examine the trade-off between risk reduction and 
affordability in a model of public-private flood insurance in France and 
Germany estimating household flood adaptation decisions in response to 
financial insurance incentives. An integrated model of household-level 
mitigation behaviour and insurance premiums is developed. The model 
investigates how aggregated household adaptation behaviour differs under 
financial incentives as compared to when households act on their own 
subjective risk beliefs. The results indicate that insurance based incentives 
are able to promote adaptation. The incentives could reduce residential 
flood risk by 12% in Germany and 24% in France by 2040. The higher level 
of flood risk in France results in a strong present incentive to reduce risk. 
Rapid growth of flood risks in Germany results in more effective incentives 
in later periods. Insurance is unaffordable for approximately 20% of 
households at risk. The cost of insurance vouchers, to correct for 
unaffordability, is lower than the total incentivised damage reduction after 
2040. A policy recommendation is that strengthening the link between 
flood insurance and financial incentives can guide household-level 
adaptation 

 

 

 

                                                           
15 This chapter is based on: Hudson, P., Botzen, W.J.W., Feyen, L., Aerts, J.C.J.H., 2016. Incentivising flood 
risk adaptation through risk-based insurance premiums: trade-offs between affordability and risk 
reduction. Ecological Economics, 125,1-13. 
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5.1 Introduction 
The previous chapters have highlighted the view that flooding has a great 
effect on humanity (UNISDR, 2011) and that a combination of socio-
economic development and climate change means that flood risk could 
increase in the future (Jongman et al., 2014). Therefore, there is a growing 
interest in strategies that can be effective in adapting to future flood 
events; these strategies include both disaster risk reduction measures, such 
as flood-proofing buildings (Aerts et al., 2013), and financial risk transfer 
instruments, such as flood insurance (Botzen and van den Bergh, 2008). 
Insurance allows individuals to cope with risk by sharing financial risks 
across policyholders. However, insurance may become less attractive for 
households when insurance companies raise premiums to reflect increases 
in the underlying risk (Botzen et al., 2009a). The challenge is to design an 
insurance scheme that is affordable while offering financial protection and 
incentives for policyholders to reduce risk (Kunreuther, 1996; Botzen et al., 
2009b; Kunreuther and Michel-Kerjan, 2009; Mechler et al., 2014; Penning-
Rowsell and Pardoe, 2012; Surminski and Oramas-Dorta, 2014).  

Risk-based insurance pricing is a key condition for incentivizing both risk 
reduction and the willingness of insurers to offer coverage (Blanchard-
Boehm et al., 2001; Kunreuther and Michel-Kerjan, 2009). The reason for 
this is that it allows insurers to match premium income with the expected 
indemnity payments (Kousky and Kunreuther, 2013). Moreover, such a 
policy acts as a price signal of risk by charging premiums according to the 
risk encountered. This signal can provide an incentive for household-level 
adaptation if an insurer provides a premium discount to policyholders who 
reduce their risk; for example, risk can be reduced by having flood-proofing 
buildings. 

The relevance of providing financial incentives to promote individual flood 
risk adaptation can be found in the observation that few floodplain 
inhabitants voluntarily invest in cost-effective flood risk reductions (e.g., 
Kreibich et al. 2005). Such behaviour can be explained by several individual 
decision-making processes (Kousky and Cooke, 2012). For example, many 
individuals underestimate flood risk and the benefits of reducing it (e.g., 
Bubeck et al., 2013; Poussin et al., 2014). Offering premium discounts 
means that the decision to invest in disaster risk reduction by policyholders 
is simplified to comparing the costs of the measure using premium 
discounts instead of the perceived risk reduction benefits, which are often 



115 
 
 

underestimated. However, the effectiveness of such financial incentives has 
hardly been studied empirically (Surminski, 2014). An exception is Botzen et 
al. (2009b) who used survey methods to show that many Dutch 
homeowners express the intention to take such measures for financial 
rewards.  

Risk-based pricing and affordability are potentially contradictory aspects of 
the insurance scheme since risk-based premiums can make insurance 
contracts unaffordable for some households (e.g., Kunreuther and Michel-
Kerjan, 2009a). This may be inferred from Zahren et al. (2009) who show 
that flood insurance uptake is positively related to community-wide 
implementation of flood risk reductions in the USA; the implementation is 
rewarded through premium discounts from the Community Rating System. 
However, flood insurance premiums in the USA are not fully risk-based, and 
that study did not examine the affordability of risk-based flood premiums 
for low-income individuals (Zahren et al., 2009; Michel-Kerjan et al., 2015). 

To make flood insurance affordable, it is sometimes provided through 
public–private partnerships in which the government covers part of the 
risks instead of a private reinsurer (e.g., Paudel et al., 2012) or premiums 
are subsidized (Burby, 2001). Subsidization of premiums improves 
affordability, but this results in policyholders not fully made aware of their 
risk and thus generates incorrect incentives for risk management. This 
situation can be overcome by providing the subsidy in the form of a 
temporary voucher for low-income households, and the cost can be 
covered using overall taxation, as proposed by Kousky and Kunreuther 
(2013).  

This chapter conducts an analysis of the effectiveness of flood insurance 
premiums as a means to provide financial incentives that can encourage 
policyholders to invest in flood-proofing measures, which can promote 
adaptation to changing future flood risk. The potential trade-off between 
risk reduction and the affordability of risk-based premiums is also 
investigated. In addition, this study develops a model of public–private 
flood insurance, which is combined with both a model of household flood 
preparedness decisions and a flood risk model that provides input for 
estimating insurance premiums at an aggregated level. The behavioural 
model is based on a cost-benefit framework that accounts for the role of 
individual risk perceptions and the perceived risk reduction of flood-
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proofing in individual decision making as well as insurance incentives. 
Although this chapter’s application focussed on France and Germany, there 
is a wider interest in linking natural disaster insurance and risk reduction 
incentives in the EU as is reflected by the publication of a Green Paper on 
this topic (European Parliament, 2013). 

5.2 Methods: Integrated insurance, household flood 
preparedness and flood risk model 

5.2.1 Insurance model 
5.2.1.1 Modelled insurance scheme 

It has been argued that the French and German insurance markets can 
provide better incentives for risk reduction. France has a compulsory 
natural hazard insurance scheme known as CatNat with flat-rate premiums 
unrelated to the natural hazard risk faced. This scheme offers reinsurance 
by the Central Fund for Reinsurance (CCR), which is owned by the French 
state. CatNat aims to promote risk reduction through risk prevention plans, 
which are community level plans to manage risk by using zoning regulations 
or by requiring households to employ risk reductions. The lack of risk-based 
pricing weakens the incentives for policyholders to go beyond these 
minimum requirements. Several studies have suggested differentiating 
CatNat premiums according to the risk faced by policyholders to provide 
stronger incentives for risk reduction (e.g., van den Bergh and Faure, 2006; 
World Bank, 2012; Poussin et al., 2013). Germany currently has a voluntary 
insurance scheme with a low take up rate of 19% for contents insurance 
and 33% for residential building insurance (GVD, 2013). Flood insurance 
premiums are based on the flood probability, but insurers do not actively 
promote household investments in risk reduction (Thieken, 2006). 
Moreover, the German government is able to provide ad-hoc disaster relief 
payments after natural hazard events occur. This kind of assistance can 
hamper the functioning of the private flood insurance market by 
introducing charity hazard. This charity hazard implies a reduction in 
demand for flood coverage since uninsured individuals expect 
compensation for flood damage from the government (Osberghaus et al., 
2010; Raschky and Weck-Hannemann, 2007). Nevertheless, in voluntary 
insurance markets, ad-hoc disaster relief is important from a social 
perspective because uninsured households can receive assistance for 
recovery in the aftermath of a flood. Schwarze and Wagner (2007) have 
called for a scheme that promotes affordability by making flood insurance 
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compulsory and by having the state cover part of the flood risk. In addition, 
investments in risk reduction should be encouraged by financial insurance 
incentives.  

This study examines the introduction of a hybrid insurance scheme of the 
current French and German insurance market structures. The features of 
the proposed scheme are presented in Table 5.1 and are based on the work 
by Paudel et al. (2012). This insurance covers flood damage that is done to 
residential properties. Lamond and Penning-Rowsell (2014) state that a 
robust insurance scheme spreads insurable risk across a population that is 
aware of the risk faced and can afford the premiums charged. Moreover, 
they suggest there should be mechanisms in place to provide capital to 
insurers in case of abnormally large losses; for example, one possible 
mechanism is reinsurance. They also argue that an insurance scheme 
should integrate incentives for risk reduction as a mechanism to reduce 
potential pressure placed on the scheme in the future. Combining the 
above components of risk transfer, risk pooling and proactive risk reduction 
into a coordinated scheme helps to produce the optimal portfolio of 
economic risk management (Porcini and Schwarze, 2014). In addition, such 
a coordinated scheme across a country can have the effect of providing 
accurate information for policyholders to act upon the risk they face 
(Filatova, 2014). 

The insurance scheme presented and investigated in this current chapter is 
concerned only with fluvial (river) flood risk, which is common for flood 
insurance applications as Blanksby and Ashley (2013) argue (see also 
Jongman et al., 2014; Aerts and Botzen, 2011). However, it must be noted 
that while this study will focus on riverine floods, flash floods are a major 
cause of flood damage as well. The investigated scheme is a layered 

publicprivate partnership where policyholders, private insurers, and a 
government reinsurer cover different parts of the flood losses incurred. The 
distributions of risks among these stakeholders are based on the optimal 
allocations as found in the work by Paudel et al. (2015). The objective of the 
study by Paudel et al. (2015) is to gain an insight into efficient and 

practically feasible allocations of risk in a publicprivate flood insurance 
system. In particular, Paudel et al. (2015) develop a model to estimate 
economically optimal deductible levels for policyholders and stop-loss 
levels for insurers that determine the proportion of losses that will be 
reinsured. They estimate that the optimal deductible level is 15%; primary 
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insurers cover damage between 15% and 84% and reinsurers cover the 
remainder that can be considered insurable. Losses beyond the insurable 
damage (assumed to be past the 99.9 tail value at risk) are covered by the 
government. This arrangement provides sufficient capital in the case of 
extreme events; this is made possible due to the borrowing and taxation 
powers of national governments.  

The government can provide a voucher paid for by general taxation in order 
to overcome potential problems with flood insurance unaffordability (see 
Section 5.2.1.4). An additional role taken up by the government is to 
maintain a constant level of flood safety standards. This means that the 
government alters the height of dikes to match changes in the predicted 
water height due to future climate change, as proposed by Kundzewicz et 
al. (2010). For example, flood defences are built in 2015 at 1m above the 
expected water height of a flood that occurs with a probability of 1%. By 
2050, the height of these defences has been increased to 3m to match the 
expected increased water height of a flood with a probability of 1% at that 
time. In other words, the government responds to changing hazard 
conditions by maintaining the flood probability that is currently deemed 
acceptable.16 

The insurance scheme is mandatory for households that can be affected by 
river flooding, while households that do not face flood risks are not 
required to purchase the insurance. We define households as being 
vulnerable to flooding if they face a 0.2% annual exceedance flood 
probability or higher, which is the best estimate of the total number of 
households at risk of flooding17.  

Premiums are connected to risk because they are based on the average 
flood risk within a regional pool, and premium discounts are related to risk 
reduction measures implemented by the specific policyholder. Insurance 
premiums (as a baseline) are set at a NUTS 2 region level, which can be 
interpreted as risk pools (see Section 5.2.1.3). A NUTS 2 region is an EU 

                                                           
16 Alternatively, the government could maintain an economically efficient level of flood protection (Kind, 
2014). Here the focus is on maintaining an acceptable level of safety standards, as has been argued to 
be a better reflection of actual government flood risk management policies (e.g., Jongman et al., 2014; 
Turner, 2007). 
17 Kunreuther and Michel-Kerjan (2009) argue that the 0.2% flood probability is an acceptable cut-off 
threshold for determining those not at risk of flooding since low probabilities imply a negligible risk. 
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geocode for spatial analysis.18 Not all residents in a NUTS 2 region are at risk 
of flooding, which is accounted for by estimating risk and premiums only for 
households that face flood risk. A NUTS 2 region is rather large, but it is 
considered a suitable regional classification for the following reasons. First, 
this is the most detailed resolution for which flood risk data is available for 
a countrywide insurance-based assessment for Germany and France 
(Section 5.2.1.2); using more detailed data would be computationally very 
demanding. In practice, using more detailed data, such as a household-level 
assessment of premiums, would entail very high transaction costs for 
insurance companies, and hence it would be infeasible (Porrini and 
Schwarze, 2014). Moreover, such information is not freely accessible 
(Osberghaus, 2015). Second, the obligation to buy insurance along with the 
geographical size of the pool in which many risks are spread eliminates 
concerns about adverse selection (Porrini and Schwarze, 2014). Third, 
pooling risks in a larger area implies a degree of cross-subsidization of 
premiums, and this makes flood insurance more affordable (Schwarze and 
Wagner, 2007). There are 38 regional pools in Germany and 22 regional 
pools in France. The base premium charged in each regional pool is based 
on the average risk within a pool. Therefore, the average premium within a 
pool is initially flat, while the average premium differs between regions. 
Policyholders are promoted to invest in flood risk reductions through the 
use of premium discounts. Households only receive a premium discount for 
mitigation when they have applied the risk reduction in their home (Section 
5.2.1.3). Offering premium discounts only to households that employ risk 
reductions further differentiates premiums. Thus, the financial incentive for 
mitigation operates on an individual level. Moreover, the deductible of 15% 
of the damage incurred is a part of each policy, and it acts to prevent moral 
hazard. The financial incentives are a key element of the investigated 
scheme since the overall risk faced in a region is reduced when these 
incentives are in place.  

 

 

                                                           
18 The German NUTS 2 regions correspond to a Regierungsbezirke with an average population of 2.2 
million. NUTS 2 regions in France correspond to Région with an average population of 2.5 million. 
However, not all are at risk of flooding. Approximately 3% of households within NUTS 2 regions in both 
France and Germany are at risk of flooding by this chapter’s estimates. 
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Table 5.1 Features of a public-private flood insurance scheme 

Feature  Description 

Public sector responsibility Maintain flood protection standards; 
provide reinsurance; provide vouchers to 
overcome insurance unaffordability 

Private sector responsibility Provide (re)insurance policies at the 
predetermined rates 

Risk zoning and risk maps Yes at the level of NUTS 2 regions 
Damage covered Residential property and contents damage 
Policy deductibles  15% of damage suffered 
Premium setting rule Risk-based between NUTS 2 regions; flat 

within regions; alters due to risk reduction 
actions at an individual level 

Reinsurance Risk neutral government reinsurer for rare 
flood events; private reinsurers cover more 
common events 

Purchase requirement Flood coverage is compulsory for households 
at risk of flooding  

Risk reduction incentive Premium discounts 

 

5.2.1.2 Flood risk model 
The first step in developing the integrated model of insurance premiums 
and household risk reduction activities is to produce an estimate of the 
flood risk in a region. Moreover, the spatial extent of flood-prone areas is 
estimated in order to determine the households that participate in the 
flood insurance scheme.  

A coupled hydrological-flood damage model at the European scale is used 
to estimate the risk of riverine floods. These flood risk estimates are used as 
an input for calculating insurance premiums. Details of the model and the 
modelling are found in Feyen et al. (2012), Rojas et al. (2013), and Jongman 
et al. (2014). In this model, the loss from a flood with an occurrence 
probability of 𝑝 in region j at time t for a given occurrence probability 
[𝐿(𝑝)𝑗,𝑡] is a function of hazard [𝐻(𝑝)𝑗,𝑡], exposure (𝐸𝑗,𝑡), and vulnerability 

(𝑉𝑗,𝑡), as shown in eq. (5.1).  

𝐿(𝑝)𝑗,𝑡 = 𝑓(𝐻(𝑝)𝑗,𝑡 , 𝐸j,𝑡 , 𝑉𝑗,𝑡)                (5.1) 

This study uses socio-economic and climate change projections to estimate 
future values for exposure. Socio-economic projections at a national level 
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were obtained from the Center for International Earth Science Information 
Network (CIESIN).19 This data enables us to estimate the future value of 
exposed assets where the ratio between the future and baseline GDP is 
used as a rescaling value. The exposure growth scenario is a uniform 
regional exposure growth rate that matches the national exposure growth 
rate. Climate change projections based on the SRES A1B greenhouse gas 
emissions scenario were used to simulate changes in flood hazard in view of 
climate change. Land use classifications are assumed to remain constant 
over time; due to this assumption, changes in exposure alter the value of 
land parcels.  

Vulnerability is accounted for in the flood risk model in two ways. The first 
is through the state-damage curves used to convert inundation depths into 
monetary damage values. Each land exposure class has a separate state-
damage curve, whereby less vulnerable land classes require a greater 
degree of inundation to suffer the same degree of damage as compared to 
more vulnerable land classes. The second is through the employment of risk 
reduction measures. When more measures are employed, vulnerability is 
reduced more considerably (see Table 5.2 for an indication of by how 
much).  

5.2.1.3 Premium and discount rules 
The insurance premium is calculated following the price rule developed in 
the work by Paudel et al. (2015). A key element of the insurance premium is 
presented in eq. (5.2), which is the expected net insured loss (NIL) for 
region j at time t. For a flood of a given occurrence probability (p) in region j 
at time t, the net insured loss is the difference between the losses suffered 
and the deductible 𝐷(𝑝). The expected net insured loss is given by the 
probability weighted integral of the net insured losses for a range of flood 
events generated by the flood risk model. The probability range used to 
establish the integral bounds is determined by the protection standards 
present in a region.  

𝐸(𝑁𝐼𝐿𝑗,𝑡) = ∫ 𝑝( 𝐿(𝑝)𝑗,𝑡 − 𝐷(𝑝)𝑗,𝑡)𝑑𝑝
�̅�

0
             

 (5.2) 

                                                           
19 This exposure data is obtained from http://ciesin.columbia.edu/datasets/downscaled/ 

http://ciesin.columbia.edu/datasets/downscaled/
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The term �̅�𝑗,𝑡 in eq. (5.3) presents the regional baseline for the insurance 

premium, which is set at the start of the period t. The regional baseline is 
the expected net insured loss with an additional surcharge for the risk 
aversion of the insurers, which is given by the product of insurer risk 
aversion (r) and the variance of losses over the range covered by private 
insurers (𝜎0≤𝐿<𝛾). The constant 𝛾 is set at the 99.8th quantile. This means 

that a risk neutral government provides reinsurance for flood events with 
an occurrence probability of 0.2% or smaller following the suggestion of 
Schwarze and Wagner (2007) for extreme events. The coefficient r indicates 
the degree of insurer risk aversion and is set at 0.0005.This estimate and 
functional form is based on the work by Paudel et al. (2015), who based this 
estimate on a literature review of estimates of insurer risk aversion to 
natural disaster risk. Average baseline policyholder premiums are estimated 
for each period by the division by the number of households (NH) region j 
at time t in eq. (5.3). In other words, the baseline premium depends on 
both risk and the number of households in a region. The average premium 
is sensitive to the number of households because the expected annual 
damage is independent of the number of households. Therefore, allocating 
the population at risk to a greater number of households will result in 
premiums falling as there are more policyholder units to share total 
damage.  

 �̅�𝑗,𝑡 = (
𝐸(𝑁𝐼𝐿𝑗,𝑡)+𝑟∗𝜎0≤𝐿<𝛾

𝑁𝐻𝑗,𝑡
)                            (5.3) 

A household that employs a given risk reduction measure will receive a 
discount to their premium that is proportional to the effectiveness of the 
measure. The reduction in the baseline premium is given by the 
effectiveness ratio (𝐸𝑅𝐷𝑅𝑅), which differs depending on the kind of risk 
reduction measure. The effectiveness ratio is calculated as the ratio of the 
average damage prevented by a particular measure relative to the average 
damage suffered during a flood event see eq. (5.4).  

𝐸𝑅𝐷𝑅𝑅 =
𝐷𝑎𝑚𝑎𝑔𝑒 𝑃𝑟𝑒𝑣𝑒𝑛𝑡𝑒𝑑𝐷𝑅𝑅

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝑎𝑚𝑎𝑔𝑒
 𝐷𝑅𝑅 = {𝐷𝑟𝑦 𝑓𝑙𝑜𝑜𝑑 − 𝑝𝑟𝑜𝑜𝑓𝑖𝑛𝑔,𝑊𝑒𝑡 𝑓𝑙𝑜𝑜𝑑 − 𝑝𝑟𝑜𝑜𝑓𝑖𝑛𝑔}            

 (5.4) 

The estimates of risk reduction measure effectiveness are taken from 
Chapter 3; average damage suffered is taken from the work by Kreibich et 
al. (2011). Household flood risk reductions can be broadly categorized into 
dry or wet flood-proofing methods. Dry flood-proofing measures attempt to 
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prevent water entering a building; an example of this is the use of mobile 
flood barriers. Wet flood-proofing measures aim to limit the damage once 
water has entered a building; an example of this is the use of adapting 
interior fittings to flooding. Financial incentives are only offered for this 
sub-set of risk reducing measures because this is a common feature of 
insurance schemes in practice (see e.g., Surminski et al., 2015); it is possible 
that this feature is used for the reason of minimizing the transaction costs 
of offering premium discounts. This study focuses on these particular 
measures because Chapter 3 showed that these two measures have been 
effective in limiting flood damage during a major flood event. The 
uncertainty around the risk reduction from the measures is modelled using 
the 95% confidence interval around the prevented flood damage ratios in 
Table 5.2 in order to capture both the uncertainty in risk and mitigation 
effectiveness.20 The values are {0.082, 0.174} for the selected dry flood-
proofing measure and {0.191, 0.301} for the wet flood-proofing measure. 
The households may employ either or both of the investigated measures. 

The final premium that is offered to a household is displayed in eq. (5.5). In 
case a household employs a risk reduction measure, the premium is then 
lowered in line with the first element of eq. (5.5); otherwise they are 
charged the baseline premium, which is the second element of the eq. (5.5) 
that is set at the start of period t. 

Table 5.2 A summary of the benefits and costs of household flood risk 
reductions 

Name of risk 
reduction measure 

Description Effectiveness ratio 
(upper/lower 
bound)  
 

Investment cost 
(upper/lower 
bound) 

Wet flood-proofing 
(DRR=1) 

Avoid valuable fixed units and 
or interior fittings in flood 
endangered floors 

0.246 
{0.191,0.301} 

€2,389 per buildinga  

 {€800,€7250}b 

Dry flood-proofing 
(DRR=2) 

Mobile barriers to prevent 
water entering the building 

0.128 
{0.082,0.174} 

€471 per buildingc  

{€265,€845}b 

Notes:  a The estimate is based on (Aerts et al., 2013) and has been converted into EUR from USD 
using the  average PPP exchange rate over 2004-2011.  

 b Based on Poussin et al. (2015). 
c Estimated on the basis of communications with: www.boxbarriers.com; www.slamdam.nl 

                                                           
20 This was calculated by assuming a normal distribution and using the variance of dry or wet flood-
proofing measure effectiveness from Chapter 3 and the variance of the risk data from Kreibich et al. 

(2005). The confidence interval is calculated as 𝐸𝑅 ± 1.96 ∗ √𝑉𝑎𝑟 (
𝐷𝑎𝑚𝑎𝑔𝑒 𝑃𝑟𝑒𝑣𝑒𝑛𝑡𝑒𝑑

𝐷𝑎𝑚𝑎𝑔𝑒 𝑆𝑢𝑓𝑓𝑒𝑟𝑒𝑑
). 

http://www.boxbarriers.com/
http://www.slamdam.nl/
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Separate discounts are offered for each measure employed. Therefore, 
premiums are further differentiated at the household-level based on the 
risk reductions implemented. This implies that incentives to free ride on 
mitigation investments from others are limited since households who do 
not employ risk reductions are not eligible for premiums discounts. The 
baseline premium also does not change due to the employment of risk 
reduction measures. In both cases, insurers will charge a fixed loading 
factor (𝜆) in order to cover the costs of conducting business. The loading 
factor is assumed to equal 30% of the baseline premium as is common in 
the insurance literature (e.g. Gollier, 2003).  

 𝜋𝑖,𝑗,𝑡 = {
(1 + 𝜆)(1 − ∑𝐸𝑅𝐷𝑅𝑅,𝑖)�̅�𝑗,𝑡 𝑖𝑓 𝐷𝑅𝑅 𝑚𝑒𝑎𝑠𝑢𝑟𝑒(𝑠) 𝑖𝑠 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑑

(1 + 𝜆)�̅�𝑗,𝑡 𝑖𝑓 𝑛𝑜 𝐷𝑅𝑅 𝑚𝑒𝑎𝑠𝑢𝑟𝑒(𝑠) 𝑖𝑠 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑑
                 (5.5) 

The number of households at risk of flooding in a regional pool 𝑁𝐻𝑗,𝑡 is an 

important factor in calculating the premium to be charged. This number 
changes over time in accordance with eq. (5.6) where Pj,t stands for 

regional population within a regional pool and (
NH

P
)

̅̅ ̅̅ ̅̅

j
 is the average ratio of 

households to population within a region: 

𝑁𝐻𝑗,𝑡 = 𝑃𝑗,𝑡 (
𝑁𝐻

𝑃
)

̅̅ ̅̅ ̅̅ ̅

𝑗
                                     (5.6) 

Pj,t is based on the results given by Rojas et al. (2013), who provide an 

estimate of the number of people at risk of a flood event under the SERS 
A1B climate scenario while assuming a constant population. In this study, 
changes in future population are accounted for by rescaling the baseline 
number of people exposed to flooding based on a regionally disaggregated 
EUROPOP2010 projection up to 2060.21 This projection assumes a constant 
number of individuals per household based on the ratio of average 
households and population over 1999–2013. However, this may be an 
underestimate of the number of households since there may be a 
movement towards more single occupant households. This implies that the 
estimate for future households is a possible lower bound. 

                                                           
21 The SERS A1B and EUROPOP2010 population projections differ slightly. However, they both follow the 
same trends. The EUROPOP2010 projection has been used as it is more suitable for further regional 
differentiation. 
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5.2.1.4 Affordability of insurance and insurance vouchers 
A common approach to judge the affordability of expenditure is based on 
residual income (e.g., Blumberg et al., 2007; Stone, 2010). This approach 
regards insurance coverage as unaffordable when both the insurance 
premium and the expected value of the deductible exceed a certain 
percentage of disposable income (Blumberg et al., 2007). There is also a 
strand of literature arguing that individuals should not be forced into 
poverty because of insurance (e.g. Kunreuther and Michel-Kerjan, 2009). In 
Europe, the poverty line is officially defined to be at 60% of median 
disposable income. Given the importance of preventing poverty, insurance 
is considered to be affordable when purchasing it does not reduce a 
household’s disposable income below the poverty line.  

The affordability indicator is presented in eq. (5.7). In eq. (5.7), q is the qth 

percentile, 𝐼𝑛𝑐𝑜𝑚𝑒𝑗,𝑞 is the qth income percentile in region j, 𝐸(𝐷𝑖,𝑗,𝑡) is the 

expected deductible, and the poverty line is taken using the national 
poverty line. 

𝑎𝑓𝑓𝑜𝑟𝑑𝑎𝑏𝑙𝑒𝑗,𝑞 = {
0 𝑖𝑓 𝜋𝑖,𝑗,𝑡 ≥ 𝐼𝑛𝑐𝑜𝑚𝑒𝑗,𝑞 − 𝑃𝑜𝑣𝑒𝑟𝑡𝑦 𝐿𝑖𝑛𝑒 − 𝐸(𝐷𝑖,𝑗,𝑡)

1 𝑖𝑓 𝜋𝑖,𝑗,𝑡 < 𝐼𝑛𝑐𝑜𝑚𝑒𝑗,𝑞 − 𝑃𝑜𝑣𝑒𝑟𝑡𝑦 𝐿𝑖𝑛𝑒 − 𝐸(𝐷𝑖,𝑗,𝑡)
        (5.7) 

In eq. (5.7), insurance is unaffordable if affordablej,q = 0 as insurance costs 

would cause a household to fall below the poverty line. Eq. (5.7) is 
estimated using the disposable income of the average households in 2011, 
which was the last year for which regional income data is available. The 
2011 income level is adjusted for changes in exposure (see Section 5.2.1.2). 
Moreover, by assuming that the national household income distribution is 
applicable to a NUTS 2 region, the percentage of households that cannot 
afford insurance is estimated. Income growth is modelled by shifting the 
income distribution rightward while keeping a constant shape. 

Kousky and Kunreuther (2013) propose that providing vouchers can 
overcome unaffordability of flood insurance. An individual receives a 
voucher if eq. (5.7) is equal to 0 with a value equal to the difference 
between the insurance premium and the affordability threshold up to the 
value of the insurance premium. For example, if the premium is €100 and 
there is a residual income (above the affordability threshold) of €60, the 
voucher should is valued at €40. This allows for affordability concerns to be 
eased while the deductible remains.  
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However, the voucher can act as an indirect premium subsidy, which 
stimulates development in flood-prone areas. Therefore, it should be 
phased out and only offered to current residents and not to new residents 
in flood-prone areas (Kousky and Kunreuther, 2013). In order to model 
these features and to move away from the composition of households, only 
households present in the starting year of the program are eligible for a 
voucher. Moreover, the percentage of the insurance premium that the 
voucher covers falls by 5 percentage points a year. Thus, after 20 years the 
voucher will no longer be offered. The cost of starting such a voucher 
scheme will be investigated at different points in time, namely for the years 
2015 and 2040. The purpose is to illustrate how these costs may develop as 
a result of future socio-economic development and climate change. 

5.2.2 Behavioural model of household flood risk adaptation investments 
5.2.2.1 Decision rules 

The behavioural model of household-level adaptation estimates how many 
households invest in the two flood risk reductions under conditions that are 
with financial incentives from insurers and also without these incentives. If 
financial incentives for mitigation are not offered, households will then 
base their decisions on their subjective beliefs about the benefits of dry and 
wet flood-proofing measures.  

It is assumed that the decision-making process is based on subjective 
expected utility theory (Savage, 1954). It is assumed that policyholders take 
investment decisions on the basis of costs and benefits, while the perceived 
benefits of mitigation can diverge from actual benefits due to over- or 
underestimating flood risk. Accounting for such misperceptions of risks is 
important, because even though it is often found that a proportion of 
people has rational risk perceptions and behaves according to expected 
utility theory, others deviate from this theory (Hey and Orme, 1994; 
Harrison and Rustrom, 2009; Conte and Hey, 2013). Such deviations can 
result from probability weighting; this can be seen in Prospect Theory, for 
example. In addition, bounded rationality may explain why individuals are 
uninformed about the objective risk because of the presence of (intangible) 
costs of gathering information regarding low-probability risk (Kunreuther 
and Pauly, 2004). In this study, such deviations from rationality are 
accounted for by allowing decisions to be made on subjective risk beliefs, 
which may deviate from objective risk, as will be discussed in the calibration 
of risk perceptions in Section 5.2.2.2. 
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Households can consider investing in each measure separately. Eq. (5.8) 
shows that the benefits of investing in a dry or wet flood-proofing measure 
(𝜔𝑖,𝑗,𝑡) are different and are dependent on whether a financial incentive is 

present or whether the household must base their decision on their 
perceived benefits. The first element of eq. (5.8) is the case of financial 
incentives and the benefit is the premium discount, while the second 
element in the equation is the case where households base their 
investment decision on their perceived benefits. The perceived benefits are 
based on the household’s share of the expected regional loss and the 
potential reduction in these losses. These benefits are converted into 
subjective benefits via 𝜑𝑖. The variable 𝜑𝑖  is a random draw for each 
household from the overall 𝜑 distribution of risk perceptions; it is also a 
rescaling term and will account for the possible misperceptions of the flood 
probability and the expected flood loss, which is related to the 
effectiveness of the risk reduction. The purpose of 𝜑𝑖  is to act as a rescaling 
value, and 𝜑𝑖  can take values over [𝜑(≥ 0),∞]. For instance, if 𝜑𝑖 = 𝜑 = 0, 

then 𝜔𝑖,𝑗,𝑡
𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒

= 0 and the household sees no benefit from these 

measures. If 𝜑𝑖 = 1, the household’s subjective risk reduction benefits 
equals the objective benefits. A value of 𝜑𝑖 ≶ 1 overestimates (>) or 
underestimates (<) the benefits of risk reduction.  

 𝐵𝑒𝑛𝑒𝑓𝑖𝑡𝑠 = {

 𝜔𝑖,𝑗,𝑡
𝐼𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒 = 𝐸𝑅𝐷𝑅𝑅�̅�𝑗,𝑡

 𝜔𝑖,𝑗,𝑡
𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒

= 𝜑𝑖𝐸𝑅𝐷𝑅𝑅
∫ 𝑝𝐿(𝑝)𝑗,𝑡𝑑𝑝
�̅�

0

𝑁𝐻𝑗,𝑡

                       (5.8) 

Once the potential benefits in each period has been calculated, the 
household will make the cost-effectiveness calculation, eq. (5.10), using the 
higher value benefit, eq. (5.9). This can be interpreted in the following 
manner. If a household underestimates the benefits from risk reducing 
measures, the decision to invest in mitigation is determined by the 
premium discount. Households that have subjective benefits of mitigation 
that are larger than the premium discount base their decision to mitigate 
on their subjective risk reduction beliefs. In other words, these households 
overestimate the benefits of risk reduction; as a result, they can employ risk 
reducing measures even if these measures are not cost-effective. These 
households have an intrinsic motivation to implement risk reduction 
measures and are unlikely to change their behaviour due to external 
financial incentives.  
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 𝜔𝑖,𝑗,𝑡
∗ = {

 𝜔𝑖,𝑗,𝑡
𝐼𝑛𝑐𝑒n𝑡𝑖𝑣𝑒 𝑖𝑓  𝜔𝑖,𝑗,𝑡

𝐼𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒 >  𝜔𝑖,𝑗,𝑡
𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒

 𝜔𝑖,𝑗,𝑡
𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒

𝑖𝑓  𝜔𝑖,𝑗,𝑡
𝐼𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒 ≤  𝜔𝑖,𝑗,𝑡

𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒
                                (5.9) 

Once the benefit of mitigation in a time period has been decided upon, the 
overall investment decision framework is presented in eq. (5.10). In eq. 
(5.10) a household will decide to invest in a particular risk reduction if the 
discounted benefits over 20 years are larger than the upfront investment 
costs, ICDRR. Discrete time discounting is used where the discount rate is 
given by 𝛿. 

𝑢𝑝𝑡𝑎𝑘𝑒 = {
𝑌𝑒𝑠 𝑖𝑓 ∑ (

1

1+𝛿
)
𝑡

𝜔𝑖,𝑗,𝑡
∗ − 𝐼𝐶𝐷𝑅𝑅 ≥ 0 𝑓𝑜𝑟 𝐷𝑅𝑅 = 1,220

0

N𝑜 𝑖𝑓 ∑ (
1

1+𝛿
)
𝑡

𝜔𝑖,𝑗,𝑡
∗ − 𝐼𝐶𝐷𝑅𝑅 < 020

0  𝑓𝑜𝑟 𝐷𝑅𝑅 = 1,2
             (5.10) 

𝛿 is fixed within nations and is 3.2% for France and 4.3% for Germany 
(Evans and Sezer, 2005). Households will only consider benefits over a 20 
year period (e.g., Kreibich et al., 2011). This can either be viewed as the 
assumed lifespan of the measures or as myopia. 

5.2.2.2 Calibrating the decision rule parameters 
A distribution of individual flood risk perceptions is required to estimate 𝜑𝑖. 
However, there is no previous research that has estimated the parameters 
of such a distribution, which is why it is calibrated using existing data. To 
model the risk perception distribution an appropriate shape for the 
distribution must be found. In order to select the distribution, a series of 
left bounded distributions were fitted to survey data of individual risk 
perceptions. Left bounded distributions are required because the lowest 
draw should be 0, which reflects individual believes that flood risk and 
benefits from flood risk mitigation are zero. Data collected in Botzen et al. 
(2010) and in Botzen et al. (2014) is used to find an appropriate shape. 
These surveys studied how perceptions of flood probabilities of households 
compare with objective flooding probabilities. It was found that this 
variable most closely follows a generalized Pareto distribution, as judged by 
Bayesian information criteria. 

The calibration of the German risk distribution is based on the uptake rates 
of dry or wet flood-proofing provided in Kreibich et al. (2005) and uses the 
average risk faced and flood-proofing employment rate in the following 
NUTS 2 regions: Chemnitz, Dresden, Leipzig, and Sachsen-Anhalt in 2002. 
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The calibration of the French risk distribution is based on Poussin et al. 
(2014) for the average risk faced and flood-proofing employment rate in the 
following NUTS 2 regions: Champagne-Ardenne, Provence-Alpes-Côte 
d’Azur and Poitou-Charentes in 2011. The calibrated distribution is applied 
to other NUTS 2 regions in Germany and France by scaling the perceived 
risk according to the average flood risk per region. This implicitly assumes a 
representative or average household. Assuming the presence of a 
representative household implies that a single representative calibrated risk 
perception distribution is applied to flood-prone regions in France or 
Germany. The parameters of the calibrated distribution are then assumed 
to be fixed and applied to the separate NUTS 2 regions using the risk data 
for that specific region. Therefore, differing regional values of 𝜑∗ are 
calculated to indicate different levels of regional flood-proofing usage.  

The PDF of the Generalised Pareto distribution is given by eq. (5.11) and the 
calibrated parameters in Table 5.3. The parameter 𝜃 can be interpreted as a 
threshold value. In the generalised Pareto distribution, where if k>0 then 𝑥 
can only take values such that 𝑥 ≥ 𝜃.  

𝑓(𝑥|𝑘, 𝜎, 𝜃) = (
1

𝜎
) (1 + 𝑘

𝑥−𝜃

𝜎
)
−
1

𝑘
                                                   ( 5.11) 

Table 5.3 Calibrated parameters of the Generalised Pareto distributions 

 France Germany 

 k 𝜎 𝜃 k 𝜎 𝜃 k 𝜎 𝜃 
 Baseline Bubeck et al. (2012) 
Wet 
flood-
proofing 

1.91 0.191 0.096 1.61 0.61 0 3.46 0.35 0.18 

Dry 
flood-
proofing 

0.44 0.044 0.022 1.14 0.114 0.057 1.31 0.13 0.07 

Notes: The risk perception distribution is calibrated using survey data from: a Poussin et al. (2014); b 

Kreibich et al. (2005); c Bubeck et al. (2013). 

The parameters of the generalized Pareto distribution are estimated such 
that the outcomes of the assumed decision rules (Section 5.2.2.1) are 
consistent with the observed household wet or dry flood-proofing uptake 
rates. For this purpose, survey data is used from Kreibich et al. (2005) and 
Bubeck et al. (2013), who examine implementation of dry and wet flood-
proofing measures by households in flood-prone regions in Germany; data 
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for France is taken from Poussin et al. (2014), who examines this for flood-
prone regions in France. Such estimates of implementation of the dry and 
wet flood-proofing measures by households in flood-prone areas are more 
relevant than such estimates from a national sample, such as the ones 
provided by Osberghaus (2015) Germany. The reason for this is because 
only mitigation investments by flood-prone households are modelled in this 
study.  

In particular, the distribution is calibrated in a way where  𝜔𝑖,𝑗,𝑡
𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒

 

results in cost-effective employment for a known proportion of the 

households at risk of flooding. The coefficient 𝜔𝑖,𝑗,𝑡
𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒

 is the objective 

benefits rescaled by a draw from the risk perceptions distribution. 
Therefore, the draw where the subjective benefits are to equal the 
measures investment costs (denoted as 𝜑∗) determines the percentage of 
households that implement a particular measure. For example, if the value 
of 𝜑∗ corresponds to the 90th quantile of the distribution, then 10% of the 
households find the measure cost-effective. Formally, the required value of 
𝜑∗ is calculated using the following equation: 

𝜑∗ =
𝐼𝐶𝐷𝑅𝑅

𝐸𝑅𝐷𝑅𝑅 ∑ (
1

1+𝛿
)
𝑡
(
∫ 𝑝(𝐿𝑗,t)(𝐿𝑗,𝑡)
∞
𝐿(𝑃𝑇𝑗)

𝑁𝐻𝑗,𝑡
) 20

0

             (5.12) 

The next step is to calibrate the parameters of the distribution in a way 
where 𝜑∗ corresponds to the value of the target quantile. Each risk 
reduction measure has a separate risk perception distribution in each 
country. The uncertainty of these distributions are reflected by calculating 
three of such distribution based on the survey data given by Poussin et al. 
(2014), Bubeck et al. (2013) and Kreibich et al. (2005). These three 
estimates are interpreted as three different scenarios of risk perceptions; 
the resulting parameters can be found in Table 5.3. The calibrated 
distributions indicate that the majority of households underestimate the 
overall benefits from dry or wet flood-proofing measures. A minority 
overestimate such benefits, which is in line with the observation of many 
studies (e.g., Botzen et al., 2009b; Kunreuther and Michel-Kerjan, 2009). 
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5.3 Results 
5.3.1 Risk-based flood insurance premiums 

Table 5.4 summarises the estimated premiums. German insurance 
premiums increase on average by 77% over 2015–2040 from an average 
premium of €280 in 2015, while this is 48% for France over the same period 
from an average premium of €1,100. This large difference in flood insurance 
premiums is caused by a higher average flood risk per household in France 
compared with Germany. Other flood risk model studies (e.g., Dumas et al., 
2013; Hattermann et al., 2014) produce similar flood risk estimates for 
these countries as compared with the work by Rojas et al. (2013). This can 
be explained by lower flood protection standards in many areas of France, 
which result in a higher annual average flood risk (Lehner et al., 2006). The 
estimated average flood risk is increasing across all regional pools; 
however, regional growth rates are quite different, resulting in a higher 
standard deviation (SD) over time. Moreover, the range of premiums in 
Germany is relatively wider than in France; the maximum premium in 
Germany is about 5 times as large as the minimum, while for France it is 
only 3 times. Risk in France appears to be somewhat more equally spread, 
while in Germany differences are more pronounced.  

The expected premiums grow due to a combination of socio-economic 
development, population change, and climate change. Out of these three 
drivers, climate change has the smallest effect, but this effect depends on 
the scenario used. The hydrological model from Rojas et al. (2012) that 
underlies this chapter’s risk predicts small changes for the areas 
investigated in the current chapter, due to the diverse magnitudes of 
regional climate change simulated by the climate models used in the 
hydrological analysis. Exposure growth has the largest effect as it increases 
flood risk by 2% per year on average across both Germany and France. This 
exposure growth especially increases average premiums per household in 
Germany where the number of households on average decline with -0.54% 
per year, while in France the number of households grows with 0.2% 
annually. In other words, the growth in exposed values per household is 
higher in Germany, which results in a stronger increase in average flood 
insurance premiums. 

Schwarze et al. (2011) estimate a natural hazard insurance premium in 
Germany between €313-€376 per year with a deductible of 1% of the 
insured value or 10% of the damage suffered. That estimate is based on 
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what insurance companies would charge for insuring a model household 
that includes the risk element and the various cost loadings required to 
remain profitable. The mid-point estimate (€345) is about 20% larger than 
the average estimated premium presented in Table 5.4, which suggests that 
the estimated premium is close to the current actual natural hazard 
premium in Germany.22  

It is difficult to compare the estimated premiums to current insurer practice 
for France due to the current disconnection of premiums with risk. The 
estimated premiums are on average 52 times larger in 2015 than the 
current premiums stated by The World Bank (2012). This large increase in 
premiums is due to two main reasons. First, the estimated premiums reflect 
the risk faced in this model, while this connection of premiums with risk is 
not present in the current French natural disaster insurance. Second, this 
chapter’s estimated premiums reflect total flood risk that is spread (or 
averaged) over only households in floodplains, while the costs of current 
natural disaster premiums in France are spread over all households in 
France. Evidently, this solidary aspect of making all households pay for 
premium costs irrespective if they are flood-prone, which results in much 
lower premiums of the current natural disaster insurance in France. 

Table 5.4 A summary of the estimated average insurance premiums 
(EUR/per year) for Germany and France in 2015 and 2040 

 Germany France 

 2015 2040 2015 2040 
Average risk-based 
premium 

€280 €490 €1100 €1600 

SD  €110 €200 €370 €530 
Minimum 
premium 

€110 €190 €650 €940 

Maximum 
premium 

€530 €960 €1900 €3000 

                                                           
22 The slightly smaller estimated premium can be the result of a higher degree of risk-sharing across 
households in this chapter’s scheme or because the current German insurance premium is based on 
coverage of multiple risks as German insurers do not always differentiate between riverine and flash 
floods. It is also possible that the proposed deductible is larger than the deductibles currently in place in 
Germany. 
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5.3.2 Household-level adaptation: investments in flood risk reductions 
5.3.2.1 Adaptation investments in risk mitigation in the absence of financial 

incentives 
Table 5.5 presents the effects of the estimated employment rates of wet 
and dry flood-proofing measures on the total expected annual damage for 
France. These estimates depend on the risk perception scenario. In this 
study, scenario 1 is taken as the baseline or the most likely scenario since 
that risk perception distribution is based on French data (Poussin et al., 
2014). For this scenario, the French estimates indicate that without 
financial incentives risk is reduced by 10% in France in 2015 on average, 
which grows to 13% in 2040. Table 5.6 presents the effects of the estimated 
employment rates of wet and dry flood-proofing measures on the total 
expected annual damage for Germany. For Germany, risk perception 
distribution 2 is taken as the baseline scenario since it is based on the large 
survey dataset of Kreibich et al. (2005). For this scenario, the estimated 
employment rates result in an estimated 6% risk reduction in 2015 growing 
to 9% in 2040.  

The higher risk faced in France results in more investment in risk reduction 
compared with Germany. However, risk grows faster in Germany than in 
France so the degree of risk reduced as a result of employment of risk 
reduction measures grows more rapidly in Germany. The growth in risk 
reduction is driven by the increased employment of different risk reduction 
measures in the two countries. For instance, the implementation rate of dry 
flood-proofing in France grows by an additional 23 percentage points 
compared to Germany over the 2015–2040 period. Wet flood-proofing 
grows by an additional 8 percentage points in Germany over the same 
period. Overall results slightly differ with respect to the risk perception 
scenario used. Results of the baseline scenarios (scenarios 1 and 2) are 
most similar when applied to either France or Germany and differing by 
only a few percentage points. Scenario 3 results in the highest risk 
reduction from flood-proofing based on risk perceptions. An explanation is 
that the calibration of scenario 3 is based on data from Bubeck et al. (2013), 
which includes respondents along the river Rhine who have repeatedly 
experienced flooding. As a result, those respondents have high risk 
perceptions and high levels of flood preparedness (Bubeck et al., 2012). It 
can be perceived that the estimated shares of households implementing 
flood risk reductions are low compared to recent estimates by Osberghaus 
(2015), who found that about 27% of households adopted flood risk 
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reductions. This difference can be explained in two ways. First, the sample 
populations differ. Second, the survey by Osberghaus (2015) took place 
after Germany has experienced more repeated flood events—such as major 
floods in 2002, 2006 and 2013—than respondents in this chapter’s survey 
data from 2005; this may have induced the higher levels of flood 
preparedness reported in Osberghaus (2015). 

5.3.2.2 Adaptation investments in risk mitigation with financial incentives 
through insurance 

In this section, results are presented for the policy scenario in which 
households receive premium discounts when they mitigate flood risk. 
Flood-proofing is stimulated through this financial incentive, which as a best 
outcome can have the effect that all flood-prone households in a region 
implement the flood-proofing measure when the discount is sufficient to 
make this measure cost-effective.  

In both countries, the financial incentives for investing in risk reductions 
measured correct for the low average individual flood risk perceptions. 
Financial incentives are very successful in France (see Table 5.5) as the 
estimated reduction in risk is 37% across the entire period modelled. This is 
because the financial incentive is large enough to make both measures 
cost-effective across all flood-prone regions. Depending on the flood risk 
perception scenario, the premium discounts for mitigation reduce flood risk 
more than the situation without such incentives by between 8-27 
percentage points on average in 2015 and between 14-24 percentage 
points on average in 2040. 

For Germany, the financial incentives for wet or dry flood-proofing results 
in reduced flood risk of 11% in 2015 and 21% in 2040 in the baseline risk 
perception scenario (see Table 5.6). In Germany, financial incentives are not 
large enough in 2015 to provide cost-effective wet flood-proofing 
incentives for all flood-prone households in a regional pool. By 2040, the 
premium discount provides flood-prone households in nine regions with 
sufficient incentives to make the wet flood-proofing measure cost-effective. 
Dry flood-proofing measures are cost-effective for flood-prone households 
in 16 regions in Germany in 2015; this increases to 36 regions by 2040. 
Depending on the flood risk perception scenario, the premium discounts for 
mitigation reduce flood risk more than the situation without such incentives 
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by between 4-10 percentage points on average in 2015 and between 8-15 
percentage points on average in 204023.  

 

 

                                                           
23 The results assume that that all households behave according to the cost-benefit assessment of eq. 
5.10. However, if the incentives are less effective, the additional risk reduction falls. Supposing that 
financial incentives increase employment rates of only 30% of households, a 1 percentage point risk 
reduction in Germany and 2 percentage points in France would occur under the preferred baseline 
scenario. This is 4 percentage points lower than the best case outcome.  
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Table 5.5 Estimates of the average flood risk reduction due to household flood-proofing measures within French NUTS 

2 regions, with and without financial incentives, under three risk perception scenarios 

 Risk perception 
scenario 1

a
 

 Risk perception 
scenario 2

b
 

 Risk perception scenario 
3

c
 

2015 
 Without 

financial 
incentives 

With 
financial 
incentives 

Difference 
(percentage 
points) 

 Without 
financial 
incentive
s 

With 
financial 
incentives 

Difference 
(percentage 
points) 

 Without 
financial 
incentives 

With 
financial 
incentives 

Difference 
(percentage 
points) 

Mea
n 

10% 37% 27   14% 37% 18   19% 37% 18 

SD 2% 0%   3% 0%   3% 0%  
Max 15% 37% 22   21% 37% 12   25% 37% 12 
Min 7% 37% 30  11% 37% 22  15% 37% 22 

2040 
Mean 13% 37% 24   18% 37% 19   23% 37% 14 
SD 3% 0%   3% 0%   3% 0%  
Max 20% 37% 17   26% 37% 11   31% 37% 6 
Min 9% 37% 28   13% 37% 24   18% 37% 19 

Notes: The risk perception distribution is calibrated using survey data from: a Poussin et al. (2014); b Kreibich et al. (2005); c 

Bubeck et al. (2013). 
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Table 5.6 Estimates of the average flood risk reduction due to household flood-proofing measures within German NUTS  

2 regions, with and without financial incentives, under three risk perception scenarios 

 Risk perception scenario 1
a
  Risk perception scenario 2

b
  Risk perception scenario 3

c
 

2015 
 Without 

financial 
incentives 

With 
financial 
incentives 

Difference 
(percentage 
points) 

 Without 
financial 
incentives 

With 
financial 
incentives 

Difference 
(percentage 
points) 

 Without 
financial 
incentive
s 

With 
financial 
incentives 

Difference 
(percentage 
points) 

Mea
n 

4% 14% 10   6% 11% 5   10% 14% 4 

SD 1% 7%   1% 7%   2% 7%  
Max 6% 23% 17   9% 20% 11   14% 23% 9 
Min 3% 6% 3  4% 4% 0  7% 7% 0 

2040 
Mean 6% 21% 15   9% 21% 12   13% 21% 8 
SD 1% 9%   2% 8%   2% 7%  
Max 9% 37% 28   13% 37% 14   18% 37% 19 
Min 4% 4% 0   5% 5% 0   9% 9% 0 
Notes: The risk perception distribution is calibrated using survey data from: a Poussin et al. (2014); b Kreibich et al. (2005); c Bubeck et al. (2013).
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5.3.3 Affordability of the risk-based priced insurance and insurance vouchers 
The affordability of the risk-based premium is an issue for a non-negligible 
share of households. In Germany, the estimated premiums would be 
unaffordable across the 2015–2040 period for an average of 18% (SD = 5%) 
of flood-prone households within a regional pool. For France, this estimate 
is about 22% (SD = 3%) for 2015 and 2040. Affordability is less problematic 
for Germany because of the lower level of average flood risk. Nevertheless, 
in both countries the share of flood-prone households for whom the 
insurance is unaffordable is rather large, highlighting the need for a voucher 
scheme. 

In both countries, the premiums grow over time; thus, delaying the 
introduction of the proposed scheme increases the vouchers costs. Table 
5.7 also shows that the total Net Present Value (NPV) of offering an 
insurance voucher to the households in Germany in 2015 would cost €0.68 
billion, which increases to €1.03 billion if the program starts in 2040. The 
number of households that would be eligible for the voucher falls over the 
period, but the premiums increase at a faster rate resulting in an overall 
increase. France faces substantially higher voucher costs that are about 4 
times higher than Germany. These costs increase at a faster rate in France 
compared to Germany due to both an increase in the number of eligible 
households and premiums. However, while the voucher costs are large, the 
benefits from additional risk reduction in the future are larger than the 
voucher costs.24 While the primary benefits of linking household risk 
reduction and insurance incentives is the additional risk reduction, the 
observation that the overall voucher costs are smaller than the overall 
benefits may ease social concerns. 

 

 

 

 

 

                                                           
24 As long as the average measure implantation rate is increased by at least 40 percentage points, the 
ratio of voucher NPV and the NPV of risk reduced is smaller than 1. 
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Table 5.7 Costs in Net Present Value (NPV) of an insurance voucher scheme to maintain insurance 
affordability 

 Germany France 

 2015 2040 2015 2040 
Average Voucher 
NPV cost per 
household 

€2600 €4400 €9400 €14000 

SD of the average 
voucher NPV 

€990 €1800 €2800 €4100 

Minimum value of 
the average voucher 
NPV 

€1000 €1700 €5100 €7400 

Maximum value of 
the average NPV 

€4800 €8400 €16000 €24000 

Total NPV of the 
vouchers 

€0.68bn €1.03bn €1.95bn €3.1bn 

National voucher 
NPV / NPV damage 
reduced 

1.22 0.67 0.4 0.45 

 

5.3.4 Sensitivity analysis 
5.3.4.1 The premium estimate 

The first element of the sensitivity analysis is to test the sensitivity of the 
estimated insurance premiums to the uncertainty in the underlying risk 
estimates. This sensitivity test is conducted by estimating the 95% 
confidence interval around the estimated probability exceedance curves. 
On the whole, using both the upper and lower bound of the damage 
estimates results in the estimated premiums being 1% higher and 1% lower 
on average respectively; this applies for both France and Germany. Basing 
the analysis on the upper or lower bound of risk estimates does not 
substantially alter the results of the analysis. A second source of uncertainty 
for the estimation of the average premium is the number of households 
within a regional pool. This is investigated by constructing a 95% confidence 
interval around the number of households. The upper bound of the number 
of households alters premiums by +5% in Germany and +10% in France. For 
the lower bound, premiums are altered by -5% in Germany and -10% in 
France. Overall, this uncertainty in premiums has no noticeable impact on 
affordability (i.e. unaffordability still applies to 18% of households in 
Germany) or the overall investments in flood-proofing measures.  
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5.3.4.2 The effectiveness of risk reduction measures 
Assuming a different level of effectiveness of the flood-proofing measures 
can alter the baseline implication level of flood-proofing measures in a 
situation without financial incentives. Under the baseline risk perception 
scenarios, the upper effectiveness bound results in an average risk 
reduction that is 3 percentage points higher in France; in Germany, the 
average risk reduction is 2 percentage points higher, with the number 
reaching to 11 percentage points by 2040. For the lower bound of the 
effectiveness of risk reduction, this average risk reduction is 4 percentage 
points lower in France; in Germany, it is roughly 2 percentage points lower, 
with the number reaching to 7 percentage points by 2040. 

The uncertainty of the effectiveness of flood proofing also influences the 
strength of the financial incentives for risk reduction. Considering Germany 
first, the upper bound of the confidence interval for dry flood-proofing 
results increases the number of regions for which the incentive makes the 
measure cost-effective by 12 regions; for the lower bound, the number of 
regions is decreased by 9 regions instead. The 2040 results do not differ 
from the baseline for the upper bound estimate, but the number of regions 
with cost-effective dry flood-proofing incentives declines by 15 regions for 
the lower bound. The use of the upper or lower bound makes no difference 
for dry flood-proofing in France. Using the wet flood-proofing upper 
effectiveness bound in Germany increases the full employment rate by 
flood-prone households of this measure by 1 region in 2015 and by 5 
regions in 2040. Using the lower effectiveness bound does not change the 
2015 results for Germany in 2015, but it lowers the full use of dry flood-
proofing by 5 regions in 2040. The upper-bound makes no difference to 
effectiveness of the financial incentives in France. The use of the lower 
bound in 2015 results in 4 fewer French regions taking the measure, but by 
2040 the results no longer differ. 

Overall conclusions regarding the effectiveness of stimulating investments 
in flood-proofing through financial incentives—compared with the situation 
without such investments—are robust to this source of uncertainty. This is 
especially the case for France where the average additional risk reduction 
with added financial incentives is within an additional 17 to 34 percentage 
points in 2040 depending on the assumed degree of effectiveness of flood-
proofing. Thus, the flood-proofing benefits are substantial across the 
sensitivity range. This range is with 2-23 percentage points a bit wider for 
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Germany. The level of risk in France is so sufficiently high that the 
uncertainty of the effectiveness of flood-proofing is largely unimportant. 
This could imply that there is a critical level of risk that once it is surpassed, 
only fundamental changes in assumed risk reduction benefits can cause 
reversals of a household’s flood-preparedness decisions. 

5.3.4.3 The costs of risk reduction measures 
The baseline implication rate can alter if the risk perception distributions 
are calibrated with different investment costs. Calibration with the upper 
cost estimates results in an average risk reduction that is 1 percentage 
point lower in both Germany and France in 2040, while for 2015 results 
remain the same. Calibrating to the lower cost bound results in an average 
risk reduction that is approximately the same in 2015 and 2 percentage 
points higher in 2014 for Germany, or 1 percentage point higher in France. 

The results regarding the strength of the financial incentives offered are 
more sensitive to flood-proofing costs. In particular, wet flood-proofing is 
sensitive to the cost estimate used since the upper bound of the cost 
estimates implies that the financial incentives do not make wet-flood-
proofing cost-effective for a single region in either France or Germany. 
Using the lower bound of cost estimates for wet flood-proofing does not 
change the results for France, while for Germany the number of regions for 
which the measure becomes cost-effective when financial incentives is 
offered increases to 36 in 2040. 

Dry flood-proofing also has a wide range of cost estimates, but for France 
the range of dry flood-proofing costs has no overall effect on the 
effectiveness of financial incentives in stimulating flood-proofing. Germany, 
however, experiences noticeable differences since in 2015 the lower bound 
of the costs results in flood-prone households in 12 additional regions 
finding the measure cost-effective in in 2015.Using the upper bound results 
in households in only 2 regions finding dry flood-proofing cost-effective, 
which grows to 15 regions by 2040 for the upper bound of costs; for the 
lower bound, the number grows to 38 regions.  

Overall, the sensitivity analysis of the costs of the flood-proofing measures 
mainly shows that cost uncertainty affects the relative attractiveness of 
employing one measure when compared with another. In particular, dry-
proofing is more relatively attractive when the costs of wet-proofing 
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approach the higher bound. Even with higher bound cost estimates, flood-
proofing remains cost-effective for many households and financial 
incentives are effective in stimulating investments in such measures.  

5.3.4.4 Time horizon of flood-proofing measures 
Another important factor for implementing the flood-proofing measures is 
the time period over which households will consider the benefits in terms 
of saved flood damage from the measure. The above results have all been 
estimated on the basis of a 20 year time horizon. Expanding the time 
horizon to 40 years does not affect results for France, as in the work by 
Poussin et al. (2015). In Germany, a doubling of the time span of dry flood-
proofing increases the number of regions by 7 in 2015 when insurance 
incentives for risk reduction are offered; these are all regions where this 
measure is found to be cost-effective. The change in time horizon has no 
influence on the adoption of the measure wet flood-proofing in Germany. 
Overall results are thus robust to assumptions about the time horizon over 
which damage savings from risk reduction are considered by individuals. 

5.4 Discussion 
5.4.1 Premiums, flood risk adaptation, and insurance vouchers under the 

proposed insurance scheme in Germany 
The estimated insurance premium of the proposed public-private flood 
insurance is €280 on average for Germany in 2015 (see Section 5.3.1), 
which can be placed in context by a comparison with current premiums. 
Schwarze et al. (2011) estimate flood insurance premiums that are larger 
than this chapter’s estimated premiums, which may be due to lower 
deductibles in practice than assumed in this chapter’s model or this 
chapter’s greater degree of risk pooling. Creating a large pool of both high 
and low risk households who must buy insurance can correct for adverse 
selection, which is a current concern in the German insurance market 
(Schwarze and Wagner, 2007; Seifert et al., 2013). 

The proposed scheme is very effective at promoting adaptation via the 
employment of dry flood-proofing. In particular, in 2015 the financial 
incentive is large enough to provide cost-effective incentives in 16 regions 
to employ this measure, while this increases to 35 regions by 2040. 
Moreover, the use of wet flood-proofing is promoted by the financial 
incentives, albeit to a smaller extent. In 2040, flood-prone households in 7 
regions find this measure cost-effective based on the premium discounts. 
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These 7 regions are more at risk than the regions for which this measure is 
not cost-effective; therefore, this measure is employed where it is most 
efficient. The difference in employment rates between the two flood risk 
reduction measures is mainly the result of investment costs. While the 
premium discount is larger for households that invest in wet flood-proofing, 
the investment costs of this measure are also much higher than for dry 
flood-proofing.  

The average premium under the proposed flood insurance scheme may be 
lower than the current insurance combined with the stronger incentives for 
risk reduction; this observation suggests that the proposed scheme creates 
a positive situation for households and insurers overall. However, despite 
these advantages, it may be desirable to introduce the voucher scheme to 
ensure a smooth transition to the scheme with a stronger link between risk 
reduction and insurance premiums. This is because the proposed insurance 
is estimated to be unaffordable for an average of 18% of households per 
region, which is a large proportion. Moreover, the average estimates could 
be masking large premium increases for certain households, as the SD of 
this chapter’s estimates indicates. 

The desirability of the proposed insurance scheme may be judged according 
to the risk reduction it achieves and the costs of the voucher system. 
Introducing the risk-based premiums and premium discounts for mitigation 
in 2015 is estimated to reduce the expected annual flood damage to 
residential areas by an average of an additional 5 percentage points across 
regions compared to the baseline investments in risk reduction. In 2040, 
the reduction in the regional average level of expected annual damage is 
increased by an additional 12 percentage points. In 2015, the NPV cost of 
the voucher system is 122% of additional damage prevented through risk-
based premiums. However, by 2040 the NPV of the vouchers are 67% of the 
value of the additional damage prevented. Therefore, it appears that the 
benefits of the financial incentives for risk reduction outweigh the costs of 
the voucher scheme over time. In conclusion, the proposed insurance 
scheme is especially beneficial when flood risks increase in the future 
because of climate and socio-economic change. 



144 
 
 

5.4.2 Premiums, flood risk adaptation, and insurance vouchers under the 
proposed insurance scheme in France 
The estimated risk-based flood insurance premium for France is on average 
€1100 in 2015 (Section 5.3.1). It is difficult to place this estimate in context 
with current premiums due to the weak link with risk currently in French 
insurance premiums. However, the premiums estimated are approximately 
52 times larger than the current premiums that are more affordable. An 
advantage of the proposed scheme is that it is very effective at promoting 
household flood risk adaptation. Introducing the financial incentives in 2015 
is estimated to reduce the expected annual flood damage to residential 
areas by an average of 27 additional percentage points across regions 
compared to the baseline investments in risk reduction. In 2040, the 
regional average level of expected annual damage is reduced by an 
additional 24 percentage points. This is because the financial incentives 
offered by the premium discounts over twenty years are sufficient to 
render the investigated risk reductions cost-effective for the investigated 
regions.  

The higher premium of this chapter’s proposed insurance scheme hampers 
the affordability of flood insurance for flood-prone households in France. 
The percentage of households for which the risk-based premiums are 
unaffordable is approximately 22%. Therefore, even though the risk-based 
premiums encourage risk reduction, a voucher system is desirable for 
overcoming affordability problems caused by the proposed insurance 
scheme. In 2015, the NPV cost of the voucher system is 40% of the value of 
the additional damage prevented through financial incentives; in 2014, this 
was at 45%. Therefore, it appears that the benefits of the financial 
incentives for risk reduction outweigh the costs of the voucher scheme 
already in 2015. 

5.4.3 A comparison of changes in flood risk over time and household-level 
adaptation between Germany and France 
The main driver of changes in flood insurance premiums, and flood risk 
overall, over time in both Germany and France is the growing level of 
exposure under the SERS A1 climate and socio-economic projections. 
Assuming that the flood risk growth rate can be decomposed into two 
equally weighted components, the exposure component over the 2015–
2040 period is 60 times larger than the hazard component in absolute size 
for Germany and 82 times as large in France. For both countries, this 
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contributes substantially more to the final insurance premium estimates 
than changes in climate or population. The second most important driver 
for insurance premiums is the changes in the number of households, which 
affects the potential size of the risk-pool. The effect of population dynamics 
differs between the countries. In Germany, the number of households is 
estimated to fall, causing an upward pressure on average household 
insurance premiums for given exposure growth, while in France the 
increasing number of households limits the effects of increasing exposure 
on the average insurance premium.25 

Climate change plays a relatively smaller role in the development of flood 
insurance premiums, which has been observed in other studies (e.g., Paudel 
et al., 2015). Rojas et al. (2013) predict a slight fall in flood damage in 
France and Germany based on the climate change scenario used here in the 
mid-21st century, and a more rapid increase in the late 21st century. 
Therefore, the main drivers of the trends in average insurance premiums to 
be concerned about in the short to medium term are exposure growth and 
population dynamics. However, unlike climate change, these do not 
represent fundamental changes in the natural hazard (i.e. the likelihood or 
severity of the flood event) and may be easier to cope with, for example, by 
expanding reinsurance coverage (e.g., Dlugolecki, 2008; CII, 2009). If the 
increase in flood risk and premiums is the result of greater wealth, then the 
ability of policyholders to pay higher flood insurance premiums has also 
improved. Climate change, however, would have implied higher premiums 
resulting from factors that are external from the policyholder, which are 
unrelated to an improved ability to pay for these premiums.  

The changing flood risk levels over time have a large influence on 
household investments in flood risk reduction measures in both countries. 
In the absence of insurance incentives, these investments grow less in 
France compared to Germany. This is because the average flood risk grows 
more slowly combined with a greater degree of underestimation regarding 
the flood risk faced in France compared to Germany due to the calibrated 
shape of the risk perception distribution. The importance of changing risk 
levels regarding the effectiveness of financial incentives for risk reduction 
differs between France and Germany. France has relatively high level of 
flood risk, which has the effect that once underestimation of flood risk by 

                                                           
25 Due to the larger pool over which to share losses. 
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individuals has been corrected for, both of the investigated risk reductions 
are cost-effective. As a result, the increasing trend in average flood risk has 
little effect. This result is different for Germany where average levels of risk 
in 2015 are lower than in France and the upward trend in flood risk 
increases the insurance incentives for investing in risk reductions. In both 
countries, the financial incentives from the risk-based flood insurance 
premiums result in a substantial reduction in expected annual flood 
damage, suggesting that these insurance incentives are an effective way to 
stimulate adaptation to changing flood risk. This finding suggests that as 
flood risk increases in the future, the benefits of strengthening the 
connection between risk and risk reduction may outweigh the costs of 
correcting for affordability concerns.  

5.4.4 Practical considerations for insurance related financial incentives for risk 
reduction 
Surminski et al. (2015) notes that there is not a strong link between 
policyholder level risk reduction and premiums in European natural disaster 
insurance markets. Moreover, Thieken et al. (2006) found this was the case 
for German flood insurance in 2002. A possible obstacle for strengthening 
the link between household-level risk reduction and premiums is that such 
a link entails transaction costs. Transaction costs occur because of the need 
to individualise premiums at a detailed level or because of monitoring and 
enforcement of the implementation of risk reduction measures. Filatova 
(2015) states that the cross-subsidisation of premiums across policyholders 
can result in lower transaction costs. Enforcement is also needed for 
compulsory insurance. This can be problematic: In the U.S.A, even though 
flood insurance is compulsory for homeowners with a federally backed 
mortgage in the 1/100 year flood zone, the penetration rate is below 50% 
in these areas (Dixion et al., 2006; Czajkowski et al., 2012). This problem 
may arise because it is the responsibility of the homeowner to buy flood 
insurance. In France, the compulsory natural hazard insurance is provided 
by the insurers when a standard household insurance policy is sold, which 
customers cannot refuse. This has been successful and resulted in almost 
universal coverage. 

There are examples of insurers providing policyholders financial incentives 
for flood risk mitigation. One such instance is noted by Surminski et al. 
(2015), who explain that a cover holder of Lloyds of London provides a 
premium reduction to insured households in the Netherlands of 5% if 
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certain flood-proofing measures are employed, such as Dry flood-proofing. 
The National Flood Insurance Program (NFIP) in the U.S. has several 
schemes in place to provide incentives for policyholders to reduce or more 
actively manage the flood risk that they face. At the individual policyholder 
level, there is the severe repetitive loss program. This program is focused 
on households that regularly make large insurance claims. These 
households are offered grants to engage in risk reduction measures, such as 
elevation, and will increase premiums by 150% if the proposed risk 
reduction measures are not carried out (Mathewson et al., 2011). The 
premium offered to these policyholders can further increase by 150% if 
large claims are made at later dates. Moreover, the NFIP can offer premium 
discounts to households who have elevated their building. These examples 
show that a link between risk reduction and insurance premiums can be 
made. 

5.5 Conclusion 
Several studies have argued that risk-based flood insurance can incentivize 
policyholders to adapt to changing flood risk, although the effectiveness of 
such incentives has hardly been researched. For example, calls have been 
made to improve the design of flood insurance in Europe where flood risk is 
expected to increase as a result of climate and socio-economic change. 
However, despite the interest in flood insurance as a key mechanism in 
flood risk management, different stakeholders have different and 
potentially conflicting roles in mind for insurance. Governments and 
policyholders tend to value affordability and widespread coverage, while 
the insurance industry often favours risk-based pricing and the possible 
incentives for flood risk management. With those concerns in mind, this 
chapter aims to examine whether these roles can be fulfilled by introducing 
a compulsory public–private flood insurance system in France and 
Germany. Recently, it has been proposed to introduce such a scheme in 
Germany. Compulsory natural disaster insurance has existed in France since 
1982, and it has been suggested that this insurance can be linked to 
incentives for risk reduction, as is studied here.  

This study examines the potential trade-off between risk reduction and 
affordability in a model of risk-based public–private flood insurance, 
including household flood preparedness decisions. In particular, this model 
estimates regional risk-based flood insurance premiums and household 
flood preparedness in situations both with and without premium discounts 
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for mitigation; this study also examines affordability issues with charging 
risk-based rates. The development of premiums and flood risk 
preparedness is modelled to examine adaptation to changing flood risk. 
Three main conclusions can be drawn from the results of this model. 

The first is that risk-based flood insurance premiums can substantially differ 
from current premiums and that these differences are highly dependent on 
the country and market. Current private market flood insurance premiums 
in Germany are relatively close to this chapter’s premium estimates for the 
compulsory insurance system. The estimated risk-based premiums are 
about 20% lower, which suggests that for Germany, a movement towards a 
compulsory insurance scheme or a greater degree of risk pooling may result 
in lower flood insurance premiums on average. By contrast, the current 
compulsory natural disaster insurance premiums in France are not risk-
based, and a movement towards risk-based premiums would cause a large 
increase in premiums for the country. It is estimated that premiums could 
increase by a factor of 52 in 2015. 

The second conclusion is that providing incentives through risk-based 
insurance premiums is effective in promoting flood risk adaptation by 
policyholders. The reason is that the premium discounts for mitigation 
correct for underestimation of flood risk by individuals. In France, these 
financial incentives would promote every household on average to employ 
both of the investigated flood risk reductions. The insurance incentives are 
slightly weaker in Germany where current flood risk levels are lower, but 
the incentives become more effective over time when flood risk increases. 
For example, nearly all households located in floodplains are estimated to 
invest in dry flood-proofing by 2040, while those in high risk areas will be 
incentivised to employ wet flood-proofing as well. The results show that the 
insurance incentives encourage adaptation to changing flood risks, which 
limits the overall predicted increase in future flood risk. By 2040, these 
incentives are expected to reduce the annual expected flood damage by 
12% in Germany and 24% in France. 

The third conclusion is that risk-based pricing hampers the affordability of 
flood insurance; this can be addressed by a temporary voucher scheme. The 
risk-based insurance would be unaffordable for about 1 in 5 floodplain 
households. This can imply that a voucher scheme to smoothen the 
transition towards the proposed scheme can be rather expensive. As an 
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illustration, the voucher costs in 2015 are €0.68 billion in Germany and 
€1.95 billion in France. Over time, the damage reduction incentivized by the 
risk-based premiums outweighs these voucher costs. Moreover, the costs 
of providing the vouchers relative to the benefits of additional mitigation 
fall over time in both countries. 

Although this chapter’s behaviour model accounts for possible 
misperceptions of flood risk, it is assumed that households base decisions 
on flood-preparedness by trading off costs and benefits of flood-proofing 
measures. This could be seen as a limitation of this chapter’s approach 
when households make decisions on other grounds. Allowing for alternative 
decision-making frameworks can be a fruitful area for future research. In 
addition, there are several uncertainties regarding the applied input data 
and modelling approach. The importance of these uncertainties was 
investigated in a sensitivity analysis, which showed that the results are 
overall robust to this chapter’s estimated confidence intervals regarding 
various assumptions about the following areas: (a) investment time 
horizons of households; (b) costs of risk reduction measures; (c) the 
effectiveness of the risk reduction measures; and (d) the regional flood risk 
estimates. However, there are still remaining caveats, which are open for 
future research. In particular, the calibrated flood risk perception 
distribution was assumed to be fixed over time, and differences in risk 
perceptions between regions were assumed to be only caused by 
differences in objective risk. Future research could examine temporal and 
spatially differentiated distributions of flood risk perceptions, which depend 
on other factors than only objective risk. For instance, time periods with 
long gaps between floods will likely contribute to reduced flood risk 
awareness, while periods immediately after a flood can result in 
perceptions that imply overestimation of objective risk. Another caveat is 
that there are few independent empirical studies about the employment of 
flood risk reduction measures and their effectiveness, which implies that 
the evidence base for these estimates is small. Future research could focus 
on establishing an improved evidence base for estimates of flood risk 
reduction measures that are in place in different regions and how effective 
these are in limiting flood damage. 
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6. CHAPTER 6: EFFICIENT AND EQUITABLE FLOOD 
INSURANCE MARKET STRUCTURES UNDER 
CLIMATE CHANGE26 

Abstract 

Flood risk in Europe will increase due to climate change and growth in 
economic exposure and adequate insurance schemes are needed to in 
order to adapt. Insurance markets will face challenges in remaining viable 
and affordable. Insurance markets may need reform to offer affordable 
financial protection while providing incentives for risk reduction. Here, it is 
shown that the average risk-based flood insurance premium could double 
between 2015 and 2055. The affordability of insurance can be improved by 
the key features of Public-Private Partnerships (PPPs) through public 
reinsurance and limited premium cross-subsidization. In addition, such a 
structure includes incentives for risk reduction by households. While, 
modelled premiums differ widely across insurance structures, reform 
toward PPPs could limit unaffordability problems to 16% of European 
population at high risk. These findings were evaluated in a comprehensive 
sensitivity analysis, supporting ongoing reforms that move towards risk-
based premiums, strengthen purchase requirements, and engage in multi-
stakeholder partnerships.  

 

 

 

 

 

 

                                                           
26 This chapter is based on: Hudson, P., Botzen, W.J.W., Aerts, J.C.J.H., 2017. Efficient and Equitable 
Flood Insurance Arrangements to Cope with Increasing Flood Risk under Climate Change. In review. VU 
University, Amsterdam. 
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6.1 Introduction 
The previous chapters have noted the importance of flooding and the 
potential benefits of insurance coverage for managing and reducing flood 
risk. However, due to the increasing trend in flood risk there is growing 
pressure on insurance markets (Mechler et al., 2014). This has initiated 
discussions about insurance market reforms in Europe (Surminski et al., 
2015) and in the U.S. (Michel-Kerjan and Kunreuther, 2011). In the U.S., it 
has been debated whether private insurers can play a larger role (Michel-
Kerjan et al., 2015) in covering flood risk and how to provide better risk 
reduction incentives (Kunreuther, 2016). European countries have their 
own separate flood damage compensation arrangements. The diversity of 
these arrangements was highlighted in the debates surrounding the 
European Commission Green Paper on disaster insurance (EC, 2013). 

One debated feature in the Green Paper was the desirability of risk-based 
insurance premiums compared to flat insurance premiums, which do not 
depend on the specific risk faced by the policyholder. A disadvantage of 
risk-based premiums is that premiums must increase in high-risk areas, 
which may conflict with the affordability of insurance (DEFRA, 2011; Kousky 
and Kunreuther, 2013; Chapter 5). However, risk-based premiums may 
incentivize the implementation of risk reduction measures, by rewarding 
those who take measures that reduce their risk. Such measures include 
flood-proofing homes using water-resistant materials or installing flood 
shields. These will become more important as future flood risk increases as 
a result of climate change (Jongman et al., 2015).  

The Green Paper also proposed potential regulation to compulsory bundle 
natural disaster insurance with general homeowner’s insurance (EC, 2013) 
in order to achieve broad coverage of many homeowners. Such bundling is 
similar to how the French natural hazard insurance market is structured 
(Paudel et al., 2012). However, the introduction of mandatory purchase 
requirements due to European level regulation is rather contentious (EP, 
2014).  

Discussions have also focused on the desirability of different degrees of 
government and private sector involvement in flood insurance. For 
instance, Austria has a pre-funded government catastrophe compensation 
fund (CCS, 2008), while, compensation is completely provided by private 
insurance companies in the UK. As another example France involves both 



152 
 
 

the private and public sectors through a public-private sector partnership 
(PPP) (Poussin et al., 2013).  

An evaluation of flood insurance market structures in terms of economic 
efficiency and equity, and their capacity to cope with increasing flood risks, 
is lacking. We, therefore, examine suitable directions for reform of flood 
insurance markets using four criteria that reflect ongoing discussions (Table 
6.1): (a) The cost for low-risk households that risk sharing between low and 
high-risk households entails: this implies that low-risk households are 
paying for insurance they gain no benefit from; (b) Incentivized risk 
reduction: premiums should reflect risk and promote risk reduction; (c) 
Insurance penetration rate: many flood-prone households should be 
covered by the insurance; (d) Unaffordability of insurance: there should be 
support for low-income households (e.g., Schwarze and Wagner, 2007; 
Paudel et al., 2012; Poussin et al., 2013, DEFRA, 2011; EC, 2013; Michel-
Kerjan and Kunreuther, 2011). Meeting these outcomes results in trade-offs 
across the criteria.  

6.2 Methods 
The Dynamic Integrated Flood Insurance Model (DIFI) is used to model the 
following outcomes for two time periods (2015–2035 and 2035–2055) in 
order to find the most suitable flood insurance market structure: insurance 
penetration rate, incentivized risk reduction, magnitude of unaffordability 
of premiums, and the premium cost for low-risk households due to risk 
sharing. The most suitable market structure is the one that best manages 
the trade-offs between the modelled outcomes. Chapter 6 focus on flood 
insurance coverage for high-risk households because the policy debate 
commonly focusses upon this group.  

The DIFI model, involves coupling a model of the insurance sector and 
consumer behaviour with a spatially explicit probabilistic flood risk model 
that extends the model presented in Chapter 5. The DIFI model calculates 
flood insurance premiums and simulates consumer behaviour dependent 
on the flood insurance market structure. Consumer decisions involve 
purchasing insurance and investing in flood damage mitigation measures. 
The DIFI model accounts for insurance incentives for household-level risk 
reduction by including premium discounts for household-level risk 
reduction. The resulting aggregated household risk reduction lowers the 
overall level of flood risk.  
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Results were obtained for two periods: 2015–2035 and 2035–2055. The 
regional scale output from the DIFI model was aggregated to the national 
level to evaluate the most suitable market structure per country. This was 
done in a multi-criteria analysis (MCA), which is used to aggregate DIFI 
model scores for individual criteria (Table 6.1) into an overall country score 
that balances the trade-offs between these criteria. The general modelling 
framework is displayed in Figure 6.1 and described in more detail in the 
following sections. 

Table 6.1 Summary and definition of the evaluation criteria estimated by 
the DIFI model 

 Definition Benefit/Cost Aspect 

Criterion 1: Cost on 
low-risk households 
 

The total NPV of 
the risks of high-
risk households 
paid by low-risk 
households  

Cost Equity 

Criterion 2: 
Incentivized risk 
reduction 

The total NPV of 
incentivized risk 
reduction 
conducted by 
households  

Benefit Economic 
efficiency 

Criterion 3: 
Insurance 
penetration rate 

The average 
percentage of 
households with 
high flood risk that 
buy insurance  

Benefit Economic 
efficiency 

Criterion 4: 
Unaffordability of 
insurance 

The NPV of the 
magnitude of 
unaffordability, 
measured as the 
portion of 
premiums that 
cannot be paid 
from a poverty 
adjusted 
disposable income 

Cost Equity 
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Figure 6.1 Flow chart of the Dynamic integrated flood and insurance (DIFI) model 
version 1.0 modelling scheme 

 Notes: Blue circles represent the flood risk model component, red diamonds represent insurer 
behaviour, red rectangles represent policyholder behaviour. green hexagons represent the multi-criteria 
analysis. The combined flood risk model, insurer and policyholder behaviour elements form the DIFI 
model. A key finding is that increasing flood risk implies that the most suitable market structure has the 
following characteristics: premium cross-subsidization with a limited premium cost for low-risk 
households; involvement of the government as reinsurer, which creates a PPP market; incentives for 
household risk reduction through premium discounts for flood-proofing homes; purchase requirements, 
such as mandating flood coverage or informal requirements that connect coverage with mortgages or 
rental agreements, or tying flood insurance purchase to a more commonly acquired insurance policy 
(such as fire). The model predicts that, by 2035, most countries will move towards reforms introducing 
public reinsurance and purchase requirements, while by 2055 the majority of countries will favour 
continued reform into a full PPP market structure. For about a third of the EU, the model framework 
estimates a reform pathway that does not involve a single optimal market structure for different time 
periods, but instead evolves over time when flood risk changes. 

The DIFI model has several steps, which are summarized here and explained 
in detail in the following sections: 

1. The expected annual flood loss and variance of losses is simulated at a 
100m x100m scale across Europe using an adaptation (described in 
Section 6.2.1) of the European flood risk model developed by Feyen et 
al. (2012) and Rojas et al. (2012). Risk simulations are then aggregated 
to NUTS 2 regions. 

2. The expected annual loss and the variance of losses for NUTS 2 regions 
are converted into household insurance premiums for the modelled 
market structures based on the flood insurance model presented in 
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Paudel et al. (2013), and Paudel et al. (2015) and adapted in Chapter 5 
(see Section 6.2.2 for the relevant modifications). There are six selected 
market structures, which are stylized versions of flood insurance market 
features, as distilled from extensive literature reviews (see, among 
others, Paudel et al., 2012; Maccaferri et al., 2012; CCS, 2008). Table 6.2 
presents the stylized market structures.  

3. The behaviour of households at risk of flooding is based on the concept 
of subjective expected utility (Savage, 1954) and the model presented 
in Chapter 5 under a given scenario of household flood risk perceptions 
for each flood insurance market structure. Household flood risk 
perceptions consist of two elements: subjective flood occurrence 
probabilities and subjective perceptions of the reduction in flood risk 
that can be achieved with flood-proofing measures. For each household 
at risk within a NUTS 2 region at risk of flooding, behaviour is modelled 
in the following manner: 
3.1. The subjective flood probability occurrence scenario is based on 

three sources of data: Botzen et al. (2009), Botzen et al. (2015) and 
the German Insurance Association (GDV) (2013). Botzen et al. 
(2009) and Botzen et al. (2015) investigated and compared 
households’ subjective flood occurrence probability and the 
objective flood occurrence probability. Subjective flood 
occurrences are complemented by perceived flood impact based 
on a calibrated distribution from the data presented in GDV 
(2013). The subjective flood occurrence scenario is combined with 
one of three different scenarios of individual perceptions of risk 
reduction from flood-proofing. These risk reduction perception 
scenarios are based on three empirical studies of households in 
flood-prone regions in the EU (Kreibich et al., 2005; Bubeck et al., 
2012; Poussin et al., 2014). Each of these studies conducted 
surveys of flood-prone regions to collect empirical information on 
the type of flood preparedness measures that each household has 
employed, on the basis of which a distribution of perceptions of 
risk reduction has been calibrated. The final outcomes of this step 
are three combined flood risk perception scenarios. 

3.2. A household decides if it will employ a flood risk reduction 
measure based on a subjective cost-benefit analysis and employs a 
measure if it is economically desirable and also affordable. This 
step generates the baseline level of achieved risk reduction, which 
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is used for judging the effectiveness of insurance incentives at 
stimulating the implementation of additional risk reduction 
measures.  

3.3. The same household then decides if it will buy an insurance policy 
based on the market structure, discounts for the risk reduction 
measures, their subjective flood risk perceptions, and the 
affordability of insurance premiums given the household’s income.  

3.4. If the household buys an insurance policy, it is eligible for a risk 
reduction incentive in the form of a premium discount from the 
insurer. The household will employ a risk reduction measure if the 
measures are cost-effective with this incentive and did not employ 
the risk reduction measure before. The potential discount offered 
by insurers is based on estimates provided in Chapter 3 and 
Chapter 5. 

4. After modelling the behaviour for each household across all NUTS 2 
regions, the values of the following criteria are aggregated to the 
national level for each insurance market structure (for a 20-year 
period): the national mean insurance penetration rate, the magnitude 
of unaffordability, the cost for low-risk households due to the market 
structure’s degree of risk sharing, the mean degree of incentivized risk 
reduction. This step is completed for all three combined flood risk 
perception scenarios, and the ensemble mean across the flood risk 
perception scenarios for the criteria is calculated.  

5. The ensemble mean values of the criteria are then placed in a multi-
criteria-style analysis in order to evaluate the preferred market 
structure through the following steps: 
5.1. The ensemble mean values are standardized across market 

structures within a country on a [0, 1] scale. The closer a 
standardized criterion value is to 1, the better the market structure 
performs on that criterion as compared to the other market 
structures.  

5.2. The standardized values are weighted and summed to produce a 
final overall score for each market structure within a country on a 
[0, 1] scale. 

5.3. The market structure within a country with the highest overall 
weighted score is deemed to be the most suitable market 
structure.  
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6.2.1 Flood risk model 
The underlying flood risk model used in this chapter is the same as 
presented in Chapter 5. There are several small differences however. The 
first is the geographical spread has increased to cover most of Europe while 
focusing on those (potentially) affected by the flood with an occurrence 
probability of 1%. The second difference is that rather than the integral of 
the fitted power-law function, a Monte Carlo simulation (of 1,000,000 
draws) produces an estimate of the annual expected flood loss per 
household and the variance of losses27. The randomly drawn floods still 
must exceed the level of protection in place in order to cause damage, as 
noted in eq. (6.1). It is assumed that protection standards are fixed over 
time implying that governments maintain a constant flood occurrence 
probability by altering protection infrastructure as required (the same 
assumption as in Chapter 5). The values of PSj used are taken from Jongman 
et al. (2014). 

𝐿(𝑝)𝑗,𝑡 =
𝑓(𝐻(𝑝)𝑗,𝑡,𝐸𝑗,𝑡,𝑉𝑗,𝑡)

𝑁𝑗,𝑡
|𝑃𝑆𝑗                     (6.1) 

Similar to Chapter 5, changes in the flood hazard over time were simulated 
using climate change projections based on the SRES A1 greenhouse gas 
emissions scenario, as produced by CIESIN. The future value of exposed 
assets and population were again estimated by rescaling impacts through 
the ratio of the future and baseline real GDP or population. Land use 
classifications are assumed to remain constant over time, which means that 
changes in exposure alter the value of land parcels. The main departure 
from Chapter 5 is that rather than rescaling according to the SRES A1 
scenario, the ensemble mean of the various shared Socioeconomic 
Pathways (SSP) scenarios as provided by IIASA28 was used instead. For 
Western Europe, there is not a large difference between the projected 
losses per household between rescaling using the SSP or SRES projections, 
while for Eastern Europe the SSP scenarios produce more realistic socio-
economic development pathways given observed current socio-economic 
trends. The use of a SRES socio-economic projection is examined in the 
sensitivity analysis (Section 6.3.3.2). 

                                                           
27 A Monte Carlo analysis was used in order to match the process used to estimate the flood insurance 
purchase decision of households.  
28 https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=about 
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6.2.2 Insurance sector model 
The insurer element of the DIFI model consists of several components that 
are investigated for each country. The first element to be determined is 
how the base risk element of insurance premiums differs across market 
structures (Section 6.2.2.1). Next, the potential behaviour of insurers must 
be considered. The main questions for insurers to consider is what cost or 
profit loading factors they will place on the risk element of an insurance 
premium (Section 6.2.2.2) or what potential discounts insurers will offer to 
households that employ risk reduction measures (Section 6.2.2.3). Finally, 
as this study is concerned with high-risk households, it must account for the 
potential explicit or implicit subsidization of high-risk households’ insurance 
premiums through increasing insurance premiums of households with a low 
flood risk (Section 6.2.2.4). 

It is assumed that each country under investigation has an insurance 
market that is willing to provide, and capable of providing, flood insurance 
to consumers as long as the consumer pays the offered premium29. This 
chapter only considers an insurer’s underwriting business and not possible 
investment decisions and their desire to engage in the flood insurance 
market. The consumers and insurance products are defined over the high-
risk households. In all modelled insurance market structures, the insurance 
premium is calculated at the start of the year under investigation and is set 
at that value until the next year before considering household-level risk 
reduction. Only households that employ risk reduction measures can 
receive premium discounts equal to the average reduction in flood risk that 
these measures achieve. This assumption maintains a flow of insurance 
premiums that matches the expected annual loss on average. 

Based on a literature review, six stylized flood insurance market structures 
(M1–M6) (Table 6.2) are developed. Current flood insurance structures in 
European countries were assigned to M1–M330.  

(M1) In solidarity public structures all households must buy an insurance 
policy at a fixed price, regardless of objective flood risk and personal 
preferences. Governments cover part of the flood risk and premiums are 
unconnected to risk.  

                                                           
29 This is not always the case. 
30M4 is closely modelled on the UK flood Re scheme with the exception of a stronger connection to risk 
reduction than is currently in place. 
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(M2) The voluntary private market structure does not have this government 
coverage, allows households the free choice of whether to buy flood 
insurance, and offers risk-based premiums.  

(M3) The semi-voluntary private market is similar, except that mortgage 
conditions require comprehensive insurance coverage, resulting in a high 
market penetration rate. These conditions imply that damages to buildings 
are almost universally insured, while contents within a building are less 
often insured.  

In addition to these three existing structures, three new types of market 
structures (M4–M6) are proposed based on a public-private partnership 
(PPP) between the state and private insurers (see Table 6.2).  

(M4) The semi- voluntary PPP is the semi-voluntary private market, except 
that it is supported by a public reinsurer. Introducing a public non-profit 
and risk-neutral reinsurer for the extreme portion of risk will limit insurance 
premiums for households.  

(M5) The voluntary PPP has no purchase requirements, unlike the semi-
voluntary PPP, which connects flood insurance coverage to mortgages or 
other purchase requirements.  

(M6) The PPP market is a compromise between (M4) and (M5). It connects 
insurance coverage with mortgage (or rental) conditions, and premiums are 
risk-based unless the premium reaches a threshold amount at which the 
premium is capped. A capped premium is lower than the expected loss for 
high-risk households. In order to maintain insurer solvency, this shortfall is 
accounted for by placing a surcharge on the lower-risk households. The 
pool of high-risk households is also reinsured by a public reinsurer, which 
provides capital when losses exceed the expected loss that insurers must 
pay to households. 

6.2.2.1 Market structures 
The base structure of insurance premiums (across market structures) is 
based on that presented in Chapter 5. The premium that insurers charge 
households differs across market structures and takes the form displayed in 
eq. (6.2) where: 𝜋𝑖,𝑗,𝑡,𝑠 represents the premium charged to household i in 

NUTS 2 region j at time t under market structure s, with s taking the value 1 
for the solidarity market structure, 2 for the PPP market, 3 for the voluntary 
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market structure, 4 for the semi-voluntary structure, 5 and 6 are the fully 
and semi-voluntary structures with a PPP respectively; ERDRR is the discount 
(discussed in Section 6.2.2.3) that insurers will provide depending on the 
level of household risk reduction and �̅�𝑗,𝑡,𝑠 is the baseline average risk per 

household within a particular market structure for a given NUTS 2 region.  

𝜋𝑖,𝑗,𝑡,𝑠 = (1 − 𝐸𝑅𝐷𝑅𝑅)�̅�𝑗,𝑡,𝑠                  (6.2) 

Solidarity market 

In this market the expected national annual loss (rather than the high-risk 
annual loss) is shared equally across all households in a nation regardless of 
individual risk. This results in a high degree of risk sharing between 
households and limits concerns about affordability. The insurance premium 
for the solidarity market structure is shown in eq. (6.3). In eq., (6.3) 𝐷𝑗,𝑡(𝑝) 

stands for the total value of the deductible that must be paid by households 
for a flood event with an occurrence probability of p. Paudel et al. (2015) 
developed a model that estimates economically optimal deductible 
(reinsurance) levels for policyholders (insurers) and estimated an optimal 
deductible (reinsurance) level of about 15%. Therefore, 𝐷𝑗,𝑡(𝑝) = 0.15. The 

insurance premium is calculated as the average expected annual damage 
that the insurer will compensate over the range of damaging floods [0, PSc]. 
The solidarity market employs the subscript c rather than j, as premiums 
are only differentiated at the national level. Losses are shared over the 
entire nation regardless of the risk levels faced by individual households. 

 �̅�𝑐,𝑡,1 =
𝐸(𝐿𝑐,𝑡(𝑝)−𝐷𝑐,𝑡(𝑝))

𝑁𝑐,𝑡
                              (6.3) 

Public-private market (PPP)  

The premium for the PPP insurance market structure is presented in eq. 

(6.4). Eq. (6.4) introduces several additional terms: �̇�𝑐,𝑡, which is the cost-

loading factor of the primary insurer; 𝜆𝑐,𝑡, which is the cost-loading factor 
of the public reinsurer operating within country c; the superscript RR, 
indicating the risk ceded by the primary insurer to the reinsurance market; 
𝑟, which is the risk aversion coefficient of the private insurers; 𝜎0<𝑎<99.8, 
which is the volatility of flood damage within the quantile range that is 
considered insurable (Paudel et al., 2015); �̅�𝑗,𝑡 and �̅�𝑗,𝑡, which are the 

modelled damage and deductible per high-risk household.  
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Table 6.2 A summary of flood insurance structures to which European countries are allocated 

Structure group Sector covering flood 
risk 

Common market features Countries allocated 

M1. Solidarity public 
structure 

Public - Mandated purchase 
requirement 

- Premiums unconnected 
to risk 

- Very high penetration 
rate (100%) 

Government support for 
extreme losses 

France; Belgium; Spain; 
Romania 

M2. Semi-voluntary 
private market 

Private - Purchase is connected to 
mortgage lender 
conditions 

- Premiums are risk-based 
- High penetration rate 

(75%-100%) 
- Damage to buildings is 

more often insured than 
contents due to mortgage 
requirements 

No government support for 
extreme losses 

Sweden; Ireland; UK; 
Hungary 
 

M3. Voluntary private 
market 

Private - No government 
mandated purchase 
requirement (voluntary) 

- Premiums are risk-based 
- Medium to low 

penetration rates (25%-
50%) if government 
support is uncertain (e.g., 
Germany) 

- Very low penetration 
rates (0%-25%) if 
government support is 
certain (e.g., Austria) 

- Possible government 
reinsurer rather than 
government 
compensation 

Austria; Netherlands; 
Germany; Finland; Italy; 
Portugal; Luxembourg; 
Greece; Poland; Czech 
Republic; Slovakia; 
Slovenia; Croatia; Bulgaria; 
Latvia; Estonia; Lithuania  

    
M4. Semi-voluntary PPP 
market 

Public-Private - Semi-voluntary market. 
Government reinsurer for 
extreme risk 

Hypothetical market 
structure 

M5. Voluntary PPP market Public-Private - Voluntary market 
- Government reinsurer for 

extreme risk 
 

Hypothetical market 
structure 

 

Finally, there is 𝐶𝐴P𝑗,𝑡  , which is the maximum premium in region j at time t 

that insurers will provide through the formal cross-subsidization between 

high- and low-risk households. 
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�̅�𝑗,𝑡,2 =

𝑚𝑖𝑛 {
(1 + �̇�𝑐,𝑡)(𝐸(𝐿𝑗,𝑡̅̅ ̅̅ (𝑝) − 𝐷𝑗,𝑡̅̅ ̅̅ (𝑝)) + 𝑟 ∗ 𝜎0<𝑎<99.8) + (1 + �⃛�𝑐,𝑡) (𝐸(𝐿𝑗,𝑡𝑅𝑅̅̅ ̅̅̅(𝑝) − 𝐷𝑗,𝑡𝑅𝑅̅̅ ̅̅ ̅(𝑝)) + 𝑟 ∗ 𝜎0<𝑎<99.8

𝑅𝑅 )

(1 + �⃛�𝑐,𝑡)𝐶𝐴𝑃𝑗,𝑡
 

                (6.4)               

In the PPP market, households are offered premiums that are more strongly 
connected to the risk faced by high-risk households than in the solidarity 
market structure. This is because the premium is allowed to increase with 
risk until a certain point is reached, above which the premium is capped. 
The capped premium brings aspects of solidarity into this market structure. 
The first element of eq. (6.4) is the risk-based premium, while the second 
element is the capped insurance premium. 

The value for 𝐶𝐴𝑃𝑗,𝑡 is fixed for high-risk households within region j in a 

similar manner to the UK’s Flood Re insurance pool for high-risk 
households. The Flood Re premium is set per household, with the most 
common potential cap being equal to £280 (30), which is approximately 
€311, or 1.8% of 2014 median British household income according to 
Eurostat31. A similar capped premium is applied by setting the capped 
premium equal to 1.8% of estimated regional median income. The cap 
increase over time is at the same rate as the change in the total value of 
exposure.  

Voluntary or semi-voluntary market 

The structure of the premium under the voluntary or semi-voluntary 
market structure is shown in eq. (6.5): 

�̅�𝑗,𝑡,3 = (1 + �̇�𝑐,𝑡)(𝐸(𝐿𝑗,𝑡̅̅ ̅̅ (𝑝) − 𝐷𝑗,𝑡̅̅ ̅̅ (𝑝)) + 𝑟 ∗ 𝜎0<𝑎<99.8) + (1 + �̈�𝑐,𝑡)(𝐸(𝐿𝑗,𝑡
𝑅𝑅̅̅ ̅̅̅(𝑝) − 𝐷𝑗,𝑡

𝑅𝑅̅̅ ̅̅ ̅(𝑝)) + 𝑟 ∗

𝜎0<𝑎<99.8
𝑅𝑅 )    (6,5) 

The premiums are not cross-subsidized with low-risk households and, as 
such, the high-risk households are offered a premium that is risk-based, 
implying a full risk signal. The voluntary market structure can be altered by 

the introduction of a public-private sector partnership by replacing �̈�𝑐,𝑡 with 

𝜆𝑐,𝑡 .  

                                                           
31 Eurostat variable: ilc_di03 
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6.2.2.2  Competition and loading factors 
In several structures, the insurance industry charges a loading factor (𝜆𝑐,𝑡), 
as seen in the previous sections. Eq. (6.6) shows that 𝜆𝑐,𝑡 can be further 

subdivided into two elements: 𝐶𝑐,𝑡 is the cost of providing an insurance 

policy, 𝑃�̇�𝑐,𝑡 is the profit loading for primary insurers, and 𝑃�̈�𝑐,𝑡 is the profit 
loading for private reinsurance companies. The profit loading factors differ 
across layers of insurance, while 𝐶𝑐,𝑡 is constant across layers. 

𝜆𝑗,𝑡 = {

𝜆𝑗,𝑡 = 𝐶𝑐,𝑡 + 𝑃�̇�𝑗,𝑡 𝑖𝑓 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑖𝑛𝑠𝑢𝑟𝑒𝑟

�̈�𝑗,𝑡 = 𝐶𝑐,𝑡 + 𝑃�̈�𝑗,𝑡 𝑖𝑓 𝑝𝑟𝑖𝑣𝑎𝑡𝑒 𝑟𝑒𝑖𝑛𝑠𝑢𝑟𝑒𝑟

𝜆𝑗,𝑡 = 𝐶𝑐,𝑡 𝑖𝑓 𝑝𝑢𝑏𝑙𝑖c 𝑟𝑒𝑖𝑛𝑠𝑢𝑟𝑒𝑟

                        (6.6) 

Competition in primary insurance markets is assumed to follow Bertrand 
competition, whereby insurers compete on prices or loading factors 

(Bertrand, 1883; Mas-Colell, 1995). The default assumption is that 𝑃�̇�𝑐,𝑡 is 
set equal to 0, because with homogenous insurers Bertrand competition 
results in a perfectly competitive market. It is assumed that reinsurance 
markets are dominated by a smaller number of firms, allowing for 

𝑃�̈�𝑐,𝑡 = 0.5 32. 

The value of 𝐶𝑐,𝑡 is displayed in eq. (6.7), in which the cost of providing 

insurance is a fixed percentage of the insurance premium.  

𝐶𝑐,𝑡 =
𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑠𝑐,𝑡

𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑒𝑚𝑖𝑢𝑚𝑠𝑐,𝑡
                                                                                    (6.7) 

To arrive at a cost function for each national insurance industry, data from 
the OECD (OECD, 2015) insurance statistics database regarding the total 
value of gross premiums collected by the insurance industry and the total 
gross operating expenses for the years 2004–2014 for non-life insurance is 
used.  

Eq. (6.8) is the econometric model used to estimate eq. (6.7). Eq. (6.8) is a 
multi-level hierarchical model, where the parameters of interest to vary 
over countries. A hierarchical model is estimated; as such a model uses the 
pan-national sample to estimate country specific parameters. This is 
important, as otherwise each country would have 10 observations. In eq. 

                                                           
32 This loading factor is based on the values presented in Pakdel-Lashiji et al. (2015) and is adjusted by 
exceedance-probability. 
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(6.8) 𝛽1 and 𝛽2 are estimated parameters which are constant across 
countries, �̇�𝑐,1 and �̇�𝑐,2 are estimated random effects parameters that vary 
across countries,𝑇𝑐,𝑡 is the time trend, ln represents the natural logarithm 

of the cost ratio in order to prevent estimated values of 𝐶𝑐,𝑡 from becoming 

negative, and �̇�𝑐,𝑡 is the error term:  

 𝐿𝑛(𝐶𝑐,𝑡) = 𝛽1 + �̇�𝑐,1 + (𝛽2 + �̇�𝑐,2)𝑇𝑐,𝑡 + �̇�𝑐,𝑡                             (6.8) 

A country-specific equation is the sum of the two sets of parameters. The 
estimated surcharges per country are shown in Table 6.3. Table 6.3 shows 
that, on the whole, across the EU countries there is a long-run trend of a 
falling ratio of operating costs to premiums, indicating increasing efficiency 
in the industry, which corresponds to an approximately 5% fall every year, 
on average, across the countries. However, the standard deviations of the 
random effect estimate for the time trend are quite wide, indicating that 
national contexts are quite different. The time trend results in two roughly 
equally sized groups of countries: those where cost loadings are increasing 
and those where cost loadings are falling. The group with falling costs tends 
towards a cost loading factor of about 2% of premiums by 2055, while the 
group with increasing costs tends towards a loading factor of about 25% by 
2055. National loading factors are assumed to equal the sample average if 
national data are missing. 

6.2.2.3 Insurance incentives for risk reduction (premium discounts) 
Two risk reduction measures are focused upon: wet flood-proofing and dry 
flood-proofing buildings. Wet flood-proofing measures aim to limit the 
damage once water has entered a building, while dry flood-proofing aims to 
limit damage by preventing water from entering a building.  

Chapter 5 developed an effectiveness indicator for wet and dry flood-
proofing, shown in Table 5.2 which is again used in this chapter. The 
maximum degree of risk reduction is 37.4% if households employ both wet 
and dry flood-proofing measures. The possible premium discounts are 
shown in eq. (6.9) as the percentage by which the initially offered premium 
is lowered. The total discount of 34.7% is close to the risk modelling results 
of Poussin et al. (2012), whose methodology estimated that wet and dry 
flood-proofing retrofits of buildings can reduce flood risk by 40%–45%.  
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𝐸𝑅𝐷𝑅𝑅 = {
0.128 𝑖𝑓 𝐷𝑅𝑅 = 𝑑𝑟𝑦 𝑓𝑙𝑜𝑜𝑑 − 𝑝𝑟𝑜𝑜𝑓𝑖𝑛𝑔

0.246 𝑖𝑓 𝐷𝑅𝑅 = 𝑤𝑒𝑡 𝑓𝑙𝑜𝑜𝑑 − 𝑝𝑟𝑜𝑜𝑓𝑖𝑛𝑔

0.347 𝑖𝑓 𝐷𝑅𝑅 = 𝑏𝑜𝑡ℎ 𝑓𝑙𝑜𝑜𝑑 − 𝑝𝑟𝑜𝑜𝑓𝑖𝑛𝑔
                   (6.9) 

The households who implement these measures face lower premiums. The 
set of possible discounts assumes that the effectiveness of one measure 
does not alter the effectiveness of the other, because the measures focus 
on different aspects of protection.  

Table 6.3 Estimated cost functions and cost surcharges 

Insurer cost behaviour 

Baseline cost function 
 Constant Time trend  
Fixed effects -1.5 (0.093) -0.071 (0.032)  
Random effect 
(standard deviation) 

0.09 (0.027) 0.25 (0.084)  

N 122   
Estimated surcharge as a percentage of the premium 

 2015 2035 2055 
Austria 0.03 0 0 
Belgium 0.15 0.03 0.01 
Germany 0.05 0 0 
Denmark 0.16 0.06 0.02 
France 0.23 0.14 0.09 
Spain 0.17 0.01 0 
Finland 0.18 0.14 0.09 
Ireland 0.1 0.01 0 
Italy 0.26 0.2 0.15 
The Netherlands 0.23 0.0 0.02 
Sweden 0.15 0.05 0.02 
The United Kingdom 0.11 0.02 0 
Bulgaria 0.28 0.28 0.36 
Czech Republic 0.14 0.02 0 
Estonia 0.28 0.28 0.362 
Greece 0.25 0.03 0 
Croatia 0.28 0.28 0.36 
Hungary 0.35 0.49 0.7 
Lithuania  0.28 0.276 0.362 
Luxembourg 0.16 0.07 0.04 
Latvia 0.28 0.28 0.36 
Poland 0.31 0.3 0.29 
Portugal 0.25 0.19 0.14 
Romania 0.28 0.28 0.36 
Slovenia 0.28 0.28 0.36 
Slovakia 0.35 0.54 0.82 

 

6.2.2.4 Cost for low-risk households due to the level of risk sharing within a 
market structure 

The insurance market structure can also place an additional cost on the 
households with low flood risk through the introduction of an explicit 
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premium cross-subsidy between households. Such a subsidy requires some 
of the cost of households with high flood risk to be borne by households 
with low flood risk. This is viewed as a societal cost, since it forces low-risk 
households to pay larger insurance premiums for no return of insurance 
coverage (Penning-Rowsell and Pardoe, 2012). Low-risk households are 
defined as those with a flood probability that is lower than 1% per year (in 
the absence of protection standards). The cost for low-risk households, in 
total across the low-risk population, is presented in eq. (6.10). It is 
measured as the difference between the premiums that the insurance 
company collects from the high flood-risk households compared to the total 
expected damage to high-risk households in terms of net present value 
(NPV). Annual values are discounted at a rate of 3.5%. 

𝐶𝑜𝑠𝑡𝑙𝑜𝑤 𝑟𝑖𝑠𝑘 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑𝑠𝑗,𝑡 = ∑ (
1

1+0.035
)
𝑡

(∑ 𝐸(�̅�𝑖,𝑗,𝑡(𝑝) − �̅�𝑖,𝑗,𝑡(𝑝)) − 𝜋𝑖,𝑗,𝑡,𝑠𝑖 )20
0             

(6.10) 

In other words, the cost for low-risk households is the NPV of the subsidy 
that high-risk households receive from lower risk households. This subsidy 
is provided through a surcharge on the insurance policies of the low-risk 
households, for which they gain no direct benefit. 

6.2.3 Model of household insurance demand and risk reduction behaviour 
6.2.3.1 Flood insurance demand  

Based on a review of the Wharton Risk Management and Decision 
Processes Center (2016); Paudel et al. (2012), Maccaferri et al. (2012), CCS 
(2008), Surminski and Eldridge (2015), and Lamond and Penning-Rowsell 
(2014), among others, the following assumptions regarding the flood 
insurance penetration rate in non-voluntary flood insurance markets are 
made. The solidarity market structure is assumed to have a penetration 
rate of 100% due to the formal legal mandate to buy flood coverage. The 
penetration rate of the semi-voluntary market is assumed to be 75%, while 
this value for the PPP market is assumed to be 85%, since PPP premiums 
are lower, thus inducing more low-income households to buy insurance. 
The semi-voluntary and PPP markets have a lower than 100% coverage rate 
even with a purchase requirement. The reasons are that building contents 
are less often insured33 and many low-income households may not insure 

                                                           
33 The underlying risk model does not strongly differentiate between building and contents damage, 
which is why demand is also not explicitly distinguish between demand for insurance against these 
damage categories.  
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(Surminski and Eldridge, 2015). Moreover, in these markets, flood coverage 
is an informal rather than a formal requirement, so not all households buy 
insurance. 

The household behaviour model consists of two elements. The first element 
applies only to the voluntary market structure, in which households have 
the choice of buying insurance. It is assumed that households will buy 
insurance if it is both utility maximizing and affordable in a subjective 
expected utility framework (Savage, 1954), which is a standard economic 
model of individual decision making under risk. In eq. (6.11), the new terms 
are 𝑊𝑖,𝑗,𝑡, which is the estimated wealth of a household in region j at time 

t34 and 𝛼𝑖, which is the risk aversion of a household and is set at 𝛼𝑖=1, 
resulting in a log utility function. Subjective flood perceptions are 
introduced by assuming that households consider losses over the 

probability range [0,𝑃�̃�𝑖,𝑗], where 𝑃S̃𝑖,𝑗 = 𝜗𝑖,𝑗𝑃𝑆𝑗; and 𝛾𝑖,𝑗which is the 

perceived flood impact. 

In eq. (6.11) the first element calculates the subjective expected utility of 
not being insured, that is, uncompensated flood losses. The second element 
presents the subjective expected utility of being insured. In that case the 
agent can only suffer a loss equal to the insurance deductible.  

𝐸(𝑈) = {
𝐸(𝑈1,𝑖,𝑗,𝑡,𝑠) = ∫ 𝑝𝑙𝑛(𝑊𝑖,𝑗,𝑡 − 𝛾𝑖,𝑗𝐿𝑖,𝑗,𝑡(𝑝))

𝑝=𝑃�̃�𝑖,𝑗
0

𝑑𝑝

𝐸( 𝑈2,𝑖,𝑗,𝑡,𝑠) = ∫ 𝑝𝑙𝑛(𝑊𝑖,𝑗,𝑡 − 0.15𝛾𝑖,𝑗𝐿𝑖,𝑗,𝑡(𝑝) − 𝜋𝑖,𝑗,𝑡,𝑠)𝑑𝑝
𝑝=𝑃�̃�𝑖,𝑗
0

     (6.11) 

A potential policyholder will select the element of eq. (6.11) that provides 
the highest expected utility, subject to meeting the budget constraint. An 
important input for calculating eq. (6.11) is a distribution of individual flood 
perceptions. In order to generate a probability density function, 
information on subjective occurrence probabilities is required for 𝜗𝑖,𝑗. The 

data used to generate this distribution is taken from Botzen et al. (2009, 
2015). These studies investigated how perceptions of flood probabilities of 
households compare with objective flooding probabilities for a Dutch and 

                                                           
34 Wealth is estimated by assuming it is a fixed proportion of income as indicated by: 
http://ec.europa.eu/eurostat/documents/3433488/5565228/KS-SF-10-033-EN.PDF/9b1042cd-4f2d-
4984-9afe-aef8e5be3a5c?version=1.0; missing observations are set equal the sample average of 2.27 
times income. Assuming a fixed ratio may underestimate the wealth of some households, thereby 
indicating that flood losses are more important than they are for a given level of wealth. This, however, 
produces an optimistic estimate of insurance penetration rates. 

http://ec.europa.eu/eurostat/documents/3433488/5565228/KS-SF-10-033-EN.PDF/9b1042cd-4f2d-4984-9afe-aef8e5be3a5c?version=1.0
http://ec.europa.eu/eurostat/documents/3433488/5565228/KS-SF-10-033-EN.PDF/9b1042cd-4f2d-4984-9afe-aef8e5be3a5c?version=1.0
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New York sample, respectively. It was found that the data follows a 
Generalized Pareto distribution35, as judged by Bayesian information 
criteria.  

The PDF of the Generalized Pareto distribution of subjective occurrence 

probabilities, [𝑓(𝜗𝑖,𝑗|𝑘, 𝜎, 𝜃)], is given by eq. (6.12) and the calibrated 

parameters are shown in Table 6.4.  

𝑓(𝜗𝑖,𝑗|𝑘, 𝜎, 𝜃) = (
1

𝜎
) (1 + 𝑘

𝜗−𝜃

𝜎
)
−
1

𝑘
                                          (6.12) 

The fitted Generalized Pareto distributions must be calibrated to national 
contexts. This is done by following the approach developed in Chapter 5 in 
which deviations in subjective flood occurrence probabilities are related to 
the protection standards currently in place. It is assumed that the required 
Generalized Pareto distribution can be linearly interpolated based on the 
distribution estimated from the data presented in Botzen et al. (2009, 
2015). In most cases, only the top 3% of values of the above distributions 
create a probability range outside of [0,1]. In order to correct for this, the 
above distributions is produced and then 10,000 values are drawn from the 

domain [0, 1/𝑃𝑆𝑗]. This is done because 𝑃�̃�𝑖,𝑗 must have a maximum value 

of 1 to match the exceedance-probability curve.  

A similar distribution must be calibrated for 𝛾𝑖,𝑗. A Generalized Pareto 

distribution is selected and calibrated based on data for Germany from GDV 
(2013). A report from the German Insurance Association states that the 
flood insurance penetration rate for German households was 33% for 
buildings and 19% for contents in 2013 (GDV, 2013). The Generalized 
Pareto distribution is calibrated such that the DIFI model produces an 
average penetration rate of 26% for Germany in 2015 under the private 
voluntary market structure. The calibrated distribution is then equally 
applied to other countries within the sample due to problems of data 
availability or the presence of a counterfactual situation (for example, 
France). 

                                                           
35 The approach taken follows Chapter 5 whereby the desirability of the following distributions was 
tested against one another: Exponential, Extreme Value, Generalized Extreme Value, Generalized 
Pareto, Logistic, Normal, T-location scale. 
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The budget constraint for eq. (6.11) is considered to be whether the 
insurance is affordable or not (given possible expenditure on risk reduction 
measures). If all or a proportion of the insurance premium is deemed to be 
unaffordable, then the household will not buy the insurance policy. 
Affordability is measured based on a method constructed in Chapter 5, 
which is derived from equity concerns. This definition is that an item of 
expenditure is unaffordable for a household if the money to be spent is 
larger than the household’s poverty-adjusted disposable income (i.e. 
disposable income above the relative poverty line). The constraint 
presented in eq. (6.13) shows this mathematically as: 𝐼𝑛𝑐𝑜𝑚𝑒𝑖,𝑗,𝑡 being the 

household’s income and the poverty line being taken as the national 
poverty line (i.e. 60% of national median income). The magnitude of 
unaffordability for insurance premiums is estimated by the total sum of the 
unaffordable portion of an insurance premium within a given year.  

The expression in eq. (6.13) summarizes the decision process of the 
households. Households will insure if it is both subjectively utility 
maximizing and affordable.  

𝑈 = {
𝑖𝑛𝑠𝑢𝑟𝑒 𝑖𝑓 𝐸(𝑈)1,𝑖,𝑗,𝑡,𝑠 < 𝐸(𝑈)2,𝑖,𝑗,𝑡,𝑠 𝑠. 𝑡. 𝜋𝑖,𝑗,𝑡,𝑠 ≤ 𝐼𝑛𝑐𝑜𝑚𝑒𝑖,𝑗,𝑡 − 𝑃𝑜𝑣𝑒𝑟𝑡𝑦 𝐿𝑖𝑛𝑒𝑐,𝑡
𝑛𝑜𝑡 𝑖𝑛𝑠𝑢𝑟𝑒 𝑖𝑓 𝐸(𝑈)1,𝑖,𝑗,𝑡,𝑠 ≥ 𝐸(𝑈)2,𝑖,𝑗,𝑡,𝑠 𝑜𝑟𝜋𝑖,𝑗,𝑡,𝑠 > I𝑛𝑐𝑜𝑚𝑒𝑖,𝑗,𝑡 − 𝑃𝑜𝑣𝑒𝑟𝑡𝑦 𝐿𝑖𝑛𝑒𝑐,𝑡

                        

(6.13) 

Income for each household within each NUTS 2 region is drawn from a log-
normal distribution, as is common. Wealth is assumed to be a fixed ratio of 
income taken from Eurostat. The log-normal distribution is calibrated to 
NUTS 2 data on mean and median income levels36. 

 

 

 

 

 

                                                           
36 The log-normal distribution only has two key parameters to be estimated, which are contained in the 
function for the mean and median values that can be found in Eurostat variables: nama_10r_2hhinc and 
nasa_10_ki 
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Table 6.4 Calibrated parameters of the distributions of flood occurrence perceptions 

  Parameter estimates 

  
K 
 

σ θ 

 
Subjective flood probabilities 

Austria 1.89 0.32 0 

Belgium 1.91 0.29 0 

Germany 1.85 0.41 0 

Denmark 1.64 1.31 0 

France 1.66 1.21 0 

Spain 1.74 0.75 0 

Finland 1.86 0.38 0 

Ireland 1.76 0.64 0 

Italy 1.82 0.47 0 

The Netherlands 2.04 0.15 0 

Sweden 1.66 1.16 0 

The United Kingdom 1.9 0.31 0 

Bulgaria 1.77 0.7 0 

Czech Republic 1.8 0.64 0 

Estonia 1.77 0.72 0 

Greece 1.76 0.72 0 

Croatia 1.76 0.73 0 

Hungary 1.8 0.65 0 

Lithuania 1.77 0.71 0 

Luxembourg 1.8 0.64 0 

Latvia 1.78 0.69 0 

Poland 1.78 0.69 0 

Portugal 1.76 0.73 0 

Romania 1.78 0.69 0 

Slovenia 1.79 0.66 0 

Slovakia 1.8 0.64 0 

Subjective flood impacts -0.2 1 0.1 
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6.2.3.2 Employment of risk reduction measures 
The second element of household behaviour that is modelled is the 
decision to invest in flood risk reduction measures. The approach taken is 
based upon Chapter 5 and extended here to account for budget constraints. 
It is assumed that policyholders make investment decisions on the basis of 
costs and benefits, while the perceived benefits of mitigation can diverge 
from actual benefits due to over- or underestimating flood risk or the 
benefits of risk reduction measures37. While a measure may be cost-
effective in the long run, a household is unlikely to employ such a measure 
when it is currently unaffordable. 

The households are assumed to have the following choice set of risk 
reduction measures {Dry flood-proofing, Wet flood-proofing, Dry and Wet 
flood-proofing} matching the set of possible premium discounts (the same 
as Chapter 5). Households base their decision on the higher of the two 
incentives (subjective risk perceptions or objective risk incentives). The 
calibration process from Chapter 5 is again employed. This generates 3 
scenarios based on Kreibich et al. (2005), Poussin et al. (2014) and Bubeck 
et al. (2012). 

Once the potential benefits in each period have been calculated, the 
household will make the cost-effectiveness calculation in eq. (6.14), using 
the higher value benefit in eq. (6.13). This can be interpreted in the 
following manner: If a household underestimates the benefits from risk 
reducing measures, then the decision to invest in mitigation is determined 
by the premium discount. Households that have subjective benefits of 
mitigation that are larger than the premium discount base their decision to 
mitigate on their subjective risk reduction beliefs. In other words, those 
households that overestimate the benefits of risk reduction will employ risk 
reducing measures even if these measures are not objectively cost-
effective. These households have an intrinsic motivation to implement risk 
reduction measures, which proves to be an important part of the decision-
making process (Chapter 4).  

 𝜔𝑖,𝑗,𝑡
∗ = {

 𝜔𝑖,𝑗,𝑡,𝐷𝑅𝑅
𝐼𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒 𝑖𝑓  𝜔𝑖,𝑗,𝑡,𝐷𝑅𝑅

𝐼𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒 >  𝜔𝑖,𝑗,𝑡,𝐷𝑅𝑅
𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒

 𝜔𝑖,𝑗,𝑡,𝐷𝑅𝑅
𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒

𝑖𝑓  𝜔𝑖,𝑗,𝑡,𝐷𝑅𝑅
𝐼𝑛𝑐𝑒𝑛𝑡𝑖𝑣𝑒 ≤  𝜔𝑖,𝑗,𝑡,𝐷𝑅𝑅

𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒
                       (6.13) 

                                                           
37 Due to the data sources used it is impossible to disentangle separate sources of over- or 
underestimation. 
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Once the benefit of mitigation in a time period has been decided upon, the 
overall investment decision framework is presented in eq. (6.14). In eq. 
(6.14), a household will decide to invest in a particular risk reduction 
measure if the discounted benefits over 20 years are larger than the 
upfront investment costs, ICDRR. Discrete time discounting is used where the 
discount rate is given by 𝛿.  

𝑢𝑝𝑡𝑎𝑘𝑒 =

{
𝑌𝑒𝑠 𝑖𝑓 ∑ (

1

1+𝛿
)
𝑡
𝜔𝑖,𝑗,𝑡
∗ − 𝐼𝐶𝐷𝑅𝑅 ≥ 0 

20
0 𝑎𝑛𝑑 𝐼𝐶𝐷𝑅𝑅 < 𝐼𝑛𝑐𝑜𝑚𝑒𝑖,𝑗,𝑡 − 𝑃𝑜𝑣𝑒𝑟𝑡𝑦 𝐿𝑖𝑛𝑒 − 𝜋𝑖,𝑗,𝑡

𝑁𝑜 𝑖𝑓 ∑ (
1

1+𝛿
)
𝑡
𝜔𝑖,𝑗,𝑡
∗ − 𝐼𝐶𝐷𝑅𝑅 < 0

20
0

     

         
                           (6.14) 

𝐼𝐶𝐷𝑅𝑅 = {
€471 𝑖𝑓 𝐷𝑅𝑅 = 𝑑𝑟𝑦 𝑓𝑙𝑜o𝑑 − 𝑝𝑟𝑜𝑜𝑓𝑖𝑛𝑔

€2389 𝑖𝑓 𝐷𝑅𝑅 = 𝑤𝑒𝑡 𝑓𝑙𝑜𝑜𝑑 − 𝑝𝑟𝑜𝑜𝑓𝑖𝑛𝑔

€2860 𝑖𝑓 𝐷𝑅𝑅 = 𝑏𝑜𝑡ℎ 𝑓𝑙𝑜𝑜𝑑 − 𝑝𝑟𝑜𝑜𝑓𝑖𝑛𝑔
  

The discount rate (𝛿) is fixed at 3.5%. Households will only consider 
benefits over a 20-year period (Kreibich et al., 2011). This can either be 
viewed as the assumed lifespan of the measures or as myopia. 

The approach taken is based on that presented in Chapter 5, which 
calibrated a generalized Pareto distribution of subjective risk reduction 
perceptions based on the data about implementation of flood 
preparedness measures by households in flood-prone areas (Kreibich et al., 
2005; Bubeck et al., 2012; Poussin et al., 2014). The calibration of the 
baseline risk reduction perceptions distributions is based on the average 
risk faced and flood-proofing employment rate in the NUTS 2 regions 
covered in these studies. The parameters of the calibrated distribution are 
then assumed to be fixed and are applied to the separate NUTS 2 regions 
using the risk for that specific region. Therefore, 3 subjective risk reduction 
perception scenarios are developed. 

6.2.4 Multi-criteria analysis 
The multi-criteria analysis (MCA) evaluation framework is based on the 
following key evaluation criteria of: the mean national insurance 
penetration rate, the mean incentivized risk reduction, the net present 
value of magnitude of unaffordability, and the net present value of the cost 
that risk sharing between low- and high-risk households places on low-risk 
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households. The values estimated in step 4 of the DIFI model are 
aggregated over time by generating the NPV of the indicators for the 
periods 2015–2035 and 2035–2055. The insurance penetration rate is not 
converted into a NPV, but is the average penetration rate over the period. 
The MCA is conducted at the national rather than the NUTS 2 level. Finally, 
the criterion values are aggregated over the three flood risk perception 
scenarios by using the average criterion value across the three scenarios.  

Once the DIFI model output has been aggregated across flood risk 
perception scenarios at the national level, the criteria are standardized 
within a country and a weighted sum is produced. The weighted sum 
provides a single aggregated holistic score across the four criteria for each 
investigated national market structure within a country. The penetration 
rate and incentivized risk reduction are deemed to be benefits, while 
unaffordability and the cost for low-risk households are deemed to be 
costs. This follows the public debate regarding how flood risk management 
should be conducted.  

The evaluation criteria are standardized and ranked following eq. (6.15). 
𝑆1𝑐,𝑠 is the score for market structure s in country c for the first period (or 

the second if 𝑆2𝑐,𝑠). The values for each indicator are standardized, since 
this allows the variables to have a common metric and to be weighted 
according to perceived importance (Janssen and Herwijnen, 2007)38. The 
standardization process bounds score values by 0 and 1. 

 𝑆1𝑐,𝑠  =
∑ ∑ 𝜔𝑚

𝑛𝑀𝐶𝐴𝑗,𝑡,𝑠
𝑚=4
𝑚=1

𝑛=11
𝑛=1

11
, 𝑤ℎ𝑒𝑟𝑒 𝑀𝐶𝐴𝑚,𝑗,𝑡,𝑠 =

{
 

 
𝐴𝑐,𝑠
1 −𝐴𝑐,𝑠

1,𝑀𝑖𝑛

𝐴𝑐,𝑠
1,𝑀𝑎𝑥−𝐴𝑐,𝑠

1,𝑀𝑖𝑛 𝑖𝑓 𝑎 𝑏𝑒𝑛𝑒𝑓𝑖𝑡

1 −
𝐴𝑚,𝑗,𝑡,𝑠
1 −𝐴𝑚,𝑗,𝑡,𝑠

1,𝑀𝑖𝑛

𝐴𝑐,𝑠
1,𝑀𝑎𝑥−𝐴𝑐,𝑠

1,𝑀𝑖𝑛 𝑖𝑓 𝑎 𝑐𝑜𝑠𝑡

            (6.15) 

The possible choices for {𝜔𝑚
𝑛 } can alter the overall attractiveness of the 

various market structures for each country. To account for this potential 
effect, multiple sets of weights are used: (a) equal weights, where 𝜔=1/4; 
(b) one element is weighted at 𝜔=2/5 and the remaining two elements at 
𝜔=1/5 (with an alternating element with the double weight); and (c) two 
elements are weighted at 𝜔=3/10 and the remaining elements at 𝜔=1/5 
(with alternating elements with the higher weight). There are 11 unique 
combinations of weights. It is quite likely that the overall MCA score will be 

                                                           
38 While the mean score is presented in eq. (6.15) as the final indicator, using the median score does not 
produce noticeable differences. 



174 
 
 

sensitive to changes in the weights used and, because there is no clear 
guidance from stakeholders to set weights at the European level, the 
ranking of insurance market structures is based upon the mean aggregated 
score across the various sets of weights. It is left to future research to 
determine the weights that are applicable to specific locations to better 
tailor the presented framework.  

6.3 Results 
6.3.1 Optimal flood insurance market structures for the future 

Figures 6.2A and 6.2B show how preferred market structures would evolve, 
towards the period 2035–2055, from the current situation to optimal 
structures. The optimal market structures per country are based on the 
aggregated MCA scores (0–1) reaching the best trade-off between 
economic efficiency and equity for the time periods 2015–2035 and 2035–
2055.  

The semi-voluntary PPP market (M4) is predicted to be optimal most often 
in the period 2015–2035 (70%) followed by the PPP market (M6), at 27%. In 
the period 2035–2055, the PPP (M6) is found most often to be the optimal 
structure (54%) followed by the semi-voluntary PPP (M4), at 38%. These 
two market structures display similar features, since the PPP market is an 
extended version of the semi-voluntary PPP market, as described in Table 
6.2.  

 
Figure 6.2 Market structure reforms suggested by the DIFI model results 
for the period 2035-2055 
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Figure 6.3 Example consequences of the insurance market reforms 
suggested by the DIFI model results for the period 2035-2055 

The use of government-provided reinsurance in both structures improves 
affordability. The PPP market imposes lower costs on the low-risk 
households than would occur under a solidarity market structure, due to a 
smaller degree of premium cross-subsidization. The PPP market manages to 
provide an acceptable trade-off between the unaffordability of risk-based 
premiums and the ability of such premiums to incentivize policyholders to 
employ more risk reduction measures. 

On the whole, Figure 6.2 shows that moving towards the modelled 
structures, based on varying degrees of public-private partnerships would 
result in an improvement in the amount of risk reduction undertaken by 
households across most modelled market structures (Figure 6.3) at the 
national level. The benefits of risk reduction increase over time due to 
increasing flood risk, which creates stronger incentives for households to 
implement risk reduction measures, especially when premiums are at least 
partly risk-based.  

However, for the current solidarity market structures in some countries 
(e.g., France), the reform towards increased risk reduction incentives comes 
at the expense of affordability of insurance for those at highest risk, while 
reducing the premium costs for those households with lower risk 
(Figure 6.3). In contrast, for the current private market insurance, the 
unaffordability of insurance outweighs the potential risk reduction 
incentive of the insurance premiums, which implies reform towards PPP. 
While the introduction of a public reinsurer is desirable for all countries in 
the period 2015–2035, for a third of the EU countries it is desirable to 
strengthen the reforms by moving towards the PPP market in the next 
period 2035–2055. 
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6.3.2  Results for specific evaluation criteria  
Overall, these findings support the call for households, the private sector, 
and the public sector to collaborate in a public-private partnership (e.g., 
Djalante et al., 2011) that balances the trade-offs between economic 
efficiency and equity. Without the proposed reforms, flood insurance 
premiums are predicted to grow rapidly and become unaffordable for many 
households. As an illustration, the DIFI model estimates that the average 
household premium (across the EU) could increase by 100% by 2055 over 
2015 if premiums are fully differentiated to risk levels faced by 
policyholders, or by 90% if premiums are shared equally over all 
households. If the high premiums result in unaffordability of coverage for 
low-income households, then the most financially vulnerable households 
will bear much of the consequences of a flood themselves, unlike their 
more affluent counterparts. 

Not directly presented in Figure 6.2 or Figure 6.3 is that the average 
household insurance premiums are lowest in the solidarity public structure 
(€5–€125 per year in 2015) and highest in the private voluntary markets 
(€30–€2000 per year in 2015). Premiums fall for higher degrees of cross-
subsidization of premiums between high- and low-risk households. The 
magnitude of unaffordability follows a similar pattern because premiums 
are more likely to be unaffordable for low-income households in private 
voluntary markets where they are based on objective flood risk with little 
cross-subsidization. On average, across NUTS 2 regions, the voluntary 
private insurance premiums are unaffordable for about 21% of the regional 
population in high risk areas, while this is only the case for 16% in the PPP 
market. While with cross-subsidization the percentage of the population 
facing unaffordable insurance only falls by 5% (to 11%), the Net Present 
Value (NPV) associated with unaffordable premiums falls by 60% (SD=30%) 
on average. This implies that the PPP structure considerably decreases 
premium costs for low-income households.  
 
However, the cost for low-risk households is lowest when premiums are 
based on risk. In that case, high-risk households must pay more of their 
expected loss themselves. For instance, under the voluntary market 
structures, the NPV of the direct subsidy between high- and low-risk 
households is €0, while under the solidarity structure in the Netherlands, 
the UK and Sweden, the NPV of this subsidy between 2015 and 2035 is 
predicted by the model to be roughly €300 million in total. This shows that 
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increasing the degree of risk sharing may impose high costs on low-risk 
households for which they receive no direct benefits. 
 
The modelled insurance penetration rates are stable over time, and the 
modelled voluntary private market penetration rates are about 75% lower 
than those for the markets with purchase requirements.  
The insurance-based risk reduction incentives are not found to be effective 
in the solidarity public structure, because the premium discount that 
policyholders receive for implementing risk reduction measures is too low 
(an average of €14 per year in 2055).  

The PPP markets are found to be more successful in incentivizing dry 
flood-proofing (measures aimed at preventing water from entering a 
building) because the annual financial incentive to implement those 
measures is nearly 4 times as large as in the solidarity public structures. 
These incentives in the PPP market are less effective in stimulating wet 
flood-proofing measures aimed at limiting damage once water has entered 
a building, due to their higher investment costs.  

The modelled voluntary market structures offer stronger incentives in 
terms of premium discounts of, on average, €500 per year, which make 
flood-proofing measures cost effective for many households. However, 
fewer households are exposed to this incentive due to the lower market 
penetration rate of flood insurance. Moreover, while the high premium 
discounts for risk mitigation imply that insured households are more likely 
to find the measures cost-effective, the size of the premium may result in 
the household being unable to afford risk reduction measures.  

The modelled optimal markets increase the degree of risk reduction by an 
average of an additional 7 percentage points across NUTS 2 regions in 2055 
compared to the original market structures. 

6.3.3 Sensitivity analysis 
6.3.3.1 Uncertainty in risk and insurance premium estimates 

An important source of uncertainty in this study is the estimated insurance 
premium, as the value of the premium is a major driving force behind the 
market rankings. Therefore, this section examines the sensitivity of this 
chapter’s main results to two sources of uncertainty in the premium; 
namely, (1) uncertainty of the underlying aggregate risk estimate and (2) 



178 
 
 

uncertainty of the number of households in a high-risk flood zone at a 
certain point in time. It should be realized that the effects of including cost 
and profit loadings emanate from the underlying risk estimate, which is why 
the risk estimate is central to this sensitivity analysis.  

The influence of uncertainty on the underlying risk estimate is examined by 
estimating the 95% confidence interval around the estimated probability 
exceedance curves used to calculate the expected annual damage. The 
upper and lower bounds of the damage estimates result in the estimated 
premiums being, on average, 4% higher or lower, respectively, across the 
EU countries over the entire period. Countries located in Western Europe 
are closer to a change of 1%, while those in Eastern Europe are closer to a 
change of 5%. The second source of uncertainty in premiums is the fact that 
the number of households is different per market structure. The solidarity 
market structure uses official Eurostat estimates for the number of 
households within a country and, thus, has little uncertainty. The remaining 
market structures require an estimation of the number of households in an 
area with high flood risk. The uncertainty in the number of households is 
measured by constructing a 95% confidence interval around the ratio of 
households to overall population. Using the upper limit (a smaller number 
of households) of this ratio increases the modelled premiums, while using 
the lower limit (a larger number of households) lowers average premiums. 
The effect of the uncertainty in the number of households has a larger 
effect on premiums than did estimates of the risk. Nevertheless, taking 
these sources of uncertainty into account (individually) results in the PPP 
and semi-voluntary market features remaining as the most commonly 
optimal market structure. The only noticeable difference is that, under the 
lower risk bounds for the period 2035–2055, the PPP market is the optimal 
market in slightly fewer countries. 

6.3.3.2 Different flood risk scenarios 
Instead of the current SSP scenarios of economic and population growth, 
the A1 climate projection can be combined with the SRES scenarios. 
Including the SRES scenarios produces a higher level of flood risk than the 
ensemble SSP scenarios used for the baseline results; in particular, flood 
risk is up to 17 times larger due to economic development alone under the 
SRES scenarios. The main influence of using the higher flood risk projections 
based on SRES is that the PPP market becomes optimal for almost all 
countries, because of its ability to provide strong risk reduction incentives. 
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This strengthens this chapter’s baseline findings about the desirability of 
the PPP market. 

6.3.3.3 Alternate construction of the insurance premium discount 
Our initial analysis assumed that any risk reduction measure employed 
would lower the premium offered by the insurance sector. However, in the 
PPP and solidarity markets, the premium offered to a household does not 
fully reflect their risk. Therefore, an alternative premium discount for risk 
reduction could be that premiums are only lowered if, for example, 
element 1 of eq. (6.4) is reduced to a level below element 2 of eq. (6.4) In 
effect, altering this assumption removes the household-level reward for risk 
reduction and prevents the employment of additional risk reduction 
measures in the PPP market structure. Altering this assumption renders the 
semi-voluntary market most commonly optimal. However, as mentioned in 
the main part of the chapter, the semi-voluntary and PPP market structures 
have quite similar features overall. 

6.3.3.4 Using a single national pool of high-risk households rather than regional 
differentiation 

Instead of basing the model on separate insurance premiums at the NUTS 2 
level premiums can also be based on a single pool of all NUTS 2 regions at 
the national level. This change would increase the degree of solidarity 
between households within the high-risk flood-plain. The main result of this 
alteration is that the semi-voluntary structure (PPP) becomes more often 
the optimal structure in the first period. However, in the second period the 
results are quite consistent between using separate regional pools or a 
single national pool. Overall, this change in geographical detail can result in 
a slightly different ranking for some countries, but the main conclusions 
regarding the most desirable market features remain the same. 

6.3.3.5 Alternative assumptions about the costs and effectiveness of risk 
reduction measures 

Here we examine the sensitivity of this chapter’s main results to different 
assumptions about the costs and effectiveness of risk reduction measures, 
which can affect the estimated employment of these measures by 
households and the incentivized risk reduction by insurance. This is done by 
running the model with the upper and low bounds of the cost estimates for 
both dry and wet flood-proofing reported in Chapter 5. These results show 
that deviating from the baseline cost estimates does not change the impact 
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of the risk reduction incentives for the solidarity insurance market 
structure. This is the case because the NPV of the premium discounts is too 
small, regardless of the costs, to influence decisions to take these 
measures. The results for the voluntary market structures and the PPP 
market structure show that using the lower bound of the cost estimates 
increases the average amount of risk reduction occurring, while using the 
higher bound of costs lowers the total risk reduction. However, the overall 
ranking of insurance market structures is robust to using the upper cost 
estimate.  

Apart from flood-proofing costs, there is the possibility that when a 
household employs both dry and wet flood-proofing measures, the two can 
interact with each other and reduce total effectiveness of these measures. 
This in turn can limit the incentive to take both measures. The two 
measures are in effect sequential, in that dry flood-proofing aims at 
preventing water from entering a building and then wet flood-proofing 
mitigates damage of water that still enters. In this sensitivity test, it is 
assumed that dry flood-proofing remains as effective as stated above, while 
the effectiveness of wet flood-proofing is reduced to 21%, to take into 
account that it offers less protection after dry flood-proofing is 
implemented. The results show that this change has no noticeable influence 
on flood-proofing decisions.  

6.3.3.6 Alternative assumptions on the utility function determining flood 
insurance demand Alternate decision theory 

There is a debate in the literature regarding how households behave when 
faced with low-probability/high-impact events and the behavioural 
heuristics involved (Starmer, 2000). There are a range of behavioural rules 
that have been proposed as alternatives to the subjective expected utility 
theory used to model individual flood insurance purchases for this chapter’s 
main results. This section investigates how sensitive this chapter’s main 
findings are to using a different behavioural decision rule, namely prospect 
theory which is the main alternative theory that has been proposed to 
model individual decision making under low-probability/high-impact risk 
(Botzen and van den Bergh, 2009).  

The utility function of prospect theory deviates from that of standard 
expected utility theory in that losses or gains are valued as deviations from 
a reference level of wealth. Additionally, prospect theory employs a 
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probability weighting function where events with a higher exceedance-
probability receive a lower weight compared to expected utility, while low 
exceedance-probability events are overweighed (Tversky and Kahneman, 
1992). The general utility function of prospect theory is:  

𝐸(𝑈(𝑥)) = ∫
𝑝𝑖
𝛿

(𝑝𝑖
𝛿+(1−𝑝𝑖)

𝛿)

1
𝛿

(−𝜆(−𝑥)𝜃)𝑑𝑝𝑖                         (6.16) 

In the above equation, λ is a loss-aversion parameter. The parameter θ 
reflects Constant Relative Risk Aversion and 𝛿 is the curvature of the 
probability weighting function. Overall, using prospect theory alters both 
the insurance penetration rate in voluntary and semi-voluntary flood 
insurance markets and the incentivized risk reduction. 

Alternate functional form of the utility function  

Moreover, the results may be sensitive to the nature of the utility function 
as several approaches have been taken (see Haer et al., 2016 for an 
example): 

𝐸(𝑈) = {
𝐸(𝑈1,𝑖,𝑗,𝑡,𝑠) = ∫ 𝑝

(𝑊𝑖,𝑗,𝑡−𝛾𝑖,𝑗𝐿𝑗,𝑡(𝑝))
1−𝜃

1−𝜃

𝑝=𝑃�̃�𝑗
0

𝑑𝑝

𝐸( 𝑈2,𝑖,𝑗,𝑡,𝑠) = ∫ 𝑝
(𝑊𝑖,𝑗,𝑡−0.15𝛾𝑖,𝑗𝐿𝑗,𝑡(𝑝)−)

1−𝜃

1−𝜃

𝑝=𝑃�̃�𝑗
0

𝑑𝑝
          (6.17) 

In eq. (6.17) 𝜃 is now assumed to be normally distributed with a mean 
equal to 1 and a standard deviation equal to 0.025. This distribution will 
produce many 𝜎 values close to 1 (and hence a logarithmic utility function) 
but some households will be more or less risk averse than others. Randomly 
drawn values equal to 1 are assumed to generate a logarithmic utility 
function.  

Overall, the results of the sensitivity analyses with differing utility functions 
show that the ranking of insurance market structures remains very similar, 
with the PPP or the semi-voluntary (PPP) market structures being ranked 
the highest. 

Altering flood occurrence perceptions  

The sensitivity of the results to the flood occurrence perception distribution 
is tested by altering eq. (6.12) in two ways. The first is by setting 𝛾𝑖,𝑗 equal 
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to 1. In doing so, the average penetration rates double on average for the 
two voluntary markets, but now a greater number of households find the 
risk reduction measures unaffordable. This has the effect of increasing the 
number of markets where a PPP structure is optimal by three by 2035–
2055, although the optimality of most markets remained the same as 
shown in Figure 6.2. The second is by using the objective rather than 
subjective flood probabilities. The difference in estimated penetration rates 
is thus smaller on the whole, resulting in no noticeable differences in the 
final optimal market for each country. 

6.3.3.7 Continuous MCA ranking 
The primary MCA evaluation method was based on ordinal scores. 
However, this section examines the sensitivity of the results to using a 
continuous score, as shown in eq. (6.18). 

𝑀𝐶𝐴𝑚,𝑗,t,s = {

Am,j,t,s

Am,j,t,s
Max if a benefit

1 −
Am,j,t,s

Am,j,t,s
Max if a cost

                         (6.18) 

While this changes the value of the scores, the overall rankings of the 
market structures do not differ from the MCA with the ordinal ranking.  

Moreover, the baseline results used 11 sets of weights and compressed 
them into an overall score. If instead, 24 and 35 unique sets of weights are 
used then no noticeable influence is observed on how the market 
structures are ranked. 

6.4 Discussion and conclusion  
To this chapter’s knowledge, this is the first large-scale study that integrates 
flood risk assessment, the insurance sector, and consumer behaviour in one 
modelling approach to assess insurance market structures against 
increasing flood risk under climate change. The DIFI model estimates that 
on average risk-based insurance premiums could double for the countries 
investigated between 2015 and 2055 if no flood insurance market reforms 
are undertaken. Hence, increasing flood risk will place pressures on 
stakeholders, such as insurers, to meet international agreements on 
disaster risk reduction, such as the Hyogo and the Sendai frameworks 
(Wilby and Keenan, 2012; UNISDR, 2015; Mysiak et al., 2016). Insurance 
could play an important role in both providing financial protection against 
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flood losses and incentives for risk reduction and adaptation to climate 
change. Flood insurance arrangements require reform to cope with 
increasing risk, and this chapter demonstrates that household-level risk 
reduction measures can be incentivized through a stronger link between 
risk reduction and the premiums charged (Kunreuther, 1996; Michel-Kerjan, 
2010). 

By 2055, the PPP market was found to be the most desirable set of market 
features for most countries in the future to cope with climate change, 
followed by the semi-voluntary market supported by a public reinsurer. The 
most promising market structures displayed similar features: a public 
reinsurer and a limited degree of sharing of losses between high and low-
risk households, a strong link between premiums and risk reduction, and 
insurance purchase requirements. These features maintain insurance 
affordability while providing sufficient incentives for risk reduction to 
encourage adaptation to changing flood risk.  

Several studies argue that there is no one-size-fits-all solution for natural 
disaster insurance markets (Surminski et al., 2016). An example is the public 
response to the EC green paper on disaster insurance, which showed that 
many of the respondents were against the harmonization of insurance 
regulations across the European Union (Surminski et al., 2015). This 
chapter’s focus, however, is on deriving general characteristics to guide 
reforms, and there are still many options for fine-tuning the exact method 
of implementation. Moreover, there is not a single optimal market 
structure across periods and countries. Instead this chapter finds that a 
process of continued reform over time is advisable for most of Europe: 
from the current market structure to the semi-voluntary PPP market and 
then to the PPP market. 

This chapter finds that unaffordability remains a concern even in the 
solidarity market structure where the link between insurance and risk is 
weakest. This suggests that this general problem arises in all the market 
structures considered here. Overcoming problems with unaffordability may 
require the use of public policies (such as insurance vouchers), as has been 
proposed by Kousky and Kunreuther (2014). An insurance voucher is 
provided by the government to low-income households for the proportion 
of the insurance premium deemed to be unaffordable. The vouchers are 
issued on a temporary basis to smooth the transition to new market 
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structures. While vouchers can ease the cost that high premiums place on 
low-income households, the vouchers should remain temporary to prevent 
an implicit subsidy for development in flood-prone areas (Kousky and 
Kunreuther, 2014).  

Another way to improve affordability is the increased sharing of losses over 
many policyholders through the introduction of purchase requirements. 
Introducing requirements to purchase flood insurance creates a large pool 
of insured households, which lowers premiums, even in the absence of 
substantial cross subsidization of premiums between low- and high-risk 
households as implied by the solidarity structure. Moreover, purchase 
requirements limit the ability of asymmetric information to cause market 
failures through adverse selection.  

However, the introduction of requirements may also be politically difficult, 
because it can be seen to limit consumer freedom. This is shown by 
discussions regarding insurance reforms in the Netherlands (Botzen, 2013) 
and Germany (CCS, 2008).  

The use of public reinsurance can also limit insurance premiums and, 
thereby, partly overcome problems with coverage unaffordability. This 
chapter’s evaluation over time shows that this is especially attractive when 
flood risks increase. Risk-averse insurers increase their premiums when 
low-probability/high-impact risks increase, especially when these risks are 
uncertain (Kunreuther and Michel-Kerjan, 2011), as is the case with flood 
risk in a changing climate (IPCC, 2012). It may be argued that governments 
can more cheaply reinsure extreme losses (Cardenas et al., 2007), because 
European governments are, for the most part, risk neutral. Moreover, this 
chapter finds that a public reinsurance facility does not interfere too 
strongly with the underlying risk signal and incentives for risk reduction. 
This is the case because primary insurers pay for the government support 
they receive though risk-based reinsurance premiums and this reinsurance 
premium is, in the end, reflected in the premium that households pay. 
Another advantage of this payment structure is that the government (and 
thereby tax payers overall) receives a fair share of compensation for 
provided reinsurance. 

Our findings have policy relevance for specific European countries. There is 
some similarity between the PPP market and the UK’s recently introduced 
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Flood Re. Both are based on the mandated purchase of insurance through 
mortgage conditions with an explicit subsidy for high-risk households. 
However, this chapter finds that the current structure of Flood Re is not 
optimal for the UK since incentives for risk reduction are absent.  

The solidarity-based market structures of Belgium, France and Spain are 
also in need of reforms. The reason is that their current market structures 
may not be suitable for coping with future increases in flood risk due to 
insufficient incentives for risk reduction. The current solidarity-based 
markets may be better served by stimulating risk reduction through risk-
based premiums, while addressing equity concerns using additional public 
policies (e.g., means tested insurance vouchers). The remaining countries 
with a voluntary purchase requirement should consider promoting or 
strengthening purchase requirements, as otherwise the penetration rate 
remains low, preventing many of the benefits of insurance as a risk 
management tool from being realized. For instance, in Hungary, the 
insurance penetration rate has been increased through mortgage providers 
requiring flood insurance coverage for eligibility for a mortgage 
(Linnerooth-Bayer et al., 2013).  

Our main policy recommendations may also be applicable outside of 
Europe. For instance, the National Flood Insurance Program (NFIP) in the 
U.S. has undergone many potential reforms such as the Biggert-Waters 
Flood Insurance Reform Act of 2012, the Homeowners Flood Insurance 
Affordability Act of 2014, and the Flood Insurance Market Parity and 
Modernization Act of 2016. These acts are aimed at improving the financial 
sustainability of the NFIP (FEMA, 2016). Moreover, these reforms aim to 
improve the actuarial soundness of the program by moving towards risk-
based premiums, while strengthening purchase requirements to overcome 
the observed low penetration rate outside high-risk areas (Michel-Kerjan et 
al., 2015) and improving incentives for risk reduction. Michel-Kerjan and 
Kunreuther (2011) propose for the NFIP a set of reforms similar to those 
this chapter finds applicable for most European countries based on the DIFI 
model analysis.  
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7. CONCLUSION 

7.1 Reflection on the core research question 
Chapter 1 noted that global flood impacts are displaying a strong upward 
trend due to socio-economic development and climate change, which 
places growing pressure on society to successfully manage changing 
patterns of risk. For this reason, there is an interest in increasing societal 
resilience against natural disasters, like floods, following the call of the 
Sendai Framework for Disaster Risk Reduction. This is important because 
Chapter 2 finds that the flood events have a large negative impact on 
well-being. Climate change potentially increases the number of future flood 
events, indicating large potential welfare impacts. In particular, Chapter 2 
shows that given previous experiences, the well-being impacts of flooding 
would require over €126,000 of compensation for the majority of French 
households in flood-prone areas, in order to account for the long-term 
welfare impacts incurred. This required compensation is more than the 
annual income of the households. Societal resilience can be improved by 
reducing the negative welfare impacts of flooding by providing 
compensation for flood damage and promoting household-level DRR. 
Insurance can help to meet both of these aims, minimising the long-term 
impacts of a flood. Insurance provides disaster compensation in return for a 
premium that can increase disaster preparedness. Promoting 
household-level DRR is important because such measures can be effective 
at limiting damage during a flood (Chapter 3). Insurance premiums can offer 
tangible incentives for DRR by offering premium discounts to policyholders 
who reduce their risk, at least if they do not provide a disincentive for 
disaster preparedness due to a moral hazard, which Chapter 4 shows is not 
the case. Tangible incentives for household-level DRR can be more effective 
than those based on deductibles (Chapter 4) or subjective risk perceptions 
(Chapter 5). Furthermore, without a stronger and more active link between 
flood insurance and risk reduction, flood insurance may become non-viable 
in the future when flood risk increases due to socio-economic development 
and climate change, as shown in Chapters 5 and 6.  

Given the importance, moving forward, of insurance as a tool to produce 
more disaster-resilient societies, this thesis asked: How can insurance and 
household-level risk reduction measures be combined to create a flood-
resilient society? Therefore, this thesis asked the following sub-questions:  
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1. How are flood impacts and household-level flood risk reduction 
measures valued in terms of welfare? In particular, what are the 
intangible impacts of flooding and household-level flood risk reduction 
measures, and how can these be measured and monetised? (Chapter 2) 

2. What is the effectiveness of household-level flood risk reduction 
measures in terms of reducing property damage, and how can this 
effectiveness be measured while controlling for other factors that 
influence flood damage? (Chapter 3) 

3. Is moral hazard present in natural hazard insurance markets, and is it an 
impediment to using insurance as an incentive for household-level risk 
reduction? (Chapter 4) 

4. To what degree can direct insurance incentives encourage households 
to employ flood risk reduction measures? Is there a trade-off between 
the strength of risk reduction incentives and the affordability of 
insurance premiums, and, if so, how can it be overcome? (Chapter 5) 

5. What is the set of insurance market features that best manages trade-
offs between economic efficiency and equity concerns of flood 
insurance market reforms that are needed in Europe to cope with 
increasing flood risk as a result of climate and socio-economic change? 
(Chapter 6). 

  

7.2 Answers to research questions 
7.2.1 Question 1: How are flood impacts and household-level flood risk 

reduction measures valued in terms of welfare? In particular, what are 
the intangible impacts of flooding and household-level flood risk 
reduction measures, and how can these be measured and monetised? 
The welfare impacts of the flood risk subjective well-being domain (SWBD) 
have hardly been studied, even though the topic is connected to an 
expanding field of research using subjective well-being (SWB) to quantify 
welfare impacts in monetary terms. Chapter 2 expands this literature by 
estimating the direct welfare implications of both floods and flood 
preparedness, which were converted into monetary values and 
disaggregated into tangible and intangible impacts on welfare. This was 
done by using data collected from surveying about 900 flood-prone 
households in France. Regression models based on a mediation-style 
analysis were used to estimate relationships between SWB and flood 
experiences, perceptions, preparedness decisions, and SWBDs for these 
flood-prone households. The analysis was based on a mediation approach 
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in order to take into account both direct effects (e.g., of a flood on SWB) 
and indirect effects (e.g., a flood’s effect on a SWBD, which, in turn, has an 
impact on SWB). 

Chapter 2 provides a starting point for monetising tangible and intangible 
impacts of floods on SWB, and draws four main conclusions. First, the 
immediate impacts of a flood have a large negative effect on overall SWB 
that is larger than the influence of the individual SWBDs on SWB. Moreover, 
the analysis also indicates that there is a degree of adaptation to flood 
events, since the reduction in overall SWB is nearly halved 12 months after 
the flood event. Second, flood events can have SWB consequences for 
people, even if they themselves are not flooded. Third, the employment of 
individual flood protection measures can increase the SWB of households in 
communities that are prone to flooding. The fourth main conclusion is that 
the intangible benefits, or costs, of the flood risk SWBD on overall SWB tend 
to be larger than the tangible damage suffered or the damage prevented. 
The average total damage suffered during a respondent’s previous flood 
was €50,000, while a household with an average income requires a 
compensation of €150,000 to equalise SWB before and after a flood. This 
would imply an average loss of €100,000 in terms of intangible welfare 
effects. The same holds for elevating a house above potential flood water 
levels, which is associated with direct benefits of €8,000 and with intangible 
welfare benefits of €31,000 (resulting in total welfare benefits of €39,000). 
Therefore, implementing structural flood preparedness measures at the 
household-level is an effective way of offsetting welfare losses from living 
within a flood-prone area. An interesting feature to note is that not all flood 
preparedness measures may have welfare benefits. For instance, dry and 
wet flood-proofing measures did not have a robust total effect on welfare 
as measured through their connection with SWB, but would rather 
indirectly bring welfare benefits by lowering the direct tangible impacts of 
floods. Overall, the very large welfare effects of flooding provide an 
important basis for the use of insurance or other risk management 
mechanisms to minimize both tangible and intangible flood impacts.  
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7.2.2 Question 2: What is the effectiveness of household-level flood risk 
reduction measures in terms of reducing property damage, and how can 
this effectiveness be measured while controlling for other factors that 
influence flood damage? 
Chapter 3 noted that the current literature that evaluates DRR measures 
using survey data is limited and has tended to employ simple evaluation 
methodologies and small samples, which are vulnerable to biases 
originating from confounding variables. Confounding variables explain both 
the outcomes (damage saved) and the employment of a DRR. Chapter 3 
sought to remove confounding bias by applying the propensity score 
matching (PSM) method to a sample of German households living along the 
Elbe and Danube rivers who were surveyed in response to three flood 
events. Chapter 3 found that the previous research using mean 
comparisons of experienced flood damage by people who have, or have 
not, taken specific DRR measures could result in inaccurate estimates of the 
effectiveness of a DRR measure. PSM refined these previous evaluations by 
removing selection bias, and found that several DRR measures are effective 
at reducing flood damage on an individual level. Chapter 3 detected 
substantial overestimates of the effectiveness of household DRR if 
unrefined estimates are used, ranging from nearly €1,700 to €15,000 per 
measure. The refined PSM effectiveness estimates find that expected flood 
damage was between 12.8% and 24.6% lower for people who took a 
specific DRR measure during flood events compared with otherwise similar 
people who did not take such a measure (Chapter 5). Assuming 
independence between measures, the dry and wet flood-proofing 
measures together lowered risk by 37.4% of the average loss. This value is 
not an insignificant amount, which highlights the important role that 
households can play in flood risk adaptation strategies. Chapter 3 indicates 
that wet flood-proofing is especially effective because of its effectiveness in 
saving flood damage and the observed high confidence in the statistical 
significance of this estimate. Employing dry flood-proofing is also found to 
be effective, although this result is only marginally statistically significant.  

Overall, Chapter 3 presents a novel methodological approach for evaluating 
the effectiveness of DRR measures that refines previous estimates of the 
effectiveness of DRR and shows that household DRR can play an important 
role in flood risk adaptation strategies. The next chapters build upon these 
results by examining how insurance can provide incentives for taking these 
DRR measures when they are cost-effective.  
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7.2.3 Question 3: Is moral hazard present in natural hazard insurance markets, 
and is it an impediment to using insurance as an incentive for household-
level risk reduction? 
Chapter 4 assessed the presence of moral hazard in two different insurance 
markets with differing natural hazards, market contexts, and risk cultures 
using field survey data from Germany and the United States. Moral hazard 
behaviour occurs when households prepare less for disasters when they are 
insured. Chapter 4 indicates that flood insurance purchases in Germany are 
slightly positively related to flood preparedness. Therefore, a significant 
moral hazard effect was not observed. Moreover, PSM estimated the 
influence on experienced flood damage in Germany of both adverse risk 
selection and behavioural changes due to flood insurance through 
employing fewer preparedness measures. The results show that adverse 
risk selection can occur, since households with flood insurance experienced 
a worse hazard during past flood events. Given the problems associated 
with detecting such traits when an insurance policy is purchased, it is 
possible that the adverse risk selection detected leads to the presence of 
adverse selection. 

However, flood damage did not differ significantly across households, once 
bias due to differing adverse risk factors has been controlled for. This lack 
of a systematic difference in damage was associated with an absence of 
moral hazard, as the remaining potential source of bias would be due to a 
change in preparedness before the flood occurred. The presence of moral 
hazard, therefore, should have generated higher damages between 
individuals with sufficiently similar adverse risk traits, because they would 
have differed regarding their level of damage prevention or mitigation 
efforts.   

Taken together, in Germany insurance coverage did not increase the 
vulnerability of insured households, which is the opposite finding to what 
the systematic presence of moral hazard would imply. In contrast, 
individuals with flood insurance in Germany were more likely to have 
undertaken flood preparedness or information gathering measures than 
uninsured households. Households with flood insurance may be more risk-
averse, since they have collected more information about flood risk and are 
no worse prepared for flooding.  
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The evidence from Germany is complemented by a study of flood and wind 
damage insurance in the United States, for which similar results were 
found. Moreover, the U.S. analysis found that respondents had little 
specific knowledge of their deductible amount or believed the amount to 
be relatively low. This despite the potentially large deductibles that occur in 
practise in high-risk areas due to insurance policies having separate 
hurricane and/or wind deductibles. Except for the highest deductible levels, 
there was no significant influence of deductibles on the policyholder’s ex 
ante hurricane preparations.  

Chapter 4 concludes that, because of the positive joint decision process 
between taking risk reduction measures and purchasing insurance and the 
small influence of insurance policy deductibles, the absence of moral 
hazard is due to the intrinsic traits of the policyholders – such as a high level 
of risk aversion. The overall findings that natural disaster insurance 
coverage does not result in significant moral hazard effects in terms of 
disaster preparedness activities by policyholder suggests that there are 
opportunities for linking insurance with incentives for risk reduction, as is 
examined in the subsequent chapters. 

7.2.4 Question 4: To what degree can direct insurance incentives encourage 
households to employ flood risk reduction measures? Is there a trade-off 
between the strength of risk reduction incentives and the affordability of 
insurance premiums, and, if so, how can this be overcome? 
Chapter 5 notes that several studies have argued that risk-based insurance 
premiums can incentivize adaptation to changing flood risk, but that few 
insurance systems provide such incentives in practice. The absence of 
widespread incentives could result from concerns over informational 
asymmetries between actors and the overall transaction costs involved in 
developing such a scheme. Moreover, the potential effectiveness of such 
incentives has hardly been researched. Chapter 5 presented an empirically 
calibrated analysis of the effectiveness of risk-based premiums in 
stimulating policyholder DRR activities, and how such incentives may 
potentially conflict with affordability of insurance. Chapter 5 investigated if 
these objectives of economic efficiency and equity can be fulfilled by 
introducing a compulsory public–private flood insurance system in France 
and Germany that uses risk-based premiums to stimulate risk reduction. 
This structure was selected because establishing a wide pool of 
policyholders can reduce the concerns of adverse selection and produce 
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economies of scale that reduce the size of transaction costs involved with 
offering insurance. The investigated scheme fits into a policy context of 
repeated policy proposals in Germany, while the current French scheme 
could be improved with stronger risk reduction incentives.  

There are three main conclusions drawn in Chapter 5. The first is that risk-
based flood insurance premiums can substantially differ from non-risk-
based premiums and that these differences are highly dependent on the 
country and market. In particular, the more solidarity-based a system is in 
practice, the larger this difference in premiums becomes. The second 
conclusion is that risk-based premiums are effective in promoting cost-
effective policyholder level DRR. The premium discounts for DRR correct for 
underestimation of flood risk by individuals. The strength of the incentive 
for risk reduction is stronger in higher-risk areas. Chapter 5 finds that, on 
average, premium discounts for flood-proofing of property could reduce 
residential flood risk by 12% in Germany and 24% in France in the period 
2040–2060, as compared to the situation with no insurance incentives for 
DRR. The third conclusion is that risk-based pricing hampers the 
affordability of flood insurance for about 20% of the at-risk population. 
However, this affordability issue can be addressed by introducing a voucher 
scheme, which is a form of income support that allows low-income 
households to pay for flood insurance if they cannot afford it. Even though 
the total costs for the government to provide such vouchers can be high, 
the results in Chapter 5 show that the damage reduction incentivized by the 
risk-based premiums outweighs these voucher costs. 

An important policy implication is that offering premium discounts to 
policyholders who engage in DRR, combined with compulsory purchase 
requirements, can be effective in stimulating adaptation to changing flood 
risks, if affordability of insurance is addressed through an income support 
system such as insurance vouchers. 

7.2.5 Question 5: What is the set of insurance market features that best 
manages trade-offs between economic efficiency and equity concerns of 
flood insurance market reforms that are needed in Europe to cope with 
increasing flood risk as a result of climate and socio-economic change? 

 

The core of this thesis argues that insurance can contribute to overall flood 
risk management. However, despite the large political and academic debate 
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on how to structure an insurance market, there is a limited understanding 
of how to better link insurance with DRR because of the competing 
objectives for insurance to achieve in terms of economic efficiency and 
equity. Chapter 6 offers insights for this debate by presenting an integrated 
model of flood risk, the insurance sector, and consumer behaviour that 
evaluates key features of market structures that have been proposed in the 
policy debates across the EU. The modelling approach includes a multi-
criteria approach to evaluate insurance market structures to account for 
differing views on the importance of four market outcomes that encompass 
economic efficiency and equity. Moreover, Chapter 6 assesses what market 
features could be introduced or maintained over time when flood risk 
changes as a result of climate change and socio-economic developments.  

Chapter 6 indicates a common set of desirable market structures, but does 
not propose the introduction of a single uniform optimal market structure 
across the EU. In other words, there is no one-size-fits-all solution. 
Nevertheless, Chapter 6 indicates a clear reform trajectory that entails a 
movement towards public-private partnerships in insuring flood risk and 
greater stakeholder participation in flood risk management. The optimal 
market structures were found to be based around: a link between risk 
reduction and insurance, a public reinsurer, purchase requirements, and a 
limited degree of sharing of losses between high- and low-risk households. 
These features maintain insurance affordability, while providing sufficient 
incentives for risk reduction to encourage adaptation to changing flood risk. 
These features can be broadly implemented and further adapted to suit 
local contexts.  

Chapter 6 shows that household-level risk reduction measures can be 
incentivized through a stronger link between risk reduction and premiums, 
even if there is only a partial link between premiums and risk. The 
advantage of the partial link is to maintain the affordability of insurance for 
low-income households. However, Chapter 6 also shows that 
unaffordability remains a concern regardless of market structure, even 
where the link between insurance and risk is weakest. The most suitable 
mechanism for correcting for unaffordability was studied in Chapter 5, 
namely a temporary means-tested insurance voucher. Chapter 6 again 
supports the results of Chapter 5 by showing that in the aggregate the 
benefits of stimulating DRR outweigh the costs of unaffordability.  
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7.2.6 How can insurance-based incentives and household-level risk reduction 
be combined to create a resilient society? 
The thesis’s research sub-questions address separate parts of the overall 
research question. Chapter 2 begins with the finding that there are large 
welfare (both tangible and intangible) impacts from flooding, highlighting 
the needs for increased efforts to reduce flood risk. Moreover, that chapter 
showed that there are substantial welfare benefits from individual risk 
reduction measures, which provides a rationale for exploring how the 
implementation of such measures can be improved using insurance. 
Chapter 3 indicated that household-level DRR can have a substantial impact 
on the damage suffered during a flood if a household is suitably prepared. 
Chapter 4 finds that the German and U.S. natural disaster insurance 
markets are free of moral hazard, showing that voluntary insurance 
purchase may not have acted as a disincentive to prepare for risk. Taking 
these results together there is a clear rationale to explore the ability of 
insurance to promote the use of household-level risk reduction measures.  

Chapter 5 provides an indication that insurance incentives via premium 
reductions can strongly incentivise and promote the use of some of the risk 
reduction measures described in Chapter 3 in the cases of Germany and 
France. Even though premiums with a suitable link to risk reduction 
promote DRR, they remain potentially unaffordable for low-income 
households in high-risk areas. This unaffordability can be corrected for out-
of-general taxation via means-tested insurance vouchers in order to 
facilitate an adjustment to risk-based premiums. Chapter 6 reconfirms this 
finding when the model presented in Chapter 5 is extended to cover the 
high-risk areas (the 1/100yr flood plain) across the European Union.  

Chapter 6 also presents and studies six stylized insurance market structures 
and shows that, as society moves forward in time and risk increases, the 
general structure of insurance markets will have to adapt. While there is 
not a uniform optimal market structure, the common traits of desirable 
flood insurance systems are: a sufficiently strong connection with risk 
reduction through limited premium cross-subsidization between higher and 
lower risk households, and the presence of a public-private partnership 
through a government reinsurer. Moreover, strengthening requirements to 
buy insurance may be required in order to maintain high insurance 
penetration rates. Overall, the research presented in this thesis indicates 



195 
 
 

that as flood risk develops into the future, a stronger partnership across 
stakeholders focusing on risk reduction is required. 

7.3 Discussion of methods 
A variety of data, econometric models and other modelling approaches 
have been applied in this thesis to answer the research questions. This 
section discusses the main advantages and challenges that were 
experienced with these methods.  

Chapter 2 aimed to examine the influence of flooding and flood 
preparedness on welfare, for which self-reported happiness or SWB scales 
were used, which can serve as a basis for monetising these welfare effects. 
Although this approach is commonly used for estimating the influence of 
important life events or intangible environmental impacts on well-being, 
there are few applications to flooding. A novelty of the approach used here 
is that the analysis separated the tangible and intangible impacts of 
flooding through monetising the SWB impact of experiencing a flood, and 
comparing this value to the monetary damage suffered during a flood.  

A mediation-style analysis was applied for estimating the empirical model 
to capture direct and indirect effects of flood-related variables on SWB. This 
is an extension of the literature, since the analysis moves beyond 
estimating monetary values for the direct SWB impacts as is usually done. It 
has been recognized that the SWB approach requires further 
methodological developments in order to play a wider role in non-market 
valuation (e.g., HMT, 2011), of which this extension can be seen as an 
example. An advantage of the mediation-style method is that by examining 
both the direct effects of flooding on SWB as well as the indirect effects 
through the SWBDs, more comprehensive insights are obtained into how 
floods influence an individual’s well-being. Moreover, Chapter 2 found that 
the use of SWBDs as explanatory variables was useful for controlling for 
many other factors of influence on SWB than the flood-related variables.  

Several challenges were encountered in the monetisation of the SWB 
effects of the variables related to flood experience, flood preparedness, and 
flood risk perceptions. Due to data limitations, Chapter 2 used average 
certainty equivalents of the monetised effects of the flood-related variables 
on SWB and average experienced direct flood losses to distinguish the 
tangible and intangible monetary equivalents of these variables on SWB. A 
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more refined method would compare individual monetised SWB values 
with individual direct flood losses. However, the individual direct flood 
losses were unavailable for all flood events, which is why the analysis had to 
rely on average values. Nevertheless, the approach in Chapter 2 provides 
relevant insights into the order of magnitude of tangible and intangible 
well-being effects of the flood-related variables, such as flood experience.  

A second limitation of the methodology employed in Chapter 2 is that the 
use of SWBD related to the financial situation of an individual in the 
regression model prevented making a direct connection of SWB to income. 
Hence, estimates of the relation with SWB and income from the wider 
literature were used for the monetisation analysis in Chapter 2. This may 
hamper internal consistency within the study, since using these values from 
other studies may add uncertainty to the monetisation estimates. Chapter 2 
attempted to limit this uncertainty in two ways. First, a meta-regression 
was applied based on the studies that linked SWB and income, which were 
sufficiently similar in order to control for idiosyncratic differences between 
studies. Moreover, a Monte-Carlo approach was used to account for the 
uncertainty of the relation of income and SWB, which involved taking 
random draws from the two parameter distributions to characterise the 
plausible range of outcomes. Moreover, the final estimates of the monetary 
equivalents of flood impacts on well-being were compared with such values 
found in the wider literature for other adverse life events to see if the 
results in Chapter 2 were plausible, which turned out to be the case.  

Turning to Chapter 3, the primary objective was to provide more refined 
estimates of the effectiveness of household-level DRR measures (Question 
2). This was done by applying a novel statistical technique to pre-existing 
survey data of individual flood impacts and flood preparedness decisions. In 
particular, Chapter 3 examined the suitability of PSM for deriving estimates 
of the effectiveness of DRR measures. It turned out that this method 
proved to be effective in arriving at more reliable estimates of the potential 
flood damage that can be avoided by specific DRR measures. The main 
challenge with this approach was its very data-intensive nature in order to 
capture the relevant confounding variables. These are variables that may 
influence both the adoption of DRR measures and the effects of these 
measures in saving damage during a flood event. Moreover, the balancing 
assumption of PSM must hold in order for the estimated propensity scores 
to be comparable, which may not always be the case.  
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Three approaches were taken to overcome these issues as much as 
possible. The first was that the variables included in the propensity score 
model were limited to direct indicators of the hazard faced, the level of 
exposure and a range of indicators regarding vulnerability. The second was 
to use multiple matching methods in order to check for consistency in the 
PSM estimates of flood damage savings per DRR measure. The third was 
that the set of possible confounders was altered for each DRR measure in 
order to help meet the balancing assumption. In this respect, the use of 
categorical variables was useful because they provide more flexibility in 
meeting this requirement.  

A variety of statistical methods were employed in Chapter 4 to examine the 
presence of moral hazard in a voluntary insurance market (Question 3). In 
particular, probit models were used to establish a relation between 
insurance and various risk management strategies. Bivariate probit models 
were applied to determine a possible joint decision process between taking 
risk management measures and purchasing insurance. Heckman sample 
selections models estimate the role of deductibles in managing risk through 
implementing ex ante risk reduction measures. PSM was employed to 
estimate the difference in flood damage suffered between insured and non-
insured households. This was done in order to investigate moral hazard 
based on different outcomes rather than inputs.  

Chapter 4 applied methods that have been well established within the 
literature investigating moral hazard, although such a systematic analysis of 
moral hazard was, as yet, lacking for natural disaster insurance markets. A 
comprehensive assessment was provided by applying the same modelling 
and variable selection frameworks to several sources of data drawn from 
very different market and risk contexts, namely the United States and 
Germany. This approach allowed for arriving at robust insights showing that 
moral hazard effects are minor, because intrinsic individual motivations 
imply that many individuals take both flood insurance and other measures 
that limit flood risk. It should be realized that the methods used in Chapter 
4 were suitable for splitting the data samples into a ‘treatment’ and 
‘control’ group of individuals with and without flood insurance coverage. 
This approach works well for examining moral hazard in voluntarily 
insurance markers. A different approach would be required for examining 
moral hazard if the purchase of insurance is mandatory since a ‘control’ 
group would be lacking in that case. 
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Computational models were developed in Chapters 5 and 6 in order to 
examine research Questions 4 and 5, for which a comprehensive empirical 
analysis would be infeasible. These chapters provide novel integrated 
modelling frameworks of insurer and consumer behaviour by linking flood 
risk models directly with premium setting by insurers and household-level 
investments in DRR. Overall, these models are useful for examining effects 
of policy reforms, such as the influence on household DRR investments and 
related risk levels of introducing risk-based insurance premiums. Chapter 5 
provided a more focused analysis of implications of introducing risk-based 
flood insurance premiums in a public private flood insurance arrangement 
for Germany and France. Chapter 6 extended that model framework to 
other EU countries, for which the Dynamic Integrated Flood and Insurance 
(DIFI) model was created. DIFI includes an evaluation module that, on the 
basis of economic efficiency and equity criteria, identifies desirable reform 
pathways of flood insurance markets for coping with changes in flood risks 
due to climate change. DIFI consists of a flexible model structure which 
allows for examining the desirability of a variety of flood insurance market 
structures.  

Even though the structure of the models used in Chapters 5 and 6 is well 
embedded in existing literature and empirical information, the calibration 
of several model parameters was challenging due to limited data 
availability. In particular, the modelling approaches are constrained by 
limited data on individual risk perceptions of flood probabilities or the 
perceived effectiveness of DRR, which are important parameters for the 
household behaviour modules. An attempt was made to overcome this 
challenge by calibrating the individual risk perception parameters based on 
three scenarios of available datasets of individual flood risk perceptions and 
employed DRR measures by households. Nevertheless, important 
uncertainties can also be found in other parameters and model 
assumptions. This is why, in Chapter 6, extensive sensitivity analyses were 
conducted to examine the robustness of main results to: uncertainty in risk 
and insurance premium estimates and underlying flood risk projections, 
alternative assumptions about the costs and effectiveness of risk reduction 
measures, differing models of flood insurance demand, and different risk 
management objectives that would alter the relative attractiveness of the 
evaluation criteria. Furthermore, Chapter 6 relies on a relative multi-criteria 
assessment of the various market structures rather than on the absolute 
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values of the assessment indicators, which allows for arriving at more 
robust outcomes. 

7.4 Policy recommendations and implications for future 
research 
There are two sets of implications that emanate from this thesis, which are 
summarized in Table 7.1 and discussed below. The first is policy 
implications for how flood insurance markets could be restructured in both 
the present and the future in order to maintain a robust insurance market 
and a resilient society. The second is a discussion on the general 
implications for future research. 

7.4.1 Policy implications 
There are five main policy conclusions from the research presented. The 
first regards the common expectation by policy makers and insurers that 
the natural hazard insurance market displays moral hazard and, through 
adverse risk selection potentially, adverse selection leading to market 
failure and uninsurability. Contrary to these expectations, the research 
presented in this thesis found no evidence of moral hazard in the very 
different voluntary market contexts of the German and U.S. insurance 
markets. In particular, insurance coverage did not result in households 
employing fewer risk reducing measures. Rather, there was weak evidence 
that households with insurance tended to employ more risk reducing 
measures.  

Nevertheless, there is some evidence in favour of adverse risk selection 
and, as such, stronger mechanisms need to be employed to reduce the 
potential for adverse selection. The suggested policy mix to overcome this 
issue is based on risk zoning, in which premiums are differentiated 
according to risk classes and compulsory insurance purchases. This 
particular policy mix reduces the importance of the informational 
asymmetries in risk between the insurer and the policyholder. Moreover, it 
creates a sufficiently large pool of ‘good’ and ‘bad’ risks, maintaining the 
equality between premium income and expected indemnity payments.  

The second policy implication regards the use of incentives to encourage 
households to employ additional DRR strategies. This thesis supports on-
going discussions for implementing a greater range of incentive 
mechanisms. Chapter 4 shows that, while deductibles are commonly used 



200 
 
 

to incentivise households to manage risk, very few people know in advance 
of a natural disaster that they possess a deductible. This suggests that the 
deductible alone would not be sufficient to promote risk reduction, which is 
also confirmed by results in Chapter 4 showing that deductibles have only a 
small influence on implemented DRR measures.  

Therefore, this thesis argues in favour of the use of risk-based pricing and 
premium discounts to incentivize households to adapt to changing risk in an 
ex ante, cost-effective manner. Chapter 5 shows that risk-based premiums 
can be an effective mechanism for reducing risk by overcoming a lack of 
disaster preparedness by households who underestimate the natural 
disaster risks they face. However, this is not the only policy mechanism that 
may be suitable. For instance, in the United States, the Disaster Savings and 
Resilient Construction Act would provide a tax incentive for building in a 
disaster-resilient manner, which may encourage non-insured household to 
conduct risk-reduction activities. The general conclusion is that these 
incentives should not be based on a disaster occurrence, as is the case with 
incentives originating from deductibles. Instead, tangible incentives, such as 
premium discounts or tax credits, are more suitable, in order to provide 
policyholders with a concrete financial reward for reducing risk. 

The third policy implication is that while risk-based premiums are 
potentially successful at promoting DRR, this incentive can come at the 
expense of insurance affordability. Even if risk-based insurance is 
affordable, the premiums can also counteract the potential strength of the 
insurance incentive by rendering DRR measures unaffordable when a 
household’s disposable income is lowered through paying high premiums in 
high-risk areas. Both types of unaffordability can be addressed by providing 
means-tested vouchers or subsidies, since they reduce the burden on 
household budgets of purchasing disaster insurance or implementing DRR 
measures. It is likely that the insurance premium voucher should take 
priority. The insurance premium voucher would allow for the risk transfer 
element of insurance to take place, while weakening the unaffordability 
constraint for risk reduction measures.  
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Table 7.1 Core implications emanating from this thesis 

Finding Policy Implication Research Implication 

Absence of moral hazard in Germany 
and the U.S., but adverse risk 
selection is present, which in turn 
may lead to adverse selection as 
commonly understood. 

Strengthen the incentives for 
insurance companies to promote 
policyholder-level risk reduction.  
Base premiums on risk classes 
and/or introduce compulsory 
insurance to overcome the potential 
for adverse selection.  

Investigate the possibility of moral 
hazard in compulsory rather than 
voluntary insurance markets.  

Tangible incentives (i.e., premium 
discounts), are more effective in 
stimulating risk reduction than 
deductibles. 
 

Introduce interest-free loans, tax 
credits, premium discounts or 
otherwise fixed incentives for 
household retrofitting to stimulate 
DRR.  

Develop models to compare the 
ability of other tangible incentives to 
encourage DRR, such as minimum 
risk reduction standards to be 
eligible for insurance. 

The risk reduction potential of risk-
based premiums outweighs the 
burden such premiums place on low-
income households. 

Introduce a short-term voucher 
programme to ease the transition 
and burden of risk-based premiums. 

Further development of the debate 
over how to define and measure the 
affordability of insurance. 
 
Investigate innovative mechanisms 
for managing the unaffordable part 
of insurance.  

Intangible (non-monetary) benefits of 
flood preparedness and costs of 
flooding are large. 

Intangible impacts should be more 
often included in the cost-benefit 
analysis of large scale flood 
protection projects that limit 
disaster risk. 
 
The benefits of DRR should be 
viewed holistically rather than 
focusing on solely direct economic 
benefits.  

Investigate other regions to see how 
transferable these results are. 
 
Try to develop stronger 
experimental (or semi-experimental) 
econometric strategies to check the 
robustness of the findings.  

Flood insurance reforms towards a 
public-private partnership are 
desirable based on a compromise 
between solidarity-based insurance 
systems and semi-voluntary-based 
insurance systems. 

Strengthen insurance purchase 
requirements. 
 
Offer public reinsurance for natural 
disasters similar to terrorism 
insurance. 

Involve stakeholders in order to 
determine an appropriate set of 
weights for the MCA analysis applied 
in Chapter 6 to further refine specific 
reform directions for a country. 

Continued evaluation of 
characteristics of flood insurance 
systems is required. 

There is no silver bullet insurance 
system, since when the risk situation 
changes and develops new solutions 
may be required. 

Constant evaluation of stakeholder 
preferences and objectives. 
 
Constant review of flood risks and 
effective strategies to manage flood 
risk. 
 
Expand the DIFI model to include 
general disaster insurance and 
include more data driven 
behavioural rules. 

  

However, it must be acknowledged that the vouchers offered for insurance 
premiums should be temporary in order to facilitate adjustment to the 
implementation of risk-based premiums, rather than acting as a direct 
subsidy which could over time attract new residents to high-risk areas. 
Potential subsidies or vouchers for risk reduction measures, on the other 
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hand, do not create this problem; as such measures directly reduce 
vulnerability. 

The fourth policy implication applies more broadly to flood risk 
management. Government investment in protection infrastructure or risk 
management plans as a whole tends to be based on a cost-benefit analysis, 
where a project is conducted if the total discounted benefits of flood 
protection exceed total discounted costs of this protection. However, these 
cost-benefit analyses often disregard the intangible benefits of flood risk 
reduction. Chapter 2 shows that the welfare impacts of the intangible 
impacts from flooding or household preparedness can outweigh the 
importance of the direct damage suffered. Intangible benefits and costs 
should be integrated into the decision processes that govern risk 
management investments, but usually such values are not part of cost-
benefit analysis of flood risk management strategies. Such flood risk 
management decisions that do not take into account intangible benefits are 
likely to result in a socially inefficient level of investments. Moreover, the 
importance of intangible impacts of natural hazards should be considered 
when assessing the cost of increasing natural disaster risk that can result 
from climate change. 

The fifth implication is that, while this thesis tended to focus on Europe, the 
results and policy recommendations can be useful in the on-going policy 
discussions about reforming natural disaster insurance markets outside of 
Europe. An important finding is that adverse risk selection may be present 
while moral hazard is not, as the analysis in Chapter 4 also showed for the 
United States. Therefore, resources should be allocated to studies 
developing methods to provide more spatially refined risk estimates. This 
supports policy reforms such as recent flood insurance reform acts 
concerning the National Flood Insurance Program in the U.S. and moving 
toward risk-based rates, such as the Biggert-Waters Flood Insurance Reform 
Act of 2012.  

Moreover, policies aimed at increasing the uptake of flood insurance 
among both low- and high-risk groups could be useful for creating a large 
risk pool and limiting (potential) problems with adverse selection. For 
example, the Homeowners Flood Insurance Affordability Act of 2014, and 
the Flood Insurance Market Parity and Modernization Act of 2016. These 
acts are aimed at improving the financial sustainability of the NFIP, which 
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has high debts held by the U.S. Treasury. Some of the issues that these 
reforms try to address are improving the actuarial soundness of the 
program by moving towards risk-based premiums, strengthening purchase 
requirements to overcome the observed low penetration rate outside high-
risk areas, and providing stronger incentives for DRR. These reforms have 
similar characteristics to the set of reforms appropriate for most European 
countries. Moreover, in many regions around the world, natural disaster 
risks are increasing, which can trigger debates about insurance solutions to 
cope with changing risks for which the results in this thesis may serve as a 
useful staring point.  

7.4.1.1 Political economy of the policy implications 
The policy implications can have a substantial impact on how European 
insurance markets for floods and other extreme weather events are 
structured in some countries. This is because as Chapter 6 notes there are a 
range of approaches taken in Europe to provide flood insurance, although 
there are similarities. For example, Spain provides insurance through a 
public institution at a flat rate; France provides insurance through private 
institutions at flat rates, but with a high degree of public-private 
collaboration; while the UK and Germany are reliant on private insurers 
with different levels of coverage. These differing approaches have 
developed because different countries display different risk profiles and 
priorities in the past, leading to their idiosyncratic development (Surminski 
et al., 2015) according to the preferences of the local residents. Therefore, 
this formation can be seen as the result of public policy choice. 
 
However, even though the approaches taken have developed 
idiosyncratically, it must be acknowledged that not all stakeholders (i.e. 
households, governments, insurers) view the role of insurance in the same 
manner. These differing views can prove problematic in policy debates. For 
instance, risk based premiums can provide strong risk management 
incentives but also create concerns regarding unaffordability (Chapter 5), 
which differing stakeholders can view with differing levels of importance. 
An example is that very high risk households could value mechanisms 
limiting the unaffordability of their insurance much more highly than lower 
risk households who benefit more from risk based premiums. Additionally, 
over time the views of stakeholders can diverge regarding relevance of 
certain actions or behaviours as can be seen through the evolution of the 
‘Gentlemen’s agreement’ to Flood Re in the United Kingdom. Therefore, 
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how different stakeholders can view the various market outcomes has 
substantial impacts on how markets develop. On the whole when 
presented with this concern, this thesis presented these differing views as 
different risk management objectives. Therefore, rather than directly 
modelling the preferences of a wide range of stakeholders we focused on 
differing sets of indicators for the relative importance of the modelled 
insurance outcomes. These different risk management objectives are 
generated by the different preferences that the stakeholders have towards 
risk, welfare transfer, the role of the state etc. 

Therefore, when investing the suitability of market structures we should 
take these different objectives into account. A comparative analysis of 
schemes is required, such as presented in Chapter 6, the extent to which a 
scheme is able to achieve a reasonable trade-off between the various 
outcomes. This heterogeneity of approaches can help us to better 
understand what systematic market features work or do not work in 
achieving this trade-off across difference preferences (with the varying 
weights associated with each outcome acting as a proxy). Chapter 6 
supposed a range of different objectives and then looked for the market 
features that were most commonly highest scoring across the range 
different risk management objectives. In comparing the optimal stylized 
market structures found in Chapter 6 to an inventory of extreme weather 
insurance presented in a forthcoming external report for the European 
Commission39, we see that many of these features are already in place in 
what can be considered best practice countries in terms of their provision 
of extreme weather insurance overall. 
 
Even though this thesis used the MCA approach as a proxy for the different 
preferences towards insurance markets, there is still the potential for many 
political difficulties in applying this thesis’s policy implications. This is 
because there is a distinction to be made in if flood insurance, and by 
extension all extreme weather insurance, is a private or a social good. 
Seeing insurance as a ‘private good’ means insurance is a method for 

                                                           
39 Insurance of weather and climate-related disaster risk: Inventory and analysis of mechanisms to 
support damage prevention in the EU, approved for publication on August 2017. Consultation for the 
European Commission Directorate-General for Climate Action, Unit A.3 – Adaptation. Partnership 
between Ramboll (Xavier Le Den, Matilda Persson, Audrey Benoist) and IVM (Paul Hudson, Marleen de 
Ruiter, Lars de Ruig, Onno Kuik). 
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protecting an individual financially from extreme weather events based on 
their own wishes. While, seeing insurance as a ‘social good’ means that 
insurance is a method of protecting society as a whole by limiting the 
individual financial impacts, thereby preventing economic damage from 
extreme weather events. In this view insurance should be accessible for all, 
or there is a strong overall desire that many people are covered. 

Different stakeholders can view insurance to be located at different points 
along the spectrum of a private to a social good, with resulting implications 
on how the ‘optimality’ of the reforms can be seen. The closer a view is 
towards the ‘private good’, the weaker the support for the limited cross-
subsidization is likely to be, compared to a view closer to the ‘social good’. 
Perceptions that the impacts that floods can cause on those directly 
affected are substantial and widespread can point to the view of extreme 
weather insurance as a social good. That such perceptions are 
heterogeneous is further reinforced by the common observation that the 
subjective and objective flood risk perceptions can be widely divergent. 

The proposed set of policy directions tends towards the view that flood 
insurance should be treated as a social good. Therefore, the political 
acceptability of the identified market features is dependent on how wide-
spread the political support for risk based or flat premiums is; the degree to 
which people are willing to support each other; the extent to which there 
are economies of scale in minimizing expected flood damage; and how 
idiosyncratic flood risks are. The problems of the divergence of lay-, and 
expert risk perceptions can further compound these problems in the 
political arena, as the relevance of the flooding risk is seen differently 
between different stakeholders.   

These political problems can influence how market structures can be seen 
to be optimal based on their acceptability to the overall electorate across 
the various countries. This acceptability is based on the combination of 
preferences that individuals have towards these matters and the potential 
welfare consequences of the proposed reforms over the status quo. 
However, treating flood insurance as a social good there is room for 
abstracting away from individual level preferences. This allows suitable 
market structures, or risk management strategies, to be investigated 
independently from risk attitudes. Chapter 2 noted that an individual’s risk 
perceptions depended on their lifetime of experiences and how recent 
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these experiences are. This temporal dimension to risk perceptions creates 
a volatile political atmosphere where there can be short bursts of intense 
focus on flood risk management, and periods where peoples subjectively 
low risk beliefs inhibit action. The potentially cyclical nature highlights the 
need for policy discussions that move away from risk attitudes.    

This process may take a long time to accomplish as the varying views are 
combined into an overall objective for managing flood risk via insurance. 
Flood Re is an example of such a complex processes of compromise across 
the relevant stakeholders, which captures many of the aspects of an 
‘optimal market’ as identified in Chapter 6. The differing risk management 
objectives of the stakeholders show that there would be room for more 
open and transparent engagement of, and collaboration with, the various 
stakeholders involved in the risk management process.  

7.4.2 Research implications 
This thesis has answered several research questions, but further research 
on this topic is needed, since as long as there are changing risk profiles or 
preferences there will be a need to constantly re-evaluate and assess 
society’s approaches to managing flood risk. Additionally, the limitations of 
each chapter as well as the discussion presented in the previous sub-section 
offer a natural starting point from which new research can build. 

The empirical methods use data from cross-sectional datasets obtained 
from surveys of households in flood-prone regions in Germany and France 
that were structured to reveal the past flood experiences of households 
and currently taken self-protection actions. There is still room for the 
improvement of data collection methods. Data could be improved upon by 
developing panel or longitudinal datasets that have longer temporal 
dimensions. Panel or longitudinal datasets would add a stronger temporal 
dimension to the available data. The improvement of the temporal 
dimension of datasets would greatly enrich the analyses that can be 
conducted within the field of natural hazards research. Datasets with a 
temporal dimension would allow for a greater variety of statistical 
techniques to isolate causal effects or to investigate changes in flood 
preparedness over time as risk, risk perceptions, or incentives alter. The 
research in this thesis investigated changes in flood preparedness over time 
calibrated on cross-sectional datasets, while the temporal dimension may 
be an important factor of influence on this preparedness. For instance, 
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households may delay investing in household risk reduction measures even 
if there are strong insurance incentives in order to see if the insurers will 
continue to provide the premium discount. Calibrating the model 
parameters on datasets with a stronger temporal dimension would enrich 
the aspects of these models that look into household behaviour regarding 
high-impact/low-probability risk and altering behaviour over time. 
Moreover, it may open up more avenues of research than are currently 
possible.  

Increased recording or systematic surveying after a disaster could also be 
suitable for investigating the tangible and intangible impacts of flood 
experiences or risk reducing measures. Moreover, the use of panel data 
with more detailed loss recording can allow for an individualised 
investigation of impacts of flooding on subjective well-being. Further 
individualisation of the results could be achieved through applying multi-
level approaches that would allow specific parameters to be estimated for 
each ‘level’. For example, combing a multi-level regression model and a 
panel dataset would allow for estimating separate parameters for each 
respondent, which may result in an estimated certainty equivalent of 
subjective well-being impacts that correspond closer to the respondent in 
question.  

Chapter 4 dealt with moral hazard, which is a very commonly mentioned 
problem with natural disaster insurance markets. Moral hazard is often 
regarded to be a problem in natural disaster insurance markets because the 
premiums charged by insurance companies would no longer reflect the 
actual risk facing the household if moral hazard occurs. Chapter 4 
investigated moral hazard in two effectively voluntary insurance markets, 
finding that it was not present since those people who are motivated to 
insure are also motivated to protect themselves. Investigating moral hazard 
is possible in voluntary insurance markets because it is possible to compare 
the protection behaviour of those with and without insurance.  

However, Chapter 6 notes that not all disaster insurance markets are 
voluntary. Some markets have various forms of purchase requirements, 
meaning that all households must buy insurance including those who are 
motivated to protect themselves and those not motivated to do so. These 
non-voluntary markets could also display moral hazard. Investigating moral 
hazard in non-voluntary insurance markets may be more difficult, but no 
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less important. The premiums in non-voluntary insurance markets have 
been noted to be very weakly connected to risk and not all of the insured 
have the tendency to display intrinsic characteristics that prevent moral 
hazard form occurring. Therefore, research could be conducted to see if 
mandatory natural disaster insurance schemes are more vulnerable to 
moral hazard than voluntary insurance markets. This is an especially 
important avenue of future research, because one of the key policy 
implications of this thesis is the introduction of compulsory forms of flood 
insurance. It may be that any possible presence of moral hazard in 
compulsory insurance markets could be corrected for by introducing 
deductibles (although awareness of the deductible may be low as Chapter 4 
indicated) or through the incentives offered by risk-based premiums or 
other external incentives. Future research could examine if these 
mechanisms are required or would be sufficient to address the presence of 
moral hazard when all households must buy insurance.  

Another area for future research concerns investigating the success of DRR 
measures for different flood characteristics (e.g., floods of smaller overall 
magnitudes) so that a more complete picture of the effectiveness of DRR 
can be provided. The results of this chapter indicate that DRR measures 
were effective in limiting damage during a large flood event, while damage 
reductions may be different during flood events of a smaller magnitude.  

Future research can also seek to apply PSM to a wider range of natural 
hazards. In general, there are few independent empirical studies about the 
employment of natural disaster risk reduction measures and their 
effectiveness, which implies that the evidence base for these estimates is 
small. In addition, future research could focus on establishing an improved 
evidence base for estimates of natural disaster risk reduction measures that 
are in place in different regions and how effective these are in limiting flood 
damage.  

Yet another direction for future research would be examining the 
effectiveness of social psychological interventions that governments, NGOs 
or insurance associations could undertake to improve disaster 
preparedness. These instruments could be important complements to 
financial incentives for reducing disaster risk, since preparedness involves 
more than employing risk reducing measures. For instance, early warning 
systems may only be effective if people know how to correctly respond to 



209 
 
 

the warning or trust the warning giver. Moreover, a high degree of 
preparedness or risk awareness as a whole can help decentralised risk 
management, because location decisions may be altered when the agent 
does not want to bear the risk of living in a flood-prone area. Examples 
include public service announcements and mail campaigns that provide, in 
simple language, information or reminders about natural disaster risks and 
the benefit of purchasing natural disaster coverage. For example, Chapter 4 
highlighted that studies of the effectiveness of communication about flood 
risk show that communication messages can be effective in increasing risk 
awareness and demand for flood risk reduction measures and flood 
insurance.  

The core model discussed in Chapters 5 and 6 accounted for possible 
individual misperceptions of flood risk. The model assumed that households 
base decisions on flood-preparedness by trading off costs and benefits of 
flood-proofing measures. This could be seen as a limitation of this chapter’s 
approach when households make decisions on other grounds. Allowing for 
alternative decision-making frameworks could be a fruitful area for future 
research. In addition, there are several uncertainties regarding the applied 
input data and modelling approach (e.g., household-level risk perceptions). 
In future work, the calibrated flood risk perception distribution could vary 
over time, and allow for greater spatial diversification if wider longitudinal 
studies are conducted by expanding the DIFI model to include factors other 
than objective risk. For instance, time periods with long gaps between 
floods will likely contribute to reduced flood risk awareness, while periods 
immediately after a flood can result in perceptions that imply 
overestimation of objective risk.  

Our modelling approach is useful for examining average effects of insurance 
market reforms on individual flood preparedness behaviour, which can 
provide a useful starting point for future research that aims to predict this 
behaviour in a more detailed manner, such as for a specific region at a 
particular point in time. 
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9. APPENDIX 

9.1 Appendix A: Supplementary material for Chapter 2 
9.1.1 Example SWB questions 

Shown below are examples of the SWB questions employed in the 
questionnaire. 
 
 
A – CURRENT QUALITY of LIFE 
 
Q1. First, on a scale from 0 to 10, where 0 means totally unhappy and 10 
means totally happy, how satisfied are you with your life as a whole? 
 

0 1 2 3 4 5 6 7 8 9 10 

           

 
 
Q2. Similarly, on a scale from 0 to 10, where 0 means totally unhappy and 
10 means totally happy, how satisfied are you with the following domains 
of your life?  
 

Domains 0 1 2 3 4 5 6 7 8 9 10 

Your health             

Your home            

Your environment of living            

Your financial situation in 
general 

           

Your amount of free time            

The use of your free time            

Your family life            

Your social life            
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9.1.2 Meta-analysis of studies investigating the relation between income and 
overall SWB 
A literature review was conducted to establish the relation between income 
and overall SWB which is needed for calculating the compensating values.  

The literature review was conducted by searching for relevant publications 
in Google Scholar between 23rd March and 25th March 2015. The search was 
based on finding the following text strings in the titles of papers: SWB 
income; Life satisfaction income; Subjective well-being income; Subjective 
well-being income. These search strings resulted in a total of 470 hits once 
the searches have been refined to papers published between 2000-2015, 
excluding patents and citations.  

The selection of papers was further refined based on the following four 
initial conditions. First, SWB was measured on an 11 point scale over the 
range 0-10 which is the range used in our SWB survey question. Second, the 
paper estimated at least one linear regression between overall SWB and 
income. Third, the studies were conducted at a micro-economic level. 
Fourth, the income variable is continuous rather than discrete. Once the 
papers were collected it was observed that the majority of papers used the 
natural logarithm of income as an independent variable and so this 
condition was added as an additional criterion to further improve the 
consistency of the final set of papers (only two of the identified papers did 
not meet this condition). 

The following papers met our conditions: Vendrik and Woltjer (2007); 
Pouwels et al. (2008); Knabe and Pätzel (2010); Di Tella et al. (2010); 
Sekulova and van den Bergh (2013); Stutzer (2004);Headey et al. (2008); 
Ball and Chernova (2008); Bartram (2010);Gilbert and Paul (2009);Boyce et 
al. (2009) ; FitzRoy et al. (2011); Boes and Winkelmann (2004); Wunder 
(2008); Knies (2010); Powdthavee et al. (2013); Plaff (2013); Di Tella and 
MacCulloch (2008). 

In order to arrive at an estimated value for the partial correlation between 
income and overall SWB, each regression model estimated in the above 
papers was treated as a separate observation resulting in 73 observations. 
These observations are used as inputs into the following linear regression: 

(A1): Paramateri = ϑ + ui  
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Where Paramateri is a value corresponding to a single parameter 
estimate;ui is a random error term that represents the deviation of a 
particular estimated parameter from the ‘true’ parameter value ϑ. The 
estimated value of ϑ and its standard deviation are used as inputs for our 
CV calculations. A regression consisting of only a constant and error term 
has been deemed suitable for an analysis of a variable where there is a 
single parameter value of interest (e.g., van Houwelingen et al., 2002; 
Osborne, 2008). The estimated value of ϑ is 0.21 (with a standard error of 
0.02), which indicates a strongly inelastic relationship between income and 
overall SWB. This is because it implies that a doubling of income increases 
SWB by 1/5th of a SWB level.  

Nelson and Kenndy (2009) argue that in certain applications of meta-
regressions the non-independence of observations, i.e. several observations 
from the same study, should be controlled for. However, Nelson and 
Kenndy (2009) also argue that this is not required if the purpose of the 
study is to only estimate the average effect size, i.e. regression coefficient 
size. Nonetheless, a multi-level regression model was also estimated, but as 
it resulted in similar coefficient estimates, we use the OLS regression 
results.  

 

Figure 9.1 Share of total national income earned by the nth quantile of 
income (left); Income of the nth quantile (right) 

The value for the relationship between income and subjective well-being 
used within the main text of the paper is in effect an application of the 
value transfer method. We believe that the value is suitable because of the 
relatively small spread of estimates in the literature for countries similar to 
France. Moreover, the income distributions of the countries used for our 
meta-analysis have important similarities, which give confidence in our 
approach. This is apparent from Figures 9.1, which show, respectively, the 
share of total income earned by each quantile and the highest income point 
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in a quantile for the countries used in our meta-analysis. The figures show 
that in effect the income distributions are vertically identical across the 
countries within the meta-analysis. The value of Spanish income is lower 
than the other countries within the sample, but follows a very similar shape 
which implies that also this observation is a useful input for establishing our 
relation of interest which is based on the logarithm of income. 

9.1.3 Systematic differences between sample sub-groups and possible 
endogeneity 
An additional method of investigating the presence or potential of 
endogeneity or sample bias is by checking for systematic differences within 
our sample between important explanatory variables. There is not a single 
variable of interest in our study rather a series of variables, which is why we 
test for differences in the means of the sub-samples created by the 
explanatory variables. For instance, the variable indicating that a household 
has employed dry flood-proofing measures can split the sample into two 
groups, and we then test if there are statistically significant differences in 
the means of the two sub-samples for each explanatory variable. The 
results of this investigation show that there are few statistically significant 
differences between the various sub-samples. The main sample differences 
occur in expected patterns: those that have been flooded in the past have a 
higher tendency to worry about future flood risk or impacts and are more 
likely to employ flood-protection measures.  

 

 

 

 

 

 

 

 

 



239 
 
 

Table 9.1 Results of mean comparison tests, which examine differences between sample sub-groups 
in relation to key explanatory variables (in columns) 

 
 
 
 
 

 

Flooded 
before 

Flooded 
within 
the last 
year 

 

Neighbou
r has 
been 
flooded 
when 
responde
nt was 
not 

There is 
a 
househo
ld plan 
on how 
to cope 
with a 
flood 

Has 
under 
taken 
dry 
flood-
proofi
ng 

Has 
under 
taken 
wet 
flood-
proofi
ng 

Has 
elevat
ed 
their 
buildin
g 

Expect
s 
future 
flood 
risk to 
grow 

Expect
s high 
damag
e if 
floode
d 

Worries 
about 
current 
and/or 
future 
flood 
probabiliti
es 

Happy 
with 
health 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

Yes:9% Yes:8% Yes:10% 

Happy 
with home 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

Yes:13
% 

No Yes:10% 

Happy 
with living 
environme
nt 

No sig. 
diff 

No sig. 
diff 

Yes:8% No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

Yes: 
8% 

Yes:13
% 

Yes: 
8% 

Yes:14% 

Happy 
with 
financial 
situation 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

Yes:10
% 

No sig. 
diff 

No Yes:16% 

Happy 
with the 
amount 
and use of 
their free 
time 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

Yes:13
% 

Yes:10
% 

No sig. diff 

Happy 
with 
family life

  

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

Yes:9% No sig. 
diff 

No sig. diff 

Happy 
with social 
life 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

Yes:11
% 

No sig. 
diff 

No sig. diff 

Worries 
about 
current 
and/or 
future 
flood 
probabiliti
es 

Yes: 
19% 
differen
ce 

Yes:30% 
differen
ce 

No sig. 
diff 

Yes:22% No sig. 
diff 

No sig. 
diff 

Yes:14
% 

Yes:25
% 

Yes: 
45%  

Expects 
high 
damage if 
flooded 

Yes: 
15% 
differen
ce 

Yes: 
25% 
differen
ce 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

Yes:15
% 

Yes:22
%   

Expects 
future 
flood risk 
to increase 

No sig. 
diff 

Yes: 
12 % 
differen
ce 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

No sig. 
diff 

Yes: 
11%    

Has 
elevated 
their 
building 

No sig. 
diff 

No sig. 
diff 

Yes:13% No sig. 
diff 

No sig. 
diff 

Yes:20
%     

Has under 
taken wet 
flood-
proofing. 

No sig. 
diff 

No sig. 
diff 

No No sig. 
diff 

Yes: 
20%      

Has 
undertake
n dry 
flood-
proofing 

No sig. 
diff 

Yes: 9% Yes: 6% No sig. 
diff       

There is a 
household 

Yes: 
11% 

Yes:11% No        
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plan on 
how to 
cope with 
a flood 
Neighbour 
has been 
flooded 
when 
responden
t was not 

No sig. 
diff 

No         

Notes: No sig. diff. indicates that the sample means do not differ at the 5% significance level. Values 
after ‘Yes’ indicate the absolute difference in means. 

 

9.2 Appendix B: Variable number, name, and description for 
Chapter 3 
The variables in italics below have been included in every PS function, and 
are otherwise referred to as the core variables. The variables presented in 
standard type are included in models where they improved performance 
while maintaining the balancing assumption. The Table 9.2 below lists the 
variables included in each PS model. The possible variables to be included in 
the PS function:  

Table 9.2 Included confounders 

Flood adapted use (contents 
damage) 

 3-28,35-37,39-40,43 

Flood adapted use (building 
damage) 

3-29, 33, 35, 36, 38, 43 

Wet flood-proofing (contents 
damage) 

 3-28,35,36,38-41,43 

Wet flood-proofing (building 
damage) 

 3-15,17-32, 35, 36, 38, 43 

Adapted building structure 
(contents damage) 

 3-8, 11-28, 35-37, 39-43 

Adapted building structure 
(building damage) 

 3-8, 10-28, 30-32, 35-43 

mobile water barrier (contents 
damage) 

 3-8, 10-28, 30-32, 35-43 

mobile water barrier (building 
damage) 

 4-8, 10-27, 29-33, 35-37, 39 

Notes: The confounders are referred to by their identifying numbers, 
which are listed above. 
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1. Household Contents Damage: damage to household contents, 
where contents are all moveable items in the home. Measured in 
euros, and as replacement costs. 

2. Household Building Damage: Damage to the building – repair costs. 
Measured in euros. 

3. Household Contents Value: The value of all moveable items within 
the home. Measured in Euros. 

4. Flood Duration: The length of time the building was flooded in 
hours. Measured in hours. 

5. Flow Speed One: low water speed (stationary water is the base 
group). From a 0-4 scale based on the scale developed by the 
Bureau of Reclamation (Thieken, 2005). This is a dummy variable 
taking the value of 1 if the respondent provided a value of 1, and 0 
otherwise. 

6. Flow Speed Two: medium water speed (stationary water is the base 
group). From a 0-4 scale based on the scale developed by the 
Bureau of Reclamation (Thieken, 2005).This is a dummy variable 
taking the value of 1 if the respondent provided a value of 1, and 0 
otherwise. 

7. Elbe: A dummy variable taking the value of 1 if the respondent lived 
along the Elbe River, and 0 otherwise. 

8. Urban Area: A dummy variable taking the value of 1 if the 
respondent lived in an urban area (greater than 50,000 residents), 
and 0 otherwise 

9. House Age (1948): A dummy variable taking the value of 1 if the 
respondent’s building was constructed between 1948-64, and 0 
otherwise. 

10. House Age (1964): A dummy variable taking the value of 1 if the 
respondent’s building was constructed between 1964-90, and 0 
otherwise. 

11. House Age (1990): A dummy variable taking the value of 1 if the 
respondent’s building was constructed between 1990-2000, and 0 
otherwise. 

12. House Age (2000): A dummy variable taking the value of 1 if the 
respondent’s building was constructed after 2000, and 0 otherwise. 
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13. House Quality 2: A dummy variable taking the value of 1 if the 
respondent said that the quality of their building was 2 on a 6-point 
scale (1 is highest quality) 

14. House Quality 3: A dummy variable taking the value of 1 if the 
respondent said that the quality of their building was 3 on a 6-point 
scale (1 is highest quality) 

15. House Quality 3 Plus: A dummy variable taking the value of 1 if the 
respondent said that the quality of their building was 4,5 or 6 on a 
6-point scale (1 is highest quality) 

16. Flood Risk 1: A dummy variable taking the value of 1 if the 
respondent said that a flood had only affected them once before. 

17. Flood Risk 2: A dummy variable taking the value of 1 if the 
respondent said that they have suffered twice from flooding 
before. 

18. Flood Risk 3: A dummy variable taking the value of 1 if the 
respondent said that they have suffered three flood events before. 

19. Flood Risk 4: A dummy variable taking the value of 1 if the 
respondent said that they have suffered from 4 flood events 
before. 

20. Flood Risk 5: A dummy variable taking the value of 1 if the 
respondent said that they have suffered from more than 5 floods 
before. 

21. Water height: The height of floodwaters entering the house in 
meters. 

22. Contaminated Water: A dummy variable taking the value of 1 if the 
respondent’s house was contaminated by sewage or oil, and 0 
otherwise. 

23. Warning Duration: The length of time before a flood that a warning 
was issued in hours.  

24. Return 1: A dummy variable taking the value of 1 if the flood 
recorded at the nearest gauge was between 1 in 10 years to 1 in 50 
years, and 0 otherwise. 

25. Return 2: A dummy variable taking the value of 1 if the flood 
recorded at the nearest gauge was between 1 in 50 years to 1 in 
200 years, and 0 otherwise. 

26. Return 3: A dummy variable taking the value of 1 if the flood 
recorded at the nearest gauge was over 1 in 200 years, and 0 
otherwise. 
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27. Cellar: A dummy variable taking the value of 1 if the building has a 
cellar, and 0 otherwise.  

28. Floor size: The total floor space of the home, including the size of 
the cellar if present. Measured in m2. 

29. House price: An estimate of the house price based on the M1914 
criteria. Measured in euros.  

30. Warning Quality: A dummy taking on the value of 1 if the perceived 
quality of the flood warning is given a value of 1, 2 or 3 on a scale of 
0-11, and 0 otherwise. 

31. Warning Quality Two: A dummy taking on the value of 1 if the 
perceived quality of the flood warning is given a value of 4, 5 or 6 
on a scale of 0-11, and 0 otherwise. 

32. Warning Quality Three: A dummy taking on the value of 1 if the 
perceived quality of the flood warning is given a value larger than 7 
on a scale of 0-11, and 0 otherwise. 

33. Renter: A dummy variable taking the value of 1 if the resident rents 
their residence, and 0 if they own their place of residence.  

34.  Detached house: A dummy variable taking the value 1 (0 
otherwise) if the building is a detached house (this variable is the 
core base category for housing type) 

35. Semi-detached house: A dummy variable taking the value 1 (0 
otherwise) if the building is a semi-detached house. 

36. Town house: A dummy variable taking the value 1 (0 otherwise) if 
the building is a detached house. 

37. Multi-family house: A dummy variable taking the value 1 (0 
otherwise) if the building is a multi-family house. 

38. Commercial Building: A dummy variable taking the value 1 (0 
otherwise) if the building is a commercial building. 

39. Secured documents: A dummy variable taking the value 1 (0 
otherwise) if the responded secured their documents before the 
flood. 

40. Move Cars: A dummy variable taking the value 1 (0 otherwise) if the 
respondent moved their car to a flood safe-area before the flood. 

41. Move Animals: A dummy variable taking the value 1 (0 otherwise) if 
the respondent moved animals to a flood safe location. 

42. Turn off gas/electric: A dummy variable taking the value 1 (0 
otherwise) if the respondent turned off the mains electric and gas. 
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43. Evacuation: A dummy variable taking the value 1 (0 otherwise) if 
the respondent had to vacate their building due to the flood. 
 

9.3 Appendix C: Variable number, name, and description for 
Chapter 4 

A list of the variables included in the PSM analysis for Chapter 4 is given 
below. The variables conditioned upon in the PSM follow the guidelines set 
out in Chapter 3. The data are trimmed in two respects. First, observations 
with over €100,000 (€300,000) of contents (building) damage are removed 
as these are outlying values. Second, sample is trimmed to only 
observations within the common support. 

List of variables included in the PSM analysis 

1. Household contents damage: damage to household contents, 
where contents are all moveable items in the home (in € as 
replacement costs). 

2. Household building damage: Damage to the building as repair costs 
(in €).  

3. Household contents value: The value of all moveable items within 
the home (in €).  

4. Flood duration: The number of hours the building was flooded.  
5. Flow speed one: Dummy variable of low water speed (stationary 

water is the base group).  
6. Flow speed two: Dummy variable of medium water speed 

(stationary water is the base group). 
7. Elbe: Dummy variable of the respondent living along the Elbe River. 
8. Urban area: Dummy variable of the respondent living in an urban 

area. 
9. House age (1948): Dummy variable of the building being 

constructed between 1948-64. 
10. House age (1964): Dummy variable of the building being 

constructed between 1964-90. 
11. House age (1990): Dummy variable of the building being 

constructed between 1990-2000. 
12. House age (2000): Dummy variable of the building being 

constructed after 2000. 
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13. House quality 2: Dummy variable of a building quality of 2 on a 6-
point scale (1 is highest quality). 

14. House quality 3: Dummy variable of a building quality of 3 on a 6-
point scale (1 is highest quality). 

15. House quality 3 plus: Dummy variable of a building quality of 4, 5 or 
6 on a 6-point scale (1 is highest quality). 

16. Flood risk 1: Dummy variable of being affected by a flood once. 
17. Flood risk 2: Dummy variable of being affected by a flood twice. 
18. Flood risk 3: Dummy variable of being affected by a flood thrice. 
19. Flood risk 4: Dummy variable of being affected by a flood 4 times. 
20. Flood risk 5: Dummy variable of being affected by a flood 5 times. 
21. Water height: The height of floodwaters entering the house in 

meters. 
22. Contaminated water: Dummy variable of contaminated flood 

waters 
23. Warning duration: The length of time before a flood that a warning 

was issued in hours.  
24. Return 1: Dummy variable of a recorded return period of 1 in 10 

years to 1 in 50 years. 
25. Return 2: Dummy variable of a recorded return period of 1 in 50 

years to 1 in 200 years. 
26. Return 3: Dummy variable of a recorded return period of over 1 in 

200 years. 
27. Cellar: Dummy variable of a cellar.  
28. Floor size: The total floor space of the home, including the size of 

the cellar if present in m2. 
29. House price: An estimate of the house price based on the M1914 

criteria (in €). 
30. Warning quality 1: A dummy variable for if the perceived quality of 

the flood warning is given a value of 1, 2 or 3 on a scale of 0-11. 
31. Warning quality 2: Dummy variable of the quality of the flood 

warning being 4, 5 or 6. 
32. Warning quality 3: Dummy variable of the quality of the flood 

warning being larger than 7. 
33. Detached house: Dummy variable of a detached house (this is the 

base category). 
34. Semi-detached house: Dummy variable of a semi-detached house. 
35. Town house: Dummy variable of a detached house. 
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36. Multi-family house: Dummy variable of a multi-family house. 
37. Commercial building: Dummy variable of a commercial building. 
38. Secured documents: Dummy variable of securing documents. 
39. Move cars: Dummy variable of moving cars. 
40. Turn off gas/electric: Dummy variable of turning off the mains 

electric and gas. 
41. Evacuation: Dummy variable of evacuating their building. 
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10. SUMMARY 

10.1 English summary 
Extreme weather events are a pressing global concern due to the 
devastation that they can cause. This thesis focuses on flooding, which is 
the natural disaster with the greatest effect on humanity. Europe as a 
whole has suffered an annual average loss of $14 billion between 1980 and 
2010 due to the effects of extreme weather events. The increasing trend 
over time in flood risk has resulted in a growing interest in flood risk 
management, and financial mechanisms such as insurance to deal with 
increasing flood risk. The main research question of this thesis is: How can 
insurance and household-level risk reduction be combined to create a 
flood-resilient society? This can help to meet the Sendai framework’s call 
for increasing investments in disaster risk reduction. To answer this 
question this thesis consists of five content chapters that answer different 
aspects of this core question.  

Chapter 2 finds that there are large both tangible and intangible welfare 
impacts from flooding and that the intangible impacts may be twice as large 
as the tangible impacts, highlighting the need for increased effort in 
reducing flood risk. Moreover, Chapter 2 showed that there are substantial 
welfare benefits from individual risk reduction measures (~€39,000), which 
provides a rationale for exploring how the implementation of such 
measures can be improved using insurance. Chapter 3 offers empirical 
evidence that household-level disaster risk reduction measures can have a 
substantial impact on the damage suffered during a flood if a household is 
suitably prepared. For example, ~25% of the average monetary flood loss 
can be prevented by implementing certain wet flood-proofing measures. 
The thesis provides a clear rationale to examine the ability of insurance to 
promote the use of such household-level risk reduction measures, and 
Chapter 4 finds that the German and U.S. natural disaster insurance 
markets are likely free of moral hazard, showing that voluntary insurance 
purchase may not have acted as a disincentive to prepare for risk. 
Moreover, Chapter 4 shows that in the case of the U.S. only the presence of 
very large deductibles incentivised household risk reduction, indicating that 
other incentive mechanisms are required. 
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Chapter 5 shows that premium discounts could strongly incentivise and 
promote the use of some of the risk reduction measures studied in Chapter 
3 in the case of Germany and France. However, even though risk based 
premiums could promote risk reduction, they often remain potentially 
unaffordable for low-income households in high-risk areas. Chapter 6 
reconfirms this finding when using an EU wide insurance model, which 
estimates that on average 18% of those at high flood risk would find 
premiums unaffordable by 2055. This unaffordability can be corrected via 
means-tested insurance vouchers in order to facilitate an adjustment to 
risk-based premiums.  

Chapter 6 also presents six stylized insurance market structures for the EU 
and shows that, as society moves forward in time and risk increases, the 
general structure of insurance markets will have to adapt. While there is 
not a uniform optimal market structure, the common traits of desirable 
flood insurance systems are: a sufficiently strong connection of premiums 
with risk reduction measures; a limited premium cross-subsidization 
between higher and lower risk households, and the presence of a public-
private partnership through a government reinsurer to cover losses from 
extreme events. Moreover, strengthening requirements to buy insurance 
may be required in order to maintain high insurance penetration rates. The 
research presented in this thesis indicates that as flood risk develops into 
the future, a stronger partnership across stakeholders focusing on risk 
reduction is required. 

There are four main policy recommendations drawn from this research. The 
first is that floods can have large intangible impacts, which should not be 
ignored when assessing risk. The second is that while moral hazard may not 
be present in natural disaster insurance markets adverse selection is 
potentially present, and the suggested policy mix to overcome this issue is 
based on risk zoning and compulsory insurance purchases, which increases 
solidarity. The third is that risk-based pricing and premium discounts are 
likely to be more effective at promoting risk reduction than relying on the 
common current practise of deductibles alone. The fourth is that while risk-
premiums may be unaffordable for low-income households in high risk 
areas, this can be eased by introducing income support mechanisms from 
outside the insurance market, such as temporary vouchers.  
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10.2 Nederlandse samenvatting 
Extreem weer leidt wereldwijd tot groeiende bezorgdheid vanwege de 
grote verwoesting die het kan veroorzaken. Dit proefschrift richt zich op 
overstromingen, de natuurramp met het grootste effect op de mensheid. 
Alleen al in Europa heeft extreem weer gemiddeld $14 miljard per jaar aan 
kosten veroorzaakt tussen 1980 en 2010. De tendens van toenemende 
overstromingsrisico’s heeft geresulteerd in meer interesse in het beheersen 
van die risico’s en in financiële arrangementen voor het vergoeden van 
overstromingsschade zoals verzekeringen. De hoofdvraag van dit 
proefschrift is: hoe kunnen verzekeringen en risicobeperking op 
huishoudensniveau worden gecombineerd om een samenleving te creëren 
die beter bestand is tegen overstromingen? Deze combinatie kan helpen 
om de oproep van het Sendai Framework voor toenemende investeringen 
in risicobeperkende maatregelen te realiseren. Dit proefschrift bestaat uit 
vijf inhoudelijke hoofdstukken die ieder een verschillend aspect van deze 
hoofdvraag beantwoorden. 
 
Hoofdstuk 2 laat zien dat overstromingen grote materiële en immateriële 
effecten hebben op het welzijn van huishoudens en dat de immateriële 
effecten tot wel twee keer zo groot kunnen zijn als de materiële. Dit 
benadrukt de noodzaak van meer inspanningen om overstromingsrisico’s te 
beperken. Daarnaast laat hoofdstuk 2 zien dat er substantiële 
welzijnsvoordelen zijn van individuele risicobeperkende maatregelen (± 
€39.000), wat een reden is om te onderzoeken hoe de implementatie van 
deze maatregelen kan worden verbeterd via verzekeringen. Hoofdstuk 3 
biedt empirisch bewijs dat risicobeperkende maatregelen op 
huishoudensniveau een substantiële impact kunnen hebben op de geleden 
schade gedurende een overstroming. Zo kan bijvoorbeeld ± 25% van de 
gemiddelde financiële schade door een overstroming worden voorkomen 
door de implementatie van bepaalde ‘natte’ voorzorgsmaatregelen die 
schade beperken als water een gebouw binnendringt. Het is dus belangrijk 
om te onderzoeken hoe verzekeringen het gebruik van risicobeperkende 
maatregelen op huishoudensniveau kunnen bevorderen.  
 
Hoofdstuk 4 toont aan dat de Duitse en de Amerikaanse verzekeringsmarkt 
voor natuurrampen waarschijnlijk geen moreel risico kennen, wat betekent 
dat vrijwillige verzekeringen waarschijnlijk niet gezorgd hebben voor een 
ontmoediging om zich voor te bereiden op risico’s. Daarnaast laat 
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hoofdstuk 4 zien dat, in het geval van de Verenigde Staten, alleen de 
aanwezigheid van zeer grote eigen risico’s huishoudens heeft gestimuleerd 
om risico’s te beperken, wat aantoont dat andere financiële prikkels voor 
risicoreductie nodig zijn.  
  
Hoofdstuk 5 laat voor Duitsland en Frankrijk zien dat premiekortingen een 
effectieve prikkel zijn voor huishoudens om een aantal van de 
risicobeperkende maatregelen te nemen. Ondanks dat op risico gebaseerde 
premies zulke maatregelen kunnen aanmoedigen, zijn deze premies 
onbetaalbaar voor veel huishoudens met lage inkomens in gebieden met 
een hoog risico. Een toepassing van een EU-breed verzekeringsmodel in 
hoofdstuk 6 bevestigt dit. Het model schat dat de premies onbetaalbaar zijn 
voor gemiddeld 18% van huishoudens met een hoog overstromingsrisico in 
2055. Compensatie is mogelijk door op risico gebaseerde premies aan te 
passen via inkomensafhankelijke subsidies op verzekeringen.  
 
Hoofdstuk 6 presenteert tevens zes aangepaste arrangementen voor de 
overstromingsverzekeringsmarkt voor de EU en laat zien dat 
verzekeringsmarkten hervormd moeten worden als risico’s toenemen door 
klimaatverandering en sociaaleconomische ontwikkelingen. Ook al is er 
geen uniforme optimale marktstructuur, de gemeenschappelijke 
kenmerken van gewenste systemen van overstromingsverzekeringen zijn: 
een voldoende sterke verbinding van premies met risicobeperkende 
maatregelen; een gelimiteerde premie-kruissubsidiëring tussen 
huishoudens met een hoog en een laag risico, en publiek-private 
samenwerking door middel van een overheidsgestuurde herverzekeraar die 
schades veroorzaakt door extreme rampen dekt. Bovendien is het nodig om 
de vereisten om een verzekering af te sluiten aan te scherpen om een hoge 
dekkingsgraad te kunnen waarborgen. Het onderzoek in dit proefschrift 
wijst erop dat als overstromingsrisico’s veranderen in de toekomst 
verschillende publieke en private organisaties beter moeten samenwerken 
om risico’s te beperken.  
 
Uit dit onderzoek volgen vier belangrijke beleidsaanbevelingen. De eerste is 
dat overstromingen grote immateriële welvaartseffecten kunnen hebben 
die niet moeten worden genegeerd in risicoanalyses en kosten-
batenanalyses van overstromingsbescherming. De tweede is dat, alhoewel 
moreel risico waarschijnlijk niet aanwezig is in verzekeringsmarkten voor 
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natuurrampen, antiselectie wel voorkomt. De voorgestelde beleidsmix om 
dit probleem op te lossen bestaat uit risicozonering waarmee premies 
worden aangepast aan de hand van het lokale risico en eventueel 
verplichtingen instellen voor het afsluiten van verzekeringen waardoor 
solidariteit en risicospreiding toenemen. De derde is dat op risico 
gebaseerde premies en premiekortingen voor risicoreductie waarschijnlijk 
meer effect hebben op het bevorderen van risicobeperking dan alleen het 
eigen risico. De vierde is dat mogelijke problemen met de betaalbaarheid 
van op risico gebaseerde premies voor huishoudens met lage inkomens in 
gebieden met een hoog risico kunnen worden opgelost door subsidies, 
zoals tijdelijke vouchers waarmee deze huishoudens een verzekering 
kunnen aanschaffen. 
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