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Chapter 1: Introduction  

1.1 Research background and problem definition  

1.1.1 Catastrophe risk and insurance markets worldwide 

The global economic losses caused by natural disasters have been increasing significantly over the past 

few decades, as can be observed in Figure 1.1 (Kunreuther and Michel-Kerjan, 2011; Munich Re, 2013). 

The average direct economic damage caused by natural catastrophic events between 2001 and 2011 over 

the world was estimated at $165bn, while the average insured amount in the same period was $49bn. The 

years 2005, 2011 and 2012 were the most costly years in history for the insurance industry with, 

respectively, $120bn, $124bn and $65bn of insured damage (Munich Re, 2013). The extreme nature of 

natural disaster losses poses considerable challenges in connection with the supply of affordable and 

broad insurance coverage for natural hazards. Recent data shows that on average, only 20 to 30 per cent 

of total direct damage caused by catastrophic events is being covered by insurance worldwide (Munich 

Re, 2013). In general, insurance against catastrophic risks is mostly available in developed countries, and 

is priced at high premiums compared with regular non-disaster insurance (Kousky and Cooke, 2012). 

Moreover, natural disaster insurance coverage is often subject to various restrictions, such as a cap on 

overall coverage, limitations on coverage for specific types of damage, and high deductibles for 

policyholders (see Chapter 2). Several recent costly natural disasters, such as Hurricane Katrina in 2005, 

the Sichuan earthquake in 2008, the Tsunami in Japan in 2011 and Hurricane Sandy in 2012, have shown 

that the provision of public funds is needed to (partly) compensate uninsured losses from natural 

disasters.  
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Figure 1.1 Overall and insured losses ca 1 caused by large natural catastrophe events between 1980 and 

2012 (in 2012 values) 

Source: Munich Re (2013) 

1.1.2 Future global climate change and flood risk in the Netherlands 

The economic losses and social disruption caused by natural disasters are projected to increase further in 

certain regions of the world as a result of population and economic growth and climate change in areas at 

risk from natural hazards (Kron, 2008; Munich Re, 2013). Weather-related events like floods are expected 

to become more frequent as a result of climate change, which is causing sea level to rise and peak river 

water discharges to increases in several regions (Field et al., 2012). The growing concentration of 

population and economic values along the coastal and riverside areas around the globe implies that 

exposure to natural disasters, like floods and storms is increasing (IPCC, 2007a; Kron, 2008).  

Although, in general, this thesis deals with the technical aspects of catastrophe risk insurance, the 

particular focus is on the Netherlands as a case-study area for examining the management, and, 

specifically, the insurability, of flood risks. The Netherlands is of particular interest, since it has a high 

exposure to flooding and is vulnerable to climate change (Aerts et al., 2008). Even though the 

Netherlands is a low-lying country that is prone to flooding, flood-protection infrastructure has made it 

Trend total damage by natural catastrophe worldwide

Trend total insured amount                           
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one of the best-protected deltas in the world, with very high safety standards. The low-lying areas in the 

Netherlands are divided in 53 dyke-ring areas, some of which have been reclaimed from former lakes 

(often called ‘polders’). Each dyke-ring area has its own closed flood protection system of dykes, dams, 

barriers, and sluices that protect it from floods caused by rivers and the sea. Figure 1.2 shows a map of the 

Netherlands that depicts the 53 dyke-ring areas and their safety standards, which range between 1/10,000, 

and 1/1,250.  

Various weather-related disasters, with different damage magnitudes and human suffering, have 

occurred during the last 70 years in the Netherlands. On February 1953, a large-scale flood occurred 

in the south-western part of the country, caused by a severe storm surge, which caused 1836 deaths, 

and destroyed around 9 per cent of the total Dutch farmland (De Kraker, 2006; Jonkman et al., 

2008). After this catastrophic storm surge, the Dutch created their famous “Deltaworks”, which 

include large-scale engineering measures that resulted in the high flood safety standards shown in 

Figure 1.2. Nevertheless, a residual flood risk remains, and several floods have been exper ienced 

since then, albeit of a less catastrophic nature. In 1993 flooding occurred along the Meuse River, 

which was caused by extreme river discharges that had a probability of occurrence of about once in 150 

years (Jak and Kok, 2000). In 1995 the same part of Meuse River flooded once again. The first phase of 

a large  flood management project that started immediately after the flooding in 1993 to reduce future 

flood risks was still in progress (Wind et al., 1999). In 2003, owing to the failure of a peat dyke, a 

local flood occurred in the town ‘Wilnis’, which was most likely caused by a very long dry 

summer (van Steen and Pellenbarg, 2004).  



4 
 

 

Figure 1.2 Safety standards of dyke-ring areas in the Netherlands 

Source:  (Klijn et al., 2004) 

Global warming caused by greenhouse gas emissions may increase flood risks in the future 

because of sea level rise and an increase in (extreme) precipitation and possibly an increase in the 

frequency and severity of storms in certain regions (Field et al., 2012). The global temperature has 

increased by 0.76°C since 1900 causing a sea level rise of approximately 20 cm. The International Panel 

of Climate Change (IPCC) projects a rise in global average temperatures between 1.1°C and 2.9°C in 

2100 under a low emission scenario, while the rise could be between 2.4°C and 6.4°C under a high 

emission scenario (IPCC, 2007b). The Royal Dutch Meteorological Institute (KNMI) provides different 
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projections of future changes in climate and their potential consequences for flood risk in the Netherlands 

under four different climate change scenarios1 for the years 2050 and 2100 (van den Hurk et al., 2006). 

Since 1900, the mean temperature in the Netherlands has risen by 1.2°C, which is higher than the mean 

temperature increase that has been observed worldwide. According to the KNMI, the projected increase in 

temperature under the ‘warm’ climate change scenario will lead to a sea level rise of between 15 and 35 

centimetres by 2050, whereas this rise could be in the range between 30 and 70 centimetres by 2100. As a 

result of climate change, the annual maximum river peak discharges are expected to rise between 3 and 19 

per cent, which may have a significant impact for the future flood risk in the Netherlands (Middelkoop et 

al., 2001; Vellinga et al., 2001). For example, a study by Aerts and Botzen (2011a) shows that the 

potential average flood damage in the Netherlands may increase by 200 and 260 per cent compared with 

current potential flood damage under, respectively, scenarios of low and high economic growth and 24 

cm of sea level rise by 2050. In addition to increasing the potential flood damage, climate change may 

substantially increase the future flood probability in the Netherlands (Aerts and Botzen, 2011a). 

Obviously, these projections of climate change in the future are surrounded by large uncertainties, but 

nevertheless they point towards the need to implement policies to adapt to the projected increase in flood 

risk.  

1.1.3 Flood risk insurance in the Netherlands 

Accelerated sea level rise, would have a significant impact for the flood security in the Netherlands 

because of its low-lying geographical position. Various research projections of flood damage in the future 

predict an increase in frequency and severity of floods (Aerts and Botzen, 2011a; te Linde et al., 2011; 

van den Hurk et al., 2006). The main focus of the current flood risk management policy in the 

Netherlands has been to lower the probability of the flood hazard by means of prevention via an extensive 

flood protection infrastructure (Aerts and Botzen, 2011a; Vis et al., 2006). However, because of the 

                                                            
1 The four different climate change scenarios are moderate, moderate+, warm, and warm+  (van den Hurk et al., 2006). 
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projected socioeconomic development2 in floodplains and anticipated climate change, the need for a 

comprehensive long-term strategic planning for flood-risk management has arisen. New policies may 

include adaptation measures, which prevent flooding through the strengthening of flood protection 

infrastructure and measures that reduce flood damage. Additional strategies may be considered, such as 

setting up financial arrangements for compensating residual flood risk, such as flood risk 

insurance (Botzen and Van den Bergh, 2008; Kabat et al., 2005; Katsman et al., 2011).  

 Currently, insurance coverage for flood damage is excluded in most general property and casualty 

(P&C) insurance policies in the Netherlands, except for the catastrophe insurance policy introduced in 

2012 (see Section 1.1.4) (Botzen et al., 2010b). Compensation for disaster losses, with the exception of 

losses caused by saltwater, in the Netherlands can be provided by the Dutch government on an ad-hoc 

basis through the Calamities and Compensation Act (called the ‘Wet Tegemoetkoming Schade bij Rampen 

en Zware Ongevallen’ − “WTS”). This arrangement was established in 1998 in response to the flood 

events in 1993 and 1995 that caused, respectively, total damage of about €115 and €64 million (Jak and 

Kok, 2000). The WTS provides compensation for damage caused by natural disasters (uninsurable risks) 

to property-owners and businesses under certain conditions. For example, the maximum compensation 

amount is never higher than 70 and 65 per cent of the damage, for homeowners and businesses, 

respectively, and the corresponding deductible amounts are €1,000 and €10,000 (MBZ, 1998). Prior to the 

establishment of the WTS, the Dutch government initially proposed to extend private home insurance 

with coverage for fresh flood water damage. This proposal was, however, rejected by the Association of 

Dutch Insurance (ADI), for the reason that insurers may not have sufficient financial capacity to cover 

losses caused by catastrophic events, such as floods (Kok et al., 2005).  

 Given the projected increase in flood risk caused by socioeconomic developments and climate 

change, it has recently been suggested that some form of (public-private) flood insurance could be more 

efficient in compensating flood victims for potential flood damage in the future (Botzen and Van den 

                                                            
2 Although, in general, the term ‘socioeconomic development’ refers to the process of social and economic development, 

throughout this thesis it has slightly different meaning. Here this term refers mainly to the costs of a disaster as a function of GDP 

per capita and population growth over time.       
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Bergh, 2008; Jongejan and Barrieu, 2008). Various studies on future flood risk in the Netherlands have 

suggested that it is especially important to integrate policies and incentives for risk reduction in natural 

disaster insurance systems and, thereby, promote climate change adaptation (Botzen et al., 2009a; Botzen 

and Van den Bergh, 2008, 2009b). For example, an empirical study has shown that many Dutch 

homeowners would be willing to take flood risk mitigation measures in exchange for a premium discount 

on a flood insurance policy, which could substantially reduce aggregate damage during a flood (Botzen et 

al., 2009). Moreover, surveys have examined the demand for Dutch households for flood insurance using 

utility models (Botzen and Van den Bergh, 2009a), the contingent valuation method (Botzen and Van den 

Bergh, 2012b), and choice experiments (Botzen et al., 2013). A main result of these studies is that the 

willingness-to-pay (WTP) for flood insurance in the Netherlands is, on average, higher than the expected 

value of flood damage that homeowners may face (Botzen and Van den Bergh, 2009a).  

In view of the anticipated effects of climate change and socioeconomic development on flood risk 

in the Netherlands, it has been argued that the WTS will be inadequate to cope with catastrophic damage 

in the future (Seifert et al., 2013). There are five main shortcomings of the WTS arrangement. First, the 

WTS is an ad-hoc compensation system, and it is uncertain whether or not, and how much, of the flood 

losses will be compensated. In fact, compensation depends on the political will and public opinion at the 

moment of a flood event. The Dutch government has to recognize and declare a flood event as a national 

disaster, before the WTS comes into effect. However, there are no clear rules for such a declaration, and 

about how much compensation is granted to those affected by floods. Even if compensation is given, 

experience shows that the necessary time for claim handling could be unacceptably long (ADI, 2013). 

Second, the WTS does not contribute to raising awareness of flood risk, and it fails to provide incentives 

to property-owners to implement measures that mitigate flood damage (Botzen et al., 2010b). For 

example, the WTS does not levy (risk-based) premiums, nor does it provide a financial reward to people 

who flood-proof their houses by, for example, the elevation of newly-built homes in flood-prone areas. 

Third, the WTS is financed solely through ad hoc available public money and, because it does not collect 

premiums, it cannot build structural (cumulative) reserves. Fourth, the WTS compensation very 
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dependent on the financial possibilities for compensating losses at times of a flood disaster, and the 

political decisions made at the moment of the flood event. Fifth, the WTS is paid out of taxes, and no 

spreading of flood risks occurs with the (international) insurance sector, which is costly for taxpayers 

when a severe flood event happens.  

1.1.4 Recent developments in the availability of flood coverage in the Netherlands 

The aforementioned shortcomings of the WTS have initiated discussions between the Dutch government 

and private insurance companies about introducing flood insurance in a public-private (PP) partnership, in 

which both insurers and the government cover part of the flood damage. Such a PP flood insurance 

system may provide a better solution to cope with future flood risk in the Netherlands in the light of the 

potential effects on flood risks of climate change and socioeconomic development, and given the vast 

concentration of population and economic values within most dyke-ring areas (Aerts and Botzen, 2011a, 

b). Recently, the DAI advocated for a collective basic insurance coverage for flood risk. The proposal 

entailed the compulsory inclusion of flood coverage in general building and content insurance policies, 

and the mandatory participation of Dutch primary property insurance companies in a flood insurance 

pool (ADI, 2012; Botzen and Aerts, 2012). This pool would cover all flood-related claims up to a 

maximum value of €5 billion financed by the premiums for basic P&C policies paid by households and 

businesses. To enlarge the coverage capacity, such a system could be extended with reinsurance. In 

addition, the government may provide compensation for flood damage above the limit of the pool, which 

may be necessary in case of extreme flood losses. Property-owners have the freedom to buy insurance 

coverage from commercial insurance companies for the damage above the basic threshold. The DAI 

believes that only a compulsory insurance scheme could be an affordable solution to insure flood risk in 

the Netherlands. A compulsory flood insurance system may keep insurance premiums for specific dyke-

ring areas affordable by spreading risks over a large number of policyholders, and overcome problems 
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with adverse selection3 which may arise if only high risk individuals demand flood insurance (see Chapter 

2). The proposal of the DAI was rejected in June 2013 by the Dutch Authority for Consumer and Market 

(ACM) for the reason that such a compulsory scheme would violate the Competition Law (MW) in the 

Dutch market (ACM, 2013). Interestingly, the ACM classifies flood damage as an insurable risk. This 

suggests that flood victims may not be eligible for financial compensation under the current WTS 

arrangement which, according to the law, may only provide compensation for damage which is not 

“insurable in a reasonable manner” (ADI, 2013). Despite ACM’s disapproval, the ADI still remains a 

proponent of including flood coverage compulsory in general P&C insurance policies (ADI, 2013).  

The reason why the ACM has defined flood risk as an insurable risk is that, since 5 September 

2012 Dutch homeowners can buy (limited) commercial flood insurance from the Lloyd’s cover-holder 

‘Neerlandse’. This flood coverage is offered by Neerlandse as part of a catastrophe risk insurance which 

provides a bundled coverage for earthquake, terrorism, and flood risks. The premiums of this flood 

coverage are differentiated according to the flood risk faced by the policyholder. Policyholders who take 

certain measures that limit potential flood damage are eligible for premium discounts. Although this 

catastrophe insurance can be seen as a good first attempt to offer insurance against flood risk in the 

Netherlands, it has many limitations. The catastrophe insurance coverage provides only limited coverage 

for a relatively high premium compared with regular insurance. As an illustration, according to the Dutch 

Consumer Association (DCA), some of the homeowners will have to pay a premium of even more than 

€200 per month for the flood coverage, which is significantly higher than the collective average premium 

of €21, as estimated in Chapter 4. The flood coverage provided by Neerlandse is only available for 

homeowners, and not for tenants or individuals who live in unprotected floodplains. Moreover, limits 

exist on the number of flood policies that can be sold within a dyke-ring area, since overall insurance 

capacity is limited. A maximum coverage amount per policy of €75,000 per event exists, which will be 

sufficient for many cases. However this amount could be easily exceeded in case of extreme flood events, 

                                                            
3 Adverse selection is a term used in economics, insurance and risk management, and refers to a market situation where 

unintended results happen when suppliers and buyers have access to different information about products and markets (Akerlof, 

1970; Mark, 1968).    
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especially in those areas lying significantly below potential sea and river water levels. In comparison with 

the coverage amounts proposed by the ADI, which are €250,000 and €25,000, respectively, for property 

and content damage, this limit of €75,000 is relatively low. Overall, it can be concluded that the flood 

coverage included in the catastrophe insurance policy is a good step forward in that it gives homeowners 

the option to insure against flood risks. However, its relatively high price and limited coverage 

availability imply that it will not achieve a broad national coverage for flooding in the Netherlands. 

1.1.5 Potential societal functions of catastrophe risk insurance 

The economic losses of natural disasters can have huge consequences for individual property-owners and 

businesses, especially when these exceed their financial capacity. In such cases, an ad hoc public 

compensation system like the WTS may not be appropriate to help those affected, as it has many 

shortcomings, as mentioned above. Either a commercial or a public-private flood insurance system can 

overcome these shortcomings, and could have six main advantages compared with the current WTS 

regulation in the Netherlands. First, flood insurance could provide more certainty of compensation 

according to policy conditions than uncertain government compensation. Second, insurance companies 

may be more efficient in providing flood coverage than the government. Insurance and reinsurance 

companies have the tools, knowledge, financial capability, and also the commercial objective to cover 

regular risks for a competitive price, as long as the risks are not too extreme, and the probability and the 

potential damage caused by the insured event can be estimated with some certainty. Third, in general, the 

premiums levied by insurance companies are risk-based, which may help to increase individuals’ 

awareness of catastrophe risk. Moreover, flood insurance with risk-based premiums helps insurance 

companies to spreading flood risks across many individual policyholders, classes of businesses or specific 

groups of individuals with a similar risk exposure (Freeman et al., 2004). Fourth, flood insurance can be 

used as an instrument to stimulate a large number of policyholders to simultaneously take risk-reducing 

measures to lower the total flood damage and insured costs by providing them with different incentives, 

such as rewarding policyholders who flood-proof their homes with premium reductions and/or lower 
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deductible amounts (Board on Natural Disaster, 1999). Fifth, in contrast to the WTS, through an 

insurance system against natural disasters, insurance companies can put pressure on the government to 

take specific long-term structural adaptation and risk-reduction measures to reduce the economic costs of 

flooding. For example, in return for the provision of flood insurance coverage, insurance companies may 

require that the government commits to a long-term strategy of investments in flood protection 

infrastructure. The current private flood insurance in the UK is based on such commitments from the 

government  (ABI, 2009). Sixth, in contrast to the WTS, an insurance system is based on free market 

principles, and does not depend on (only) public financial means. For example, an insurance system 

finances compensation payments through (partly) risk-based premiums and builds reserves, and makes 

use of international capital and reinsurance markets for financing, and for diversifying, catastrophe losses. 

Therefore, a (public-private) flood insurance arrangement allows for spreading risks between the public 

and private (international) insurance sectors, which means that post-disaster expenses arising from floods 

are not solely paid by taxpayers.       

1.1.6 Challenges facing the insurance sector in managing catastrophe risk 

Although it has been possible to reduce the number of natural disaster casualties throughout the last 

decades in the industrialized countries as a result of better forecasts and early evacuation, the magnitude 

and frequency of property damage and social disruption have increased considerably (Hallegatte et al., 

2011; Kahn, 2005). The economic losses caused by natural disasters are generally large, and individuals 

and regular primary insurance companies will hardly be able to cover them alone, owing to their limited 

financial capacity.  

Insurance is a mechanism to transfer risk of loss from one entity to another entity that spreads 

risks across many policyholders. The theory of insurance is commonly based on the assumption that 

individual losses are independent of each other, and, therefore, in the event of damage the cumulative 

losses will remain low and stable (Michel-Kerjan, 2001). However, this general insurance theory does not 

apply to catastrophe risks because of highly correlated risks across policyholders, which is also the reason 
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why, in practice many insurance arrangements against catastrophe risk need some form of government 

support (see Chapter 2). Offering a broad private insurance coverage against natural disaster risks is often 

complicated because of several issues. First, the difficulty of assessing the probabilities and potential 

damage of natural disaster events in view of the limited availability of historical data on natural disaster 

risks, remains one of the main challenges for the estimation of potential claims per policy and the related 

(re)insurance premium. Second, insurers normally prefer not to be exposed to one large loss caused by a 

single event, because such a loss may exceed their financial capacity (Mehr et al., 1980; Sturm and Oh, 

2010). However, catastrophic losses are highly dependent, and are thus, positively correlated across 

policyholders, because they usually happen all at once and affect a large group of policyholders within a 

specific area. This is also one of the main reasons why catastrophe risks are generally considered to be 

uninsurable (Jaffee and Russell, 1997). Third, rare but potentially large catastrophe losses may force 

solvency-constrained insurance companies to hold large reserves that have to be sufficient to cover a high 

loss percentile of the total damage with a reasonable degree of certainty (Kousky and Cooke, 2012). 

However, holding such large reserves entails considerable capital costs. In order to cover such costs, 

(re)insurers may demand an extra surcharge on the premium, which may be several times the expected 

value of damage (see Chapters 2 and 3). A related issue is that reinsurance premiums for catastrophe risk 

are relatively high compared with primary insurance premiums, which makes the primary insurers 

reluctant to offer coverage for catastrophes since it would require them to spend a large portion of their 

premium on reinsurance coverage (Froot, 2001; Kousky and Cooke, 2012). Fourth, information 

asymmetries, such as adverse selection and moral hazard4, can pose problems in catastrophe risk 

insurance markets (Botzen and Van den Bergh, 2008; Gollier, 2005). For example, adverse selection may 

impede the spreading of risks if mainly high-risk policyholders purchase insurance against catastrophe 

risk, while low-risk policyholders demand less insurance protection. In the case of private catastrophe 

                                                            
4 Moral hazard is a common problem in the insurance field that arises because of asymmetry in information to control behaviour 

after purchasing an insurance contract (Akerlof, 1970; Mark, 1968). For example, a policyholder who has purchased flood 

insurance may take less action to prevent flood damage which may be unobserved by the insurer and imply that this policyholder 

causes a higher loss for the insurer than was anticipated when the insurance contract was established.    
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insurance, it may be difficult for insurers to spread the catastrophe risks across a large number of 

policyholders if the insurance is not mandatory and public awareness of the catastrophe risks and related 

demand for catastrophe coverage is low. This may result in low market penetration and relatively high 

premiums. Therefore, it is usual that, after natural catastrophes, public resources must be used to 

compensate a part of the damage or to provide some form of disaster relief.  

1.1.7 Public-private partnership for flood risk insurance 

A well-designed flood insurance arrangement should be affordable and financially viable, and be able to 

ameliorate, and limit, the impacts of socioeconomic development and climate change on flood risks in the 

future. Experience shows that a collaboration between public and private sectors, and homeowners, can 

be fruitful in managing and providing adequate compensation for large catastrophic events, by achieving 

a broad diversification of risks, and providing incentives for risk reduction (Botzen et al., 2010a). Most of 

the existing catastrophe insurance systems in developed countries, such as those for flooding, earthquake 

and terrorism risks, have been developed with some sort of involvement of the government. This 

government involvement often entails the provision of compensation for extreme losses through public 

reinsurance or a state guarantee (see Chapter 2). This government support is useful to stimulate the 

provision of insurance coverage for catastrophe risks, because insurers consider the extreme part of 

catastrophe damage as uninsurable. Insurers either exclude extreme losses from coverage or demand very 

high premiums for covering them in the absence of a financial guarantee or support from the government. 

Therefore, in practice Public-Private (PP) partnerships have been established whereby private insurance 

companies and governments provide compensation for catastrophe damage with varying degrees of roles 

and responsibilities for the involved participants (Kunreuther and Michel-Kerjan, 2007; Paudel et al., 

2012; Seldon, 1997). In a PP insurance system, the government and the private sector cooperate in risk-

sharing or selling insurance policies with the aim of achieving high market penetration and making 

optimal use of the expertise and capacity to carry the risks of both sectors. In contrast, the government 

role in a fully private system is very limited, i.e. it has only a regulatory role. One of the main advantages 
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of the governments’ participation in a PP flood insurance arrangement is that relatively high reinsurance 

premiums can be avoided if a risk neutral agent like the government covers part of the extreme flood 

damage (see Chapter 4). In such an arrangement, primary insurance companies can cover a middle-sized 

layer of flood losses which is financed using (semi) risk-based premiums. Given the shortcomings of the 

WTS arrangement in the Netherlands (Section 1.1.3), it would be worthwhile to explore the possibilities 

to introduce a PP flood insurance arrangement in the Netherlands, as has been proposed by earlier studies 

(Botzen and Van den Bergh, 2008).  

1.2 About this thesis  

The main aim of this thesis is to explore, and study, catastrophe risk and the corresponding (re)insurance 

modelling techniques, from both statistical and actuarial perspectives, and how these can be applied to 

solve a real-world problem. Flood risk in the Netherlands has been chosen as a real case study, which 

examines whether the low-frequency-high-impact flood events can be (re)insured through a public-private 

insurance scheme. The main advantages of such a scheme with respect to other alternatives are studied, 

such as a solely private insurance arrangement. This case study has practical relevance because flood risk 

is generally excluded from property insurance coverage, and it has been proposed to introduce a PP 

insurance system to cover the low-probability high-impact flood risks in the Dutch river delta (Aerts and 

Botzen, 2011a; Botzen and Van den Bergh, 2008). In addition, private (re)insurance companies are 

usually reluctant in offering insurance against flood damage, especially, because of potentially high 

correlated insured amounts and the lack of reliable risk assessment methodologies. Moreover, climate 

change with a high sea-level rise in combination with socioeconomic development can make the 

Netherlands even more vulnerable to severe floods. In such a situation, a PP insurance scheme could 

provide a good solution for covering flood damage in the Netherlands, as long as it is accompanied by 

adequate policies and incentives that limit flood risk. Although the focus of this thesis is on the 

Netherlands, the developed and applied statistical and actuarial models can also be applicable to various 

other catastrophe risks and related (re)insurance products in other countries.    
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 This thesis fits in an emerging literature on the opportunities provided by, and the obstacles of, 

introducing a broad flood insurance coverage in the Netherlands. In particular, the main advantages and 

difficulties in establishing flood risk insurance in the Netherlands, along with the main shortcomings of 

the current public compensation arrangement (WTS), are discussed in detail by Botzen and Van den 

Bergh (2008), Jongejan and Barrieu (2008) and Aerts and Botzen (2011a).  

A main solution for the compensation of flood damage in the Netherlands proposed by these 

previous studies is to introduce a multi-layer public-private flood insurance system (Botzen and Van den 

Bergh, 2009). The functioning of such public-private partnerships in insuring catastrophe risks in other 

countries has hardly been studied. Also, the desirable allocation of flood risk among stakeholders in a 

public-private (PP) flood insurance arrangement in the Netherlands and the consequences of this for the 

price of flood insurance have not yet been studied. This thesis aims to fill these gaps, and, thereby, 

provides a novel contribution to the existing literature on this topic. For this, different aspects of such PP 

schemes need to be studied, such as to qualitatively assess how existing insurance or compensation 

arrangements for catastrophe risks in different countries perform, and what lessons can be learned to 

either improve the existing systems or to establish new arrangements. In addition, different actuarial 

statistical models are proposed to study the stochastic character of flood risks, and to estimate expected 

flood damage and the related (re)insurance premiums for the 53 dyke-ring areas in the Netherlands. 

Finally, this thesis will provide an insight into the practical allocation of flood risk between the three main 

stakeholders (homeowners, insurers and the government) using the Pareto optimality principle, with the 

aim of keeping an optimal balance between costs and (re)insurance purchases, especially from the 

perspective of the property-owner and the insurer.  

Moreover, studying future risk is important in order to provide flood risk insurance at an 

affordable price5, and to cope with the impacts of anticipated climate change and socioeconomic 

                                                            
5
 The term 'reasonable price' in this thesis refers to a premium for flood insurance, which is close to the expected value of flood 

damage.  
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development on future flood risk in the Netherlands. Future flood events and their inflicted damage, are 

surrounded by large uncertainties, and cannot be described with a single probability and flood damage 

estimate. However, most of the existing studies estimate a single flood probability and damage amount 

for low-lying areas in the Netherlands (i.e. Aerts, 2008; Wouters, 2005) and, thereby, fail to account for 

the stochastic nature of flood risk in their damage assessment process. Estimates of the complete 

probability distributions of flood damage in all low-lying areas in the Netherlands are necessary to 

provide a good insight into the uncertainty of flood risk, which is required for estimating flood 

(re)insurance premiums. Therefore a particular focus of this thesis is on the estimation of flood damage 

density curves and the corresponding (re)insurance premiums, using different stochastic actuarial methods 

and simulation techniques, for the 53 dyke-ring areas in the Netherlands. It should be noted that 

behavioural aspects of the introduction of flood insurance can have endogenous effects on flood risks, 

such as location decisions and changes in flood preparedness in response to insurance premiums, which 

are not quantified in this thesis.  

1.2.1 Objective and research questions  

In order to address the research gaps identified in the previous sections, the overall research question can 

be formulated as follows:  

How can a multilayer public-private partnership be designed to provide flood risk insurance in the 

Netherlands, at an affordable price?  

To answer the key question, the following five sub-questions are researched:  

Sub-research questions: 

The sub-questions can be formulated as:  

1. What are the main strengths and the shortcomings of representative existing catastrophe (flood 

and earthquake) risk insurance (compensation) arrangements in different countries? What policy 
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recommendations can be made based on practical experience that could be useful in establishing 

new or improving existing, flood insurance/compensation arrangements at an affordable price?  

2. What statistical and actuarial modelling techniques may be recommended for estimating the full 

probability density functions of flood damage, and assessing the corresponding (re)insurance 

premiums, in view of the lack of sufficient empirical loss data for all low-lying dyke-ring areas in 

the Netherlands?  

3. What are the differences in flood (re)insurance premiums, when insurance against flooding is 

provided either by a risk-neutral agency, like the government, or by a risk-averse commercial 

(re)insurance company?  

4. What would be the desirable level of risk-sharing between the three main stakeholders in a 

public-private insurance system that strikes a balance between the benefits and the costs of 

(re)insurance purchases, and provides incentives for homeowners to take measures for flood risk 

reduction? 

5. What are the main advantages of a public-private insurance arrangement, in which property-

owners, insurers and the government can participate, compared with a private flood insurance 

system? 

6. What would be the impact of the anticipated climate change and socioeconomic development on 

flood risk in the Netherlands, and what does this imply for the design of a flood insurance 

arrangement?  

1.2.2 Thesis overview and applied methods 

This thesis is divided in two main parts, as shown by the schematic overview in Figure 1.3. The first, 

qualitative part consists of a comparative study on representative insurance or compensation schemes for 

catastrophe risk in various countries, with a particular focus on earthquake and flood damage (Chapter 2). 
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These insurance or compensation arrangements are grouped in three different categories, namely: private 

(i.e. flood risk insurance systems in Germany and the UK); public (i.e. Switzerland (CIM), and Spain 

(CCS)); and public-private (i.e. US (NFIP), Belgium (WN) France (CatNat)), and earthquake risk 

insurance in California (CEA), Japan (JERC) and Turkey (TCIP). The different aspects, like general 

characteristics (i.e. types of stakeholders and their roles and responsibilities), funding (i.e. insurance 

coverage and (re)insurance premium levels), and mitigation and adaptation strategies of these systems, 

are studied and compared with the objective to provide recommendations for policy makers that could be 

useful in establishing new, or improving existing, insurance arrangements for natural disasters.  

  

Figure 1.3 Schematic overview of the contents of the thesis 
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The second, quantitative, part of the thesis examines important quantitative aspects of flood risk insurance 

in the Netherlands. It proposes different statistical and actuarial models for estimating flood risk and the 

corresponding insurance premiums in a private or public-private flood insurance system. In addition, Part 

II calculates efficient and practical levels of deductible and stop-losses for, respectively, property-owners 

and insurance companies, and the potential impacts of socioeconomic development and climate change on 

flood risks and insurance in the Netherlands.    

In particular, Chapter 3 proposes a Bayesian technique for flood damage estimation in view of the 

lack of empirical data on flood risk, which provides good insights into the probabilistic nature of flood 

damage for each of the 53 dyke-ring areas in the Netherlands. The Bayesian Inference (BI) is often used 

in actuarial science to study the stochastic character of risk events, and to estimate the related damage and 

(re)insurance premiums in view of a lack of historical loss data. The low-frequency-high-impact character 

of flood events in the Netherlands, and the resulting scarcity of empirical loss data, makes it virtually 

impossible to estimate potential damage with some degree of certainty based on simple analyses of 

historical loss data. In such cases, BI can be a helpful tool as it combines different data originating from 

different sources to update risk probabilities and to assess related damage amounts. The proposed model 

in this chapter combines additional flood loss information through a Gamma conjugate prior probability 

distribution with an assumed loss process described by a Pareto density distribution to estimate the 

updated posterior parameter of a flood damage density function. Subsequently, the Monte Carlo technique 

is used to simulate flood damage for 250,000 flood events for each of the 53 dyke-ring areas. The 

simulated loss data are then used to estimate the flood density curves and the corresponding (re)insurance 

premiums using two different practical methods (actuarial equivalent and empirical method) that each 

account in different ways for insurer’s risk aversion and the dispersion rate of loss data. The actuarial 

equivalent method includes an extra surcharge on premiums for the insurer’s aversion to catastrophe risk 

and the large risk variance, and is based on the method proposed by Kaas et al. (2004). The empirical 

premium estimates are based on the methodology proposed by Kunreuther et al. (2011), which takes a 
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modest rate for insurer’s aversion to (fat-tailed) catastrophe risk into account, based on empirical 

estimates of insurers pricing of catastrophe risk.  

Subsequently, in Chapter 4, a multilayer public-private (PP) flood insurance system, in which the 

insured, the insurer, and the government can participate, is proposed and applied for the case study of 

flood risk in the Netherlands. A Pareto-efficient allocation model is introduced for estimating the 

maximum (re)insurance coverage amount within a desirable range of deductibles (own-risk for property-

owners) and stop-loss (own-risk for insurers), and for providing insights into flood-risk allocations 

between the stakeholders in a multilayer insurance system. This model considers that the insurers and the 

property-owners have different social and financial interests compared with the government, and 

therefore try to strike a balance between costs and benefits. The insurers and the insured can achieve their 

objective by minimizing the (re)insurance premiums they have to pay, thus minimizing their level of 

indemnity, while limiting their own risk to a predefined level. But, minimizing insurance and reinsurance 

coverage may imply that the insured and the insurer have to carry additional risk. Therefore, the insurer 

and the insured have to strike a balance between the (re)insurance coverage and expected risk exposure, 

in such a way that expected worst-case losses can be limited. Under the assumption that flood insurance 

can be provided by risk-averse (RA) (i.e. commercial (re)insurance companies) or by risk-neutral (RN) 

agencies (i.e. the government), the corresponding insurance and reinsurance premiums are estimated and 

compared. This provides a good understanding of the potential benefits of introducing a PP insurance 

scheme, because it shows a clear difference between the (re)insurance premiums that may be charged 

when flood insurance is provided by a risk-averse (i.e. commercial insurance companies) or by a risk-

neutral agent like the government.     

Chapter 5 studies the impact of socioeconomic development and climate change on potential 

flood risk and the corresponding (re)insurance premiums by 2040, for each of the 53 dyke-ring areas in 

the Netherlands. The methodology followed in this chapter extends the research work in Chapters 3 and 4 

to the study of future flood risk and its impact on a hypothetical PP insurance scheme for the Dutch 
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situation. Under four combined scenarios of climate change and socioeconomic developments for 2040, 

this study estimates probability density curves of flood damage and the corresponding flood (re)insurance 

premiums for the each of the 53 dyke-ring areas. Evidently, future estimates of flood risk are highly 

uncertain, which is why a broad spectrum of scenarios is used in Chapter 5. The socioeconomic scenarios 

represent the spatial land-use changes and socioeconomic growth for the year 2040 in the Netherlands, 

and are labelled as Regional Communities (RC) and Global Economy (GE) (Janssen et al., 2006). GE 

represents a scenario which is accompanied by strong international economic integration. In contrast, RC 

is a stable socioeconomic scenario, with a low socioeconomic growth rate. Two additional projections are 

developed for flood damage for the year 2040 that correspond to a 60 cm sea level rise in both the GE and 

RC scenarios. This captures the impact on flood risk of an extreme climate change scenario with a 60 cm 

sea level rise in combination with both GE and RC socioeconomic scenarios. To derive these additional 

projections, an extrapolation of an exponential regression is applied to the existing data from Aerts et al. 

(2008). The methodology proposed in this chapter consists of three main parts. First, probability density 

curves of flood damage are estimated for the current situation using the Bayesian technique and Monte 

Carlo simulation, as described in Chapter 3. Second, future information on socioeconomic development 

and climate change from Aerts et al. (2008) and Aerts and Botzen (2011a) is used in order to make 

projections of future flood risks. The (re)insurance premiums are estimated for both, the RA (private 

insurance) and the RN (public-private insurance) insurance agencies, and the differences are analysed and 

discussed in terms of flood risk insurance availability in the long-term in the Netherlands.  

Finally, Chapter 6 provides conclusions per chapter, and recommendations for further research.  
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Chapter 2: A comparative study of public-private catastrophe insurance systems: lessons from 

current practices
6
 

 

2.1 Introduction  

The global economic losses caused by natural disasters have increased significantly over the past few 

decades and are projected to increase further in certain regions of the world as result of climate change 

and population and economic growth in areas at risk (Bouwer et al., 2007b; Hoff et al., 2003). This has 

initiated a discussion among insurers and governments within several countries about whether or not 

natural disaster risks are insurable with current arrangements. There are three main reasons why insurers 

in many countries have difficulties to offer natural disaster insurance at low cost. First, it is difficult to 

estimate uncertain low-frequency high-impact risks and, hence, the insurance premiums (Botzen and Van 

den Bergh, 2008). Second, property and casualties (P&C) insurers have limited capacity to cover the, 

potentially, large and correlated natural disaster losses. Third, there could be a problem of adverse 

selection if, in the absence of significant premium differentiation, only individuals with a high natural 

disaster risk purchase insurance. At the other extreme, fully public natural disaster insurance may be 

considered, which is usually provided in the form of ex-post relief. The disadvantages of such a system 

are: that it diverts financial resources away from other important public projects; it works against the free 

market principle; and incentives for risk prevention measures for individuals are often limited in the 

absence of risk-based insurance premiums (Jaffee and Russell, 2005).  

Most of the existing international catastrophe insurance systems, such as those for floods, have 

been developed with some sort of involvement of the government, either through private markets or by 

providing compensation through public reinsurance or a state guarantee. It is common that these systems 

are set up as a Public-Private (PP) partnership with the participation of private insurance companies with 

                                                            
6 This chapter was published as: Paudel, Y., Botzen, W. J. W., and Aerts, J. C. J. H., 2012, A comparative study of public-private 

catastrophe insurance systems: Lessons from current practices, The Geneva Papers on Risk and Insurance - Issues and Practice, 

v. 37, no. 2, p. 257-285. 
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varying degrees of roles and responsibilities for the involved participants (Kunreuther and Michel-Kerjan, 

2007; Seldon, 1997). In PP insurance systems, the government and the private sector cooperate in sharing 

risks or selling insurance policies with the aim to achieve a high market share and to make optimal use of 

the expertise and capacity to carry risks of both sectors, while the government role in a fully private 

system is very limited, such as only a regulatory role.  

A well designed natural disaster insurance arrangement can ameliorate, and limit, climate change 

impacts by spreading risk and providing incentives for risk reduction (Botzen et al., 2010a). In 

establishing a risk management and insurance system for natural disasters, important lessons can be 

learned about how existing insurance arrangements for extreme events are designed in different countries, 

what their main components are, and how they are integrated into systems. Their main characteristics, 

funding, and achievement of risk reduction are important components that determine the financial 

viability and long-term robustness of an insurance system. This chapter provides an in-depth study of 

these components, in order to arrive at insights for policy makers who aim to establish, or improve an 

existing, natural disaster insurance arrangement. According to our knowledge, this is the first integrated 

study that provides an international comparison of private, public, and PP insurance systems for two 

major catastrophe risks: namely, flooding and earthquake. Even though only flood risk is affected by 

climate change, the study of insurance systems for earthquake risks can provide relevant insights for 

insurance against climate change related disaster risks. This is the case because earthquake risks can be 

characterized as extreme risks that are uncertain, which poses challenges for insurance which may be 

comparable to extreme climate change risks. Moreover, policies and insurance incentives for the 

mitigation of earthquakes risks may provide relevant insights into how such policies and incentives can be 

integrated in insurance programs for catastrophe risks, such as flooding.  

The remainder of this chapter is structured as follows. Section 2.2 describes the main components 

of catastrophe insurance systems and their indicators, on the basis of which these systems will be 

compared. Section 2.3 describes fully private and fully public insurance systems for flood risks. Section 

2.4 presents the comparison of PP insurance systems for flood and earthquake risks. Section 2.5 discusses 
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the main findings of the comparative study for setting up a PP natural disaster insurance system. Section 

2.6 concludes. 

2.2 Insurance systems’ components and indicators 

A large variety of catastrophe insurance systems can be observed across the globe. Table 2.1 shows the 

main comparative studies of such systems and their key components and indicators.  

Table 2.1 The main studies that compare the characteristics of catastrophe insurance systems  

Main studies  Components Indicators Main risk type Research area 

Klein and Wang 

(2009) 

- Funding - Insurance and 

government policy  

- Premium  

- Reinsurance 

Catastrophe risks USA and Europe 

Wang et al. (2009) - Funding  

- Mitigation  

- General policy 

conditions 

- Possibilities for 

catastrophe risk 

insurance 

- Premium  

- Reinsurance and 

reserves 

- National involvement 

Earthquake damage 

insurance 

Asian continent: 

particularly 

China, Taiwan 

and Japan 

OECD (2009, 

2008)  
- Funding  

- Mitigation  

- General policy 

conditions 

- Insurance market and 

future business 

opportunities 

- Premium  

- Reinsurance and 

reserve 

Catastrophe risks Mainly the 

OECD countries 

CCS (2008)  - Funding  

- General policy 

conditions 

- Insurance market and 

future business 

opportunities 

- Premium  

- Reinsurance and 

reserve 

- Nature of participation  

Natural catastrophe 

with particular focus 

on flood risk  

21 countries  

GAO (2005)  

 

 

- Funding 

- General 

framework 

 

- Insurance and 

reinsurance  

- Premium 

- Reserves 

Catastrophe risks 

 

Six European 

countries 

 

Froot (2001) - Funding 

 

- Insurance 

- Reinsurance  

- Premium  

- Financial shortcomings 

Catastrophe risks  General 

catastrophe 

insurance 

Sources: (CCS, 2008; Froot, 2001; GAO, 2005; Klein and Wang, 2009; OECD, 2008) 

This chapter examines, in more detail, the technical aspects of the reliability and the sustainability of PP 

insurance schemes. For example, what are the differences in premium pricing, coverage, funds 



25 
 

management, and incentives for risk-reducing measures, and how do they influence the overall 

performance7 of insurance systems? In contrast with existing studies, this chapter deals with two main 

types of catastrophe risks – flood and earthquake – in several countries, by using a broad range of 

measurable and descriptive indicators of a system. Table 2.2 provides the indicators that will be used in 

this comparative study, which will be discussed in detail below.  

Table 2.2 The main components and indicators of the insurance systems examined in this study 

 Indicators Description 

G
e
n

er
a
l 

ch
a
ra

ct
er

is
ti

cs
 

Programme name and 

year of establishment 

The official name of a private or an insurance scheme and the year of the 

establishment 

Programme duration The duration of a programme, which is either on a temporary or permanent basis 

Standard disaster 

return period 

The reoccurrence probability, which is the return period in years for a specific 

disaster that is generally used to assess actuarial risk-based premiums and 

coverage 

Damage intensity 
Estimated damage in absolute value and as a % of GDP, caused by a specific 

hazard within a given period 

Compulsory coverage 
Whether participation in an insurance system is mandatory or voluntary for the 

insured  

Market penetration 
The % of homeowners in a given region or in a country who have purchased 

insurance products against a specific catastrophe risk 

Official trigger  

Whether an official disaster declaration is needed before the insurance takes into 

effect, and, if applicable, the predefined minimum damage level before the 

declaration is granted 

Responsibility public 

sector 

The main responsibilities of the public sector in the insurance system  

Responsibility private 

sector 

The main responsibilities of the private sector in the insurance system 

F
u

n
d

in
g

 

Hazard covered 
The covered catastrophic hazards: e.g. earthquake, flood, storm, hail, volcanic 

eruption 

Damage covered 
Type of damage covered: e.g. damage to residential or commercial property and 

contents, casualties, or business interruption damage 

 Limit of indemnity The overall and per policy limit of coverage in US$ 

 Individual policy 

deductibles 

Amount of loss that a policyholder pays before the insurance starts paying 

Premium setting By whom the premiums are determined, and whether they are risk-based or flat 

Premium level 
The level of insurance premium for a specified risk for a specified period of 

time in US$ (numbers are indicative) 

Reinsurance 
Whether a PP system uses reinsurance for hedging risk, and whether this is 

obtained from public or private reinsurance, with or without a state guarantee 

Reserves and special 

tax treatment 

Whether, and how, a PP insurance system builds up financial reserves, with or 

without a tax exemption 

M
i

ti
g

a
ti

o
n

 Integration of risk 

mitigation and 

Whether, and how, the damage mitigation and prevention measures are 

integrated into the insurance programme 

                                                            
7 The term overall performance of the insurance in this chapter refers to collective performance of (re) insurance, evaluated from 

various aspects, such as the market penetration, financing and mitigation, as described in Table 2.2. 



26 
 

preventive measures  

Risk zoning and risk 

maps  

Whether there are risk maps available that show hazard-prone areas 

Incentives based on 

premiums 

Whether risk-based premiums provide policyholders with incentives to 

undertake mitigation measures 

Incentives based on 

deductibles  

Whether risk-based deductibles provide policyholders with incentives to 

undertake mitigation measures 

 

2.2.1 General characteristics 

The general characteristics describe the main features of a system, such as year of establishment, whether 

it is a voluntary or mandatory system and the main roles of stakeholders from the public and private 

sectors. Furthermore, the main characteristics of insurance arrangements are determined by the size of the 

catastrophe risk, which consists of the standard disaster return period, and the damage that can be 

expressed as a percentage of GDP. The damage and frequency of the hazard can influence the degree of 

responsibilities that each stakeholder takes on within the system. The market penetration rate of an 

insurance scheme indicates how many people are covered by the insurance. Sometimes insurance is 

compulsory in order to achieve a high market penetration rate. In PP systems, where the government 

covers part of the damage, indemnities may be paid, conditional on an official trigger in the form of an 

official declaration of a disaster.  

2.2.2 Funding and coverage conditions 

In terms of funding, coverage conditions on the hazards that the insurance covers are important indicators. 

Another important feature is whether or not an insurance scheme covers only direct or also indirect 

damage, such as business interruption losses. The extent of coverage varies per system and is often set as 

a maximum compensation per policy for buildings or contents, or an overall maximum amount of damage 

covered per event, or a combination of these two (Michel-Kerjan and Pedell, 2005). Another limit on the 

indemnity paid can be set by a deductible, which is the portion of damage that the policyholder must pay 

before the insurer covers expenses.   

The main sources of funding for an insurance system are earnings from premiums, reinsurance 

coverage, reserves, or financial contributions from the government in the form of either direct 
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compensation or as a state guarantee. Premiums can be either risk-based or flat, and are determined by 

insurers, the government or by representatives of both. Insurers can be stimulated to build up sufficient 

financial reserves by special tax benefits.   

2.2.3 Incentives for mitigation measures 

In order to achieve long-term sustainability of an insurance arrangement, the stakeholders need to 

integrate adequate incentives and policies in the programmes that prevent or limit potential 

damage (Botzen and Van den Bergh, 2008). In-depth studies of hazard-prone areas and risk-zoning are 

essential to manage different catastrophe risks, to adopt appropriate mitigation measures in high-risk 

areas, and to set up post-disaster relief plans. In addition to risk reduction strategies implemented by the 

government and insurers, policyholders can often limit potential damage by taking risk-reducing 

measures. Insurers can reward policyholders who voluntarily reduce their risk by lowering the level of 

deductibles and premiums.   

2.3 Comparison of private and public flood insurance systems 

This section examines the fully private flood insurance systems in the UK and Germany, and flood 

insurance systems in Spain and Switzerland which may be characterised as fully public systems. These 

fully private and fully public systems are summarised in Table 2.3 and provide a useful basis for 

comparison with the PP systems discussed in Section 2.4.  

Table 2.3 An overview of fully private and fully public flood insurance systems in four countries (TIV = 

Total Insured Value, IV = Insured Value) 

 Private Public 

 Indicators Germany UK Switzerland (CIM) Spain (CCS) 

G
e
n

er
a
l 

Standard disaster 

return period 

4 zones: >200, 50-200, 

10-50 and 0-10 return 

period  

1/75 1/100  Not applicable 

Damage intensity 

(1990-2009) 

- As % of GDP 

- Absolute value 

(US$bn.) 

 

 

~0.415% 

 

 

~0.7813% 

 

 

~0.54% 

 

 

~0.25% 

13.65 16.2 2.85 3.23 

Compulsory No  No Yes, with fire Yes, with property 
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coverage coverage insurance 

Market penetration ~5-10% on average  ~75-90% (Huber, 

2004) 

>95% >80% 

Responsibility 

public sector 

Flood protection Flood protection 

and mitigation 

measures (PPS) 

Protection and 

mitigation  

CIM: full control of 19 

cantonments  

CCS: Covers the risk 

Responsibility 

private sector 

Full control of the 

insurance system 

Full control of the 

insurance system 

CIM: full control of 7 

cantonments 

Sell and administer 

policies. 

F
u

n
d

in
g

 

Hazard covered Flood, earthquake, land 

subsidence, landslide, 

snow pressure, and 

avalanches 

Flood Natural hazards and 

ordinary risks, such as 

fire 

Natural perils (flood, 

earthquake, tsunami, 

storm, volcanic eruption, 

meteorites), terrorism 

Damage covered 

 

Property and contents  Property and 

contents 

Demolition and 

reparation covered 

between 5- 10% 

Material losses, business 

interruption, personal 

injuries cause by flood 

Limit of indemnity Overall limit: No  

Policy limit: ~66875 

Overall limit: No  

Policy limit: TIV 

Overall limit: ~275 

mln  

Policy limit: -27.5mln 

Overall limit: No  

Policy limit: TIV 

Individual policy 

deductibles per 105 

IV a 

10% (between 672 and 

6725 based on risk 

level) 

1% (between 78 

and 156 on 

average, but could 

reach up to 2333) b 

~0.46% Buildings 0,  

contents ~7% 

Premium setting 

(risk-based or flat) 

Risk based  Risk based Flat  Flat premium set by the 

CCS 

Premium level per 

105 IV d 

~1.1%  ~1.87%  ~ 0.045% (CIM) 

~ 0.18% private 

~0.014% c 

Reinsurance Private  Private   Swiss Natural Perils 

Pool and IRV c  

CCS (public), 100% state 

guarantee 

Reserves and 

special tax 

treatment 

No Equalization 

reserves (as % of 

net of reinsurance) 

Yes Yes  

M
it

ig
a
ti

o
n

 Risk-zoning and risk 

maps  

Yes Yes Yes No 

Incentive based  

- On premiums 

- On deductibles 

 

Yes 

No 

 

Yes 

No 

 

No 

No 

 

No 

No 

Notes: All amounts are in US$ unless otherwise stated and the GDP is based on the year 2009. 
a The amounts for Individual policy deductibles per 105 IV and Premium levels in this table and Tables 2.4 and 2.5 are assessed 

on the basis of maximum damage (i.e. in case a house is fully destroyed). This is done for reasons of comparability, but this is not 

always realistic in practice because the coverage sometimes depends on the damage suffered and on whether policy or overall 

coverage limits are reached. 
b Depends on the deductible and risk zone.  
c The Intercantonal Reinsurance Union (IRV) provides reinsurance to insurers on a stop loss basis for individual policies. In the 

private market 20% of damage is covered by private insurers, while the other 80% is covered by the collective pool (Swiss 

Insurance Association), in which each participating insurer bears risk according to their market share.  

Sources: (CCS, 2008; Lamond et al., 2009; PPS25, 2008; Thieken et al., 2006; von Ungern-Sternberg, 

2004) 
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2.3.1 General characteristics 

In Germany, insurance against natural disaster risks is provided by the private sector as a supplementary 

coverage to home contents and building insurance for which an additional premium needs to be charged. 

This insurance can be purchased on a voluntary basis. The overall market penetration is very low, and is 

on average about 5% for building and 10% for content insurance (Thieken et al., 2006). The main 

responsibility of the government is to provide flood protection. Because of the low market penetration of 

flood insurance, the government also provided ad hoc disaster relief after several major flooding events, 

such as during the 2002 floods, which caused about €9.2 billion of damage. This government relief may 

reduce the demand for private insurance and it has been argued that the parallel administrative procedures 

of government relief and insurance after a flood can be time-consuming and inefficient (Richter and 

Schönberger, 2005).  

Private flood insurance in UK was established in 1961 as the result of a gentlemen’s agreement, 

which defines a division of responsibility between the government which is responsible for providing 

flood protection and the insurance industry which provides insurance for flood risk as part of the standard 

home insurance policies. Although it is not compulsory, the market penetration for UK flood insurance is 

between 75% and 95%, which can be explained by the requirement to carry flood insurance when 

applying for mortgages (Huber, 2004). Insurers in the UK have threatened to cancel the gentlemen’s 

agreement after severe flooding occurred in 2000, because insurers judged that government investments 

in flood protection have been inadequate (Lamond et al., 2009). Following this discussion, the 

Association of British Insurers (ABI) created a two years temporary agreement on flood cover, which was 

revised in 2005. The latest Revised Statement of Principles applies from 1 January 2006, in which the 

ABI makes clear that a successful operation of flood insurance is only possible if the government 

investments in flood protection are adequate; otherwise, insurers may limit coverage for flood risks.  

The current Spanish system for catastrophe disaster coverage originates from a national insurance 

system that was established to cover losses from the Civil War between 1936 and 1939. In 1954, the 

system was transformed into the current institution for natural disaster relief, the Consorcio de 
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Compensacion de Seguros (CCS). It was only in 1990 that it became a legal national framework that 

covers extreme risks, which includes both natural and man-made disasters. Flood insurance is a part of the 

catastrophe coverage, which is compulsorily included in the P&C insurance policy, which is based on 

solidarity and collective-risk sharing (Machetti, 2005). The public sector is responsible for covering the 

risks and paying out claims and the government provides an unlimited state guarantee to the CCS. Private 

insurers compulsorily issue insurance policies for natural catastrophe damage.   

In 19 out of the 26 cantonments of Switzerland, insurance for damage caused by natural hazards 

is compulsory and is provided as an extension of P&C coverage by cantonal entities which are called the 

Cantonal Insurance Monopolies (CIM). In the remaining 7 cantonments insurance is provided by the 

private sector. The federal government is not involved directly in the insurance systems. Insurance 

coverage is compulsory, which results in an average market penetration for natural disaster insurance 

above 90%.  

2.3.2 Funding 

Because both insurance systems in Germany and in the UK are fully private, reinsurance is obtained from 

the private market, in which the risk is diversified between insurers, reinsurers and insurance pooling. 

Premiums are the main source of income in these systems, and no government financing is available, 

except for post-disaster relief in Germany. In Germany, insurance premiums are actuarially sound and are 

based on a zoning system called ZÜRS created by the German Insurance Association (GDV). The 

deductibles and premiums for individual policies vary per insurer, and are, respectively, 10% and 1.1% 

per 105 insured value (IV). Premiums in the UK are also risk-based and amount to about 1.87% per 105 

IV. These premiums are higher than in the public-private flood insurance systems that will be discussed in 

Section 2.4. During the last couple of years, insurance premiums for households in flood-prone areas have 

increased significantly in the UK, and in some of the cases insurers even refuse to continue to provide 

flood coverage (Lamond et al., 2009). Because of these problems, there have been discussions to modify 
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the insurance system in the UK and establish a public-private insurance system along the lines of the UK 

terrorism insurance Pool Re (Crichton, 2008).  

The Spanish CCS system provides broader coverage with lower premiums (0.01 per cent per 105 

IV) and deductibles compared with the other systems. All natural hazards, such as earthquake, pandemics, 

flood and other losses to people or property in Spain caused by extraordinary events are covered. The 

premium is collected by insurers on behalf of the insurance Consortium, for which the insurers retain a 

fee of 5 per cent of the premium. The premiums are set by the CCS and are not differentiated according to 

flood risk zones, but according to the types of insured property. The CCS creates an equalization reserve 

in addition to the technical provisions.  

The CIM in Switzerland collect premiums and provide damage coverage through a collective 

reinsurance pool which is called the Interactional Reinsurance Union (IRV). The cantonal insurance 

entities are free to choose coverage levels based on their risk appetite and market shares. The average 

CIM premiums for building and contents insurance are, respectively, 0.023% and 0.052% per 105 IV8, 

while average private premiums are 0.18% % per 105 IV. The CIM premiums are calculated as the 

average risks of all hazards in Swiss territory in such a way that they are sufficiently high to cover the 

total damage (OFAP, 2006). The administrative costs of the CIM are significantly lower than the private 

Swiss insurers; CIM’s costs are, on average, $6 per 105 IV while private insurers charge up to $35 for the 

same coverage, which makes the CIM one of the most cost-efficient systems (Jametti and Von Ungern-

Sternberg, 2005). Private insurers participate in the pool together with the CIM, and cover 20% of 

damage themselves and the remaining 80% is covered by the pool members in proportion to their market 

share (von Ungern-Sternberg, 2004).     

2.3.3 Mitigation 

In Germany and the UK private insurance companies have a clear interest in developing accurate and 

detailed flood risk assessments and flood risk maps. The governments of both countries have the 

                                                            
8 This applies to simple or industrial risks.  



32 
 

responsibility to develop adequate flood protection measures. Recently, the UK government created the 

Planning Policy Statement 25 (PPS) in collaboration with insurers, which sets out the Government’s 

national policies on different aspects of land-use planning and flood damage reduction. These policies 

were one of the main conditions put forward by UK insurers for continuing to provide flood 

cover (PPS25, 2008). Risk-based premiums in the UK and Germany may provide incentives to 

policyholders to mitigate flood risks. 

Unlike the systems in the other countries, flood risk mitigation measures are implemented only to 

a limited degree by the Spanish CCS. A recently approved policy stimulates regional authorities to 

develop flood risk assessments and to create flood hazard maps to be used for land-use 

regulations (Cantos, 2007). However, no financial incentives are provided to stimulate the undertaking of 

risk-reducing measures, such as risk-based premiums or deductibles.  

An important difference between the public and private systems in Switzerland is that the CIM 

spend more than twice as much on fire prevention and public awareness measures (about 30% of 

premium income) than private insurers. Moreover, the CIM play an active role in many aspects of 

prevention, such as implementing building codes in hazardous areas. The cantons without public 

insurance invest much less in risk reduction and play no active role in stimulating prevention 

measures (VKF/AEAI., 2008). An explanation for this is that the monopoly insurer CIM is able to capture 

all the benefits of prevention via lower damage payments (von Ungern-Sternberg, 2004). No financial 

incentives are provided by the CIM to stimulate the undertaking of risk-reducing measures by 

policyholders, such as risk-based premiums or deductibles.  

2.4 Comparison of public-private insurance systems 

2.4.1 Flood insurance 

Table 2.4 shows a comparison of general characteristics of PP flood insurance systems in the USA, 

France and Belgium. The PP flood insurance in the USA has a long history and flood events with a large 

amount of damage are relatively frequent in the USA. France was, together with Spain, one of the first 
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countries in Europe to set up a mandatory PP catastrophe risk insurance scheme based on solidarity and 

collective risk-sharing principles. The recently established Belgian flood insurance system utilises an 

interesting combination of private insurance instruments together with public reinsurance.  

 

Table 2.4 An overview of PP flood insurance systems in three countries (TIV = Total Insured Value, IV = 

Insured Value) 

 Indicators USA France Belgium 

G
e
n

er
a
l 

Name, year of 

establishment 

The National Flood 

Insurance Programme 

(NFIP), 1968 

Catastrophes Naturelles 

(CatNat), 1982 

Waarborg Natuurrampen 

(WN), 2005 

Programme duration Extended in April 2010 Indefinite Indefinite 

Standard disaster 

return period 

1/100 1/100 1/100 

Damage intensity 

(1990-2009) 

- As % of GDP 

- Absolute value 

(US$bn.) 

 

 

~3.06% 

 

 

~0.87% 

 

 

~0.35% 

437.1 19.24 1.26 

Compulsory 

coverage 

Only for homeowners with 

a federal mortgage in the 

1/100 flood zone  

Compulsory with property 

insurance 

Compulsory with fire 

insurance 

Market penetration ~50% in the 1/100 

floodplain 

~92% >95% 

Official trigger  No Yes No a 

Responsibility public 

sector 

Cover the risk, mitigation, 

federal disaster relief 

Reinsurance (not 

compulsory) by the CCR, 

state guarantee, prevention 

and mitigation 

Tariff Office , prevention, 

state guarantee 

Responsibility private 

sector 

Sell and administer 

policies  

Cover the risk, issue and 

administer policies 

Cover the risk, issue and 

administer policies 

F
u

n
d

in
g

 

Hazard covered Flood, excl. wind damage, 

snow, hail 

Flood, mudslide, 

earthquake, volcanic 

eruption, excl. wind  

Flood, earthquake, sewers 

impoundment  

Damage covered 

 

Property and contents 

depending on the type of 

contract 

Property, contents, and 

personal injury 

Property and contents with 

max. limit 

Limit of indemnity Overall limit: ~1,230bn 

Policy limit: 100,000 

contents, 250,000 

residential buildings, 

500,000 commercial 

Overall limit: no  

Policy limit: TIV 

Overall limit: 352.52mln 

Policy limit: 0.93mln 

residential, 30.2mln 

commercial 

Individual policy 

deductibles per 105 IV  

Residential~2% 

commercial~3%-5%  

Residential ~0.5% (478.5 or 

10% of the loss), 

commercial min. 1435.3 

1,393 (per event/claim)   

 

Premium setting (risk-

based or flat) 

 

Partially risk based, set by 

the NFIP, collected by 

either the NFIP or insurers 

Flat premium, set by state 

(CTO), collected by 

insurers  

Risk based, set and 

collected by insurers, max. 

set by state 
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Premium level per 105 

IV c  

~ 0.4% (between 180 and 

450 per year on average)  

~ 0.11% (118 on top of the 

underlying property 

contract for e.g. fire, and 

~110 for business 

interruption damage)  

0.12% (between 30.29 and 

209.7) 

Reinsurance No, deficit is temporarily 

borrowed from the US 

treasury   

Reinsurance by the CCR 

with unlimited state 

guarantee 

Private reinsurance market 

with state guarantee 

Reserves and special 

tax treatment 

No, but the NFIP 

premiums are taxed at 

only 2%  

Yes Yes, tax provision 

M
it

ig
a
ti

o
n

 

Integration of risk 

mitigation and 

prevention measures  

Yes, by building code 

regulations and 5 

mitigation grant 

programmes  

Yes, by making risk 

prevention plans and the 

Barnier mitigation fund 

To a limited extent by the 

programme 

 

Risk-zoning and risk 

maps  

Yes Yes Yes 

Incentive based  

- On premiums 

- On deductibles 

 

Yes  

No 

 

No 

Yes 

 

Yes 

No 

Notes: All amounts are in US$ unless otherwise stated and the GDP is based on the year 2009. 

Sources: (Bouwer et al., 2007a; CCS, 2008; Em, 2010; Machetti, 2005; Swiss Re, 1997; von Ungern-

Sternberg, 2004)  

 

General characteristics 

In 1968 the US Congress established the National Flood Insurance Programme (NFIP), with the 

objective to limit the costs of ad hoc federal disaster assistance paid out of taxes. The NFIP is 

administered by the Federal Emergency Agency (FEMA) which is responsible for covering the risks. 

Insurers play only the role of financial intermediary in the NFIP through what is called the “Write Your 

Own” (WYO) programme, which allows the participating P&C insurers to sell the standalone standard 

flood insurance for which they receive an allowance (GAO, 2007a). Households or companies can 

purchase flood insurance from the NFIP or buy more expensive commercial insurance. The market 

penetration is approximately 50 per cent in the 1/100 flood zone and much lower in the other flood zones, 

which can be explained by the limited scope of the obligatory purchase requirement, which only applies 

to homeowners in the 1/100 year flood zone who have a mortgage that is backed by a federal lending 

institution.  
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 In addition to NFIP compensation, after a large flood disaster the US President can issue an 

official disaster declaration. This implies that several federal assistance programmes take effect in order 

to provide financial compensation for flood damage suffered by individuals and government entities. The 

number of Presidential disaster declarations has significantly increased over the past 50 years: namely, 

from 162 over the period 1955–1965 to 545 during 1996– 2005. In response to Hurricane Katrina in 2005 

and in the subsequent year, three emergency supplemental appropriations bills of about US$88.4 bn were 

enacted by Congress. This total amount of federal relief is more than the combined total amounts of 

private wind insurance claims and NFIP claims triggered by Katrina (Michel-Kerjan, 2007). The likely 

provision of substantial federal disaster relief may reduce individual incentives to purchase NFIP policies. 

The French natural catastrophe insurance Catastrophes Naturelles, CatNat, was founded in 1982 

after major floods in the valleys of the Saône and Rhône and in the South-West of France. The CatNat is a 

mandatory arrangement based on national solidarity, and is available as an extension of the P&C 

insurance. The private insurers are responsible for covering the flood risks, while the main role of the 

government is to provide reinsurance and establish natural disaster prevention and mitigation plans. The 

mandatory nature of the insurance results in a high market penetration. Nevertheless, there is some 

uncertainty about whether or not victims of flood damage can receive compensation, because an official 

natural disaster declaration is needed before the insurance takes effect, which is not based on a pre-

defined damage level. Such an official trigger is not needed in the other countries.  

The Belgian arrangement Waarborg Natuurrampen (WN) for natural disaster coverage, including 

flooding, was established in its current form in 2005, and is inspired by the French and Spanish systems, 

in the sense that it is based on solidarity and collective risk-sharing principles. Private insurers cover the 

risks and administer the insurance policies, while the government is responsible for flood protection and 

provides a state guarantee for insurers. It is mandatory to include the natural disaster coverage in the fire 

insurance contract. Fire insurance has been compulsory in Belgium since 2010, which results in a high 

market penetration of the flood insurance.  
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Funding 

The NFIP provides optional insurance coverage, with a certain maximum for damage to buildings and 

their contents caused by flooding or other related events, with the exception of damage caused by 

landslides, direct rain, snow, hail and storm. Policyholders can choose between different levels of 

deductibles: a higher deductible lowers the premium to be paid. Premiums and loans from the federal 

government are the main sources of funding for the NFIP. Initially, the NFIP aimed to achieve self-

financing through actuarially-based premiums that differ per flood zone. However, this proved to be 

difficult, in practice. For instance, the NFIP provides high subsidies to the owners of older buildings 

which were erected before the creation of flood insurance rate maps, as an incentive for them to purchase 

flood insurance (Landry and Jahan-Parvar, 2008). One quarter of the total NFIP insurance contracts are 

subsidised and their premiums are, on average, 35 to 50 per cent of the actual risk (GAO, 2007b). In the 

case of a premium shortfall, the FEMA can borrow from the US Treasury with a maximum limit of US$ 

20.75bn, which must be repaid at the risk-free interest rate.  

Different factors that influence risk are used for determining premiums, such as the physical 

characteristics of the flood hazard, as depicted on maps that show the Special Flood Hazard Areas 

(SFHAs), the location, age, type of occupancy, and the design of buildings and their insured value. The 

NFIP premiums for standalone flood insurance are about 3 times as high as the French CatNat and the 

Belgium WN, while NFIP premiums are much higher (more than 10 times) than the public insurance 

systems discussed in Section 2.3. This relatively high premium may be, partly, explained by the high fee 

of more than 30 per cent of the total premiums that insurers receive for selling flood insurance through the 

WYO programme, which applies to 95% of the total policies sold (GAO, 2007a). The NFIP has no 

mechanism to hedge risk in the private reinsurance market.  

The French CatNat provides coverage to most natural hazards, e.g. earthquakes, landslides, 

drought, volcanic eruptions, and floods, with an exception for damage caused by wind, storm, hail, weight 

of snow, and damage to unsorted harvest and crops. The deductible is fixed at 10 per cent of the direct 

property damage (with a minimum of US$1,436) if the community has a Natural Risks Prevention Plan 
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(PPR), and this is a variable amount for properties located in communities without a PPR (Letremy and 

Grislain, 2009). Premiums are set by the governmental institute ‘The Central Tariffs Office’ at a flat rate. 

Private insurers collect premiums, process and manage claims, and provide indemnifications in 

accordance with the limits defined in the insurance policy. Reinsurance is provided by a public reinsurer 

the CCR, which is guaranteed by the government. The CCR transfers a part of the reinsurance premium to 

the French government. The French system allows insurers to reduce risk by purchasing reinsurance 

voluntarily, either from the public reinsurance CCR or in the private reinsurance market. The unlimited 

state guarantee provided to the CCR and the relatively low reinsurance prices charged by the CCR give 

insurers an incentive to reinsure especially the higher risk policies with the CCR. This may result in risk 

selection in the sense that good risks are privately reinsured, while bad risks are publicly 

reinsured  (Jametti and von Ungern-Sternberg, 2010). This problem does not occur in a fully public 

system, such as the Spanish Consorcio in which both good and bad risks are covered by the public 

system. French insurers and reinsurers are required to create equalisation reserves besides their technical 

reserves that are, to a certain limit, tax-exempted in order to absorb extreme fluctuations in loss-rates (von 

Ungern-Sternberg, 2004). 

Coverage by the Belgian WN is provided under a common risk insurance policy for buildings and 

contents for which the insured sum, in general, should not exceed US$0.94mln per individual contract. 

The maximum overall coverage that can be provided by the WN above the insurer’s cap amount is 

US$352mln, and is likely to be too low to cover extreme damage (CCS, 2008). The deductibles are, at the 

maximum, US$1,456 per policy, which is lower than the NFIP amount and higher compared with the 

other systems. A Tariff Office has been created to advise in setting policy terms and to set maximum 

premiums for properties that are, generally, assumed to be uninsurable (Tarieferingsbureau 

Natuurrampen, 2010). Premiums depend on the history of flooding, flood probability, and the location of 

the insured property. The premiums for flood insurance in Belgium are, with an additional premium of 12 

per cent of the fire insurance contract, in line with that of France. Similar to the other European countries, 

the entities under the WN are authorised to create a tax-exempted equalisation reserve.  
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Mitigation 

Mitigation planning and implementation of risk-reduction and prevention measures are integrated 

explicitly in the NFIP. The NFIP administers five main mitigation grant programmes which provide 

funding to local communities for investments in flood damage mitigation measures prior to flooding, as 

well as during the immediate recovery from a flood. To join the NFIP, communities have to go through 

two separate phases: (1) communities are required to present an appropriate risk mitigation plan for their 

community, and need to meet general flood risk management requirements set by FEMA and; (2) flood 

risk maps are created by FEMA that depict the 1/100 year floodplain (SFHAs), within which it is 

compulsory for homeowners with federally-backed mortgages to purchase flood insurance. Subsequently, 

communities can enrol in the ‘Regular Programme’ that enables them to acquire full NFIP membership. 

The NFIP requires participating communities to adopt certain flood damage mitigation measures, such as 

the elevation of new structures at the Base Flood Elevation (BFE) that belongs to the 1/100 flood. 

Through the Community Rating System, the NFIP stimulates the adoption of mitigation measures by the 

participating communities beyond minimum requirements, by granting premium discount to 

policyholders in communities that invest in mitigation (King, 2009). These premium reductions that can 

be obtained by participating in the CRS range between 5 per cent and 45 per cent. In addition to the 

community discount, individual policyholders also can get a discount on their premiums through 

elevating buildings above the BFE. In general, the NFIP has been quite successful in reducing the 

vulnerability of new buildings to flooding, but the programme has been less effective in reducing the 

vulnerability of existing buildings and limiting development in areas prone to flooding (Burby, 2000). 

There is a clear need for improved building codes that flood-proof existing buildings and flood zoning 

regulations that limit new construction in high risk areas (Aerts and Botzen, 2011b).  

 The CatNat encourages damage mitigation measures through PPRs, which are local flood 

mitigation plans. The objective of these plans is to map the flood risk zones, and to prescribe flood 

prevention and mitigation measures. The PPRs are designed on the basis of the 1/100 flood zone and 

stimulate investments in risk-reducing measures by individual homeowners and communities, as well as 
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discourage the construction of new buildings in flood-prone areas (Dumas et al., 2005). The CatNat 

creates flood maps for which the PPR stipulates recommended and compulsory flood mitigation 

requirements. Deductibles set by the CatNat are used to encourage communities and households to 

undertake individual risk-reducing measures. If a community has not applied for a PPR and has suffered 

repeated flood damage, then the level of the deductible is increased until the community applies for a 

PPR. In general, the deductibles and premiums of the CatNat scheme are a fixed percentage of the 

underlying insurance contract and do not allow differentiation according to risk. No premium discounts 

are provided to policyholders who invest in mitigation (Beland and Hansen, 2000). 

Except for partly risk-based regional premiums, the WN has not integrated incentives for 

mitigation. The most important provision that gives an incentive to limit future damage is the delineation 

of flood zones on the flood maps upon which the risk premiums are based. In flood-prone areas with an 

extremely high flood potential, the Belgian government advises that new construction or settlements 

should not be built, and people may be excluded from flood insurance if they neglect this advice.  

 

2.4.2 Earthquake risk insurance 

In financial terms, earthquake damage between 1990 and 2011 was nearly equivalent to the flood damage 

suffered during the same period worldwide, which makes earthquakes one of the most devastating natural 

disasters on earth. Table 2.5 shows a comparison of earthquake insurance systems that have been 

established in the State of California, Japan, and Turkey. These regions have experienced several 

devastating earthquakes that caused a large number of fatalities and economic losses, because of their 

geographical position along one or more fault lines. The Turkish earthquake insurance system (TCIP) is 

interesting because it is one of the first systems that emerged in a middle-income or developing country 

with World Bank support (Linnerooth-Bayer et al., 2003).  

 

Table 2.5 An overview of public-private earthquake insurance systems in three countries (TIV = Total 

Insured Value, IV = Insured Value)  
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 Indicators California Japan Turkey 
G

e
n

er
a
l 

Name, year of 

establishment 

The California Earthquake 

Authority (CEA), 1996 

Japanese Earthquake 

Reinsurance Scheme (JER), 

1966 

The Turkish Catastrophe 

Insurance Pool (TCIP), 

1999 

Programme duration Permanent Permanent Permanent 

Standard disaster 

return period 

~1/100 ~1/70 ~1/15 to 1/200 

Damage intensity 

(1990-2009) 

-As % of GDP 

-Absolute value 

 

 

0.23% for the US 

 

 

>3% 

 

 

3.74% 

32.73bn >400.21bn 22.77bn 

Compulsory coverage No No Yes, only in high risk 

regions 

Market penetration 12% 20% 20% 

Official trigger  Yes  No No 

Responsibility public 

sector 

Reinsurance by CEA, federal 

tax benefits, determine 

policy terms  

Provide state guarantee 

(limited, excess of loss), 

reinsurance, risk management  

Mitigation: risk 

awareness, inspection and 

construction of 

earthquake-resistant 

structures   

Responsibility private 

sector 

Administer and sell 

insurance policies, handle 

claims  

Administer and sell insurance 

policies, provide direct cover  

Administer and sell 

insurance policies, cover 

the risks, management of 

the pool 

F
u

n
d

in
g

 

Hazard covered Earthquake and related 

events  

Earthquake and related events 

(landslide, fire, volcano) 

Earthquake 

Damage covered 

(property, contents) 

Property and contents  Property and contents Property  

Limit of indemnity Overall limit: 9.786bn 

Policy limit: No 

Overall limit: 55.6bn 

Policy limit: Yes, based on 

damage severity 

Overall limit:~1.87bn  

Policy limit: 32,950 

Individual policy 

deductibles per 105 IV d 

10%-15% None Residential ~ 2% otherwise 

3%-5%   

Premium setting (risk 

based or flat)  

Risk based, set by CEA  Risk based, set by JER  Risk based, set by TCIP  

Premium level per 105 

IV  

 ~0.14% - 0.7 (between 35 

and 200, based on risk zone)  

1.2% (between 500 and 3500, 

based on risk zone)  

~0.28% (281 on average)  

Reinsurance In different tiers in the 

private market  
Japan Earthquake 

Reinsurance (JER) and 

insurers choose their own 

Private market  

Reserves  Yes  Yes No 

M
it

ig
a
ti

o
n

 

Integration of risk 

mitigation and 

prevention measures 

Yes, by building codes  Yes, coordinated by the 

programme 

Yes, to a limited extent by 

building codes  

Risk zoning and risk 

maps 

Yes Yes Yes 

Incentives based on: 

- Premiums 

- Deductibles 

 

Yes 

Yes 

 

Yes 

No 

 

Yes  

No  

Notes: All amounts are in US$ unless otherwise stated. The exchange rates used are: US$1= ¥90 = NT31.81 = €0.796, US$1= 

NTL 1.50). 
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Source: (CEA, 2010; Chang and Taboada, 2009; Em, 2010; Gurenko et al., 2009; Lai and Hsieh, 2007; 

Yucemen, 2005)  

 

General characteristics 

Following the Northridge earthquake in 1996, the majority of insurers stopped providing insurance, and 

the California Earthquake Authority (CEA) was established. Insurance provided by the CEA is available 

as an extension of a P&C contract and can be purchased voluntarily from private insurance companies 

that participate in the CEA. Only about 12 per cent of the residents in California purchased this insurance 

in 2006, while this was 30 per cent in 1996 (Marsh Inc., 2010). This shows that risk awareness of 

households gradually decreased after the experience of the Northridge earthquake, which resulted in a 

lower demand for earthquake insurance. The private insurers sell insurance and process claims under 

CEA authority while the government provides reinsurance, sets policy and amendments and declares a 

disaster upon which damage is reimbursed by the CEA.     

In 1966, the Japanese government established the Japanese Earthquake Reinsurance Scheme (JER), 

which has been revised several times. Private insurers enrolled in the JER offer direct coverage to 

earthquake damage as an extension of the optional P&C insurance policy, while the JER is responsible for 

reinsurance, administering the programme and providing a limited state guarantee. It is a voluntary 

scheme for policyholders but mandatory for insurers. The Japanese earthquake, and resulting tsunami, in 

2011 is one of the most devastating earthquakes with more than 25,000 casualties and an approximated 

economic loss of US$198bn to US$309bn, of which only about US$14bn to US$34bn is insured (AON 

BENFIELD, 2011). One of the main problems with the JER is that the coverage and market penetration is 

rather low. Despite the large potential damage, the market penetration was about 20 per cent before the 

devastating 2011 earthquake, and has been increasing slightly afterwards (Lai et al., 2009). No official 

disaster declaration is necessary before the insurance comes into effect, except when the damage exceeds 

the insurer’s retention level.   
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On 17 August 1999, Turkey was struck by the Izmit earthquake which caused more than 17,000 

deaths and more than US$12bn of direct economic losses. Following this devastating earthquake the 

Turkish authorities enacted the mandatory Turkish Catastrophe Insurance Pool (TCIP), which spreads 

risks in the international reinsurance and capital markets. The accredited insurance companies cover the 

risk and administer the insurance while the government is responsible for regulating the system and for 

developing and enforcing construction codes and mitigation policies. The risk assessment of the TCIP is 

based on disaster return periods of between 15 to 200 years. The TCIP is considered as a good example of 

catastrophe risk insurance for developing and middle-income countries that makes use of regular financial 

markets (Bommer et al., 2002). Despite its mandatory characteristic for policyholders to purchase 

insurance, the TCIP has a rather low market penetration of about 16 per cent. It appears that the majority 

of inhabitants in rural areas do not participate in the system, owing to their lack of understanding of the 

insurance, their low income, or their lack of risk awareness.  

Funding  

The CEA provides coverage for the repair of earthquake damage, ensures that new construction conforms 

to current building codes, replaces personal property and provides for living expenses while a home is 

being rebuilt. The coverage limits are set by the CEA and are applicable for different properties and 

contents damage. A policyholder can choose coverage limits for contents coverage and accommodation 

expenses up to, respectively, US$100,000 and US$15,000, choose deductible levels between 10 and 15 

per cent and buy additional coverage of US$10,000 to finance the upgrading of building codes. As of 31 

August 2009, the CEA has a projected coverage capacity of US$9.53bn. This is divided over four 

different coverage layers: namely, the CEA itself, insurers, reinsures, and revenue bonds, among which 

the risk is also diversified. Premiums are risk-based and determined by the CEA, depending on the risk 

zone, the construction type, and the number of storeys and the age of the building.  

 The coverage provided by the JER per insurance policy varies between 30 and 50 per cent of the 

TIV chosen by the policyholder, with a maximum limit of US$0.557mln. Moreover, the amounts of 
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coverage depend on the severity of an earthquake event, and are divided into full, half, or partial coverage 

of the damage. The total maximum limit payable collectively by all insurers and the government per 

single event is fixed at US$55.7bn. The deductible for the earthquake insurance is set at US$550 per 

policy if the total premium paid exceeds this amount; otherwise the deductible equals the total premium 

paid by the policyholder. The JER applies risk-based insurance premiums, which are set by insurers on an 

individual basis, depending on several risk factors, such as risk zones and building structures. The country 

is divided into seven risk zones, according to the degree of exposure and building type. The annual 

premiums are on average between 0.05% (non-wooden and risk zone 1) and 0.35% per cent per 105 IV 

(wooden and risk zone 4). The management expenses of the JER are as much as 20 per cent of premium 

income (Wakuri and Yasuhara, 2011). The household earthquake reinsurance is provided in cooperation 

with the JER, while the industrial and commercial insurance is backed up by the international reinsurance 

market. In addition, the JER includes a compulsory equalisation reserve, and the government provides a 

state guarantee.   

 The TCIP provides limited coverage for direct and indirect earthquake damage. The insurance 

deductible per contract is 1.2 per cent per 105 IV. It is considered that low deductibles will stimulate the 

property owners to purchase earthquake insurance. The TCIP uses the national and international 

reinsurance market and the World Bank to diversify its risks. The maximum reinsurance limit is 

US$1.26bn, which is divided into four parts, from which the first US$100mln is reinsured directly by the 

insurers enrolled in the TCIP. The TCIP premiums are collected by insurers and determined by the 

Treasury Under-Secretariat on the basis of the following three main risk factors: construction type of a 

building; seismic risk zone; and gross area of the dwelling. On average, an insured party pays a premium 

of 0.3% per cent per 105 IV, depending on the building type (Yucemen, 2005). 

Mitigation 

Earthquake mitigation efforts in the US consist of an earthquake early warning system that is similar to 

that in Japan. The CEA’s main mitigation objective is to create risk awareness though risk delineation and 
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financial incentives, such as deductibles and risk-based premiums, and promote individual risk-reducing 

measures. The CEA stimulates the raising of funds for damage mitigation measures and disaster relief 

plans for public infrastructure. The California Earthquake Loss Reduction Plan 2007-2011 aims to 

stimulate private commercial entities to take voluntary mitigation efforts, such as improvements of the 

design and construction of buildings.  

Japan is divided into four different seismic risk-zones, and the government controls large 

construction and development projects. The main damage mitigation measures taken by the Japanese 

government are: the upgrading of seismic resistance of buildings; securing household furniture; 

improving crowded city blocks (e.g. by reducing fire damage due to earthquakes); and preventing the 

collapse of properties on, or near, steep slopes. These measures aim to reduce the business interruption 

damage as a result of earthquakes by more than 40 per cent within the coming ten years (Ikeuchi and 

Isago, 2007). The recent Fukushima accident forced the Japanese government to look beyond seismic 

studies on earthquake intensity, and existing earthquake-resistant construction engineering and building 

codes, and design comprehensive policies for the management of combined earthquake, nuclear and 

tsunami risks. 

Gradual improvements in building codes, evacuation, relief plans, revisions in land use planning, 

retrofitting of public and private buildings and creating awareness among the population are the main 

mitigation measures that are being implemented by the TCIP. For example, all registered residential 

dwellings that are located within municipality boundaries are required to have the compulsory earthquake 

insurance coverage (Yucemen, 2005).  

2.5 Discussion: lessons for establishing a natural disaster insurance system 

The comparative analysis in the previous section shows that, while each system has its own 

characteristics, there are certain features from which lessons can be drawn for setting up a well-

functioning natural disaster compensation arrangement. Such a system should, ideally, be financially 

sustainable, have adequate policies for preventing and mitigating risks, and be able to provide affordable 
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insurance with low management expenses to a broad public in hazard-prone areas (Skees and Barnett, 

1999). The study shows that the four main aspects – mandatory vs. voluntary participation; the insurance 

premium; the role of the private insurance market and the government in financing the insurance; and 

incentives and policies for mitigation – of an insurance system appear to be important for the functioning 

of insurance, and will be discussed below.  

2.5.1 Mandatory insurance and the market penetration 

In general, Sections 2.3 and 2.4 show that insurance systems have low market penetration rates if there 

are no, or only weak, mandatory purchase requirements. The market penetration rate is especially low in 

the private insurance system in Germany. The public insurance systems in Switzerland and Spain have 

very high market penetration rates, which also applies to some PP insurance systems with strict 

mandatory purchase requirements (CatNat, WN). A notable exception is the TCIP which has a low 

market penetration rate, which is caused by the failure of the government to enforce the mandatory 

purchase requirements (Gurenko et al., 2009). In several countries, such as the USA and Germany, low 

market penetration rates may be the reason for the provision of large amounts of government relief after a 

disaster to compensate uninsured damage, which reduces incentives for individuals to purchase insurance. 

Therefore, it is beneficial if the government establishes and enforces a strict mandatory purchase 

requirement, because this can result in a high market penetration and a large pool of insured which 

facilitates risk spreading and may reduce costs, while it limits the need for ad hoc government relief.  

2.5.2 Costs of the insurance 

The fully private insurance systems, in general, results in the highest premium levels, the fully public 

insurance systems have lower premiums and appear to be the most cost-effective, while the premiums of 

the PP insurance systems are in between the fully private and fully public systems. The fully public or PP 

mandatory systems are, usually, driven by social and collective risk-sharing principles based on 

mandatory participation, which leads to a large pool of policyholders among which administrative costs 

and claims can be spread. Moreover, the public sector covers part of the risks which means that there is 
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less, or no, need for more expensive private reinsurance. However, public reinsurance or a state guarantee 

may result in additional indirect costs for tax payers. Almost all of the insurance systems make use of the 

private sector to sell and administer the insurance policies and process claims, which is likely to be cost-

effective, as long as the fees provided to private insurers for this service are not set very high, as is the 

case in the USA.   

2.5.3 Financing the insurance system 

The public or PP insurance systems that we have discussed have been tailored to specific historical and 

potential disasters and their resulting damage (Michel-Kerjan and Pedell, 2006). Most of the public and 

PP mandatory arrangements, except Switzerland, pass the damage above a certain level on to their 

government which is, generally, financed either by a state guarantee or state backed reinsurance or a 

combination of both. Within a PP or public (like Spain) insurance arrangement, the private insurers 

usually sell and administer policies and offer their knowledge and tools available to assess catastrophe 

damage. Moreover, in PP systems the private sector provides limited coverage for the more ‘common’ 

damage. Such a division of tasks is, usually, cost-efficient because it makes optimal use of the available 

expertise of private insurers in providing insurance coverage for the medium-sized damage caused by 

catastrophic events under some public sector regulations. From the PP flood insurance systems it can be 

observed that the government plays a larger role in covering the risk, compared with the private sector if 

the potential damage is larger, such as is the case in the USA in the form of federal disaster relief and the 

NFIP.  

With the exception of the NFIP, all the public and PP insurance systems studied in this chapter 

have some integrated form of risk-transferring mechanism, with the purpose of making insurance 

available for extreme risks that would, otherwise, often be uninsurable for a broad public at an affordable 

price. It is important to integrate adequate risk-transferring mechanisms in PP insurance schemes for three 

main reasons:  
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(1) A PP natural disaster insurance scheme without a state guarantee, reinsurance, or reserves with tax-

exemptions may prevent private insurers from offering insurance against the catastrophe risk. A reason 

for this is that private insurers are reluctant to cover uncertain risks with potentially very large damages, 

which could result in insolvency in the absence of a state guarantee or a risk-transferring mechanism, 

such as public reinsurance (Cummins, 2006; Kousky, 2010). A potential downside of voluntary public 

reinsurance may that a problem of risk selection arises, as has been discussed in Section 2.4.1, for the 

CatNat. 

(2) Premiums can be kept more affordable if the government covers part of the extreme damage, because 

in a private market premiums often considerably exceed ‘actuarially fair’ values due to reinsurer’s high 

costs of capital and anomalies in reinsurance markets (Froot and O'Connell, 2008). Apart from a state 

guarantee or public reinsurance, most of the systems are able to diversify the extreme catastrophe risk 

across insurers by pooling risk or by purchasing reinsurance in the local and international market and, 

thereby, reduce their costs of holding large amounts of internal capital which translates into low 

premiums (Jametti and von Ungern-Sternberg, 2010).  

(3) Countries with a risk-transferring system usually allow insurers to build technical or equalisation 

reserves with a specific level of tax-exemption in order to prevent cash-flow depletion in the event of a 

catastrophe (Kousky, 2010). The NFIP is an exception and does not have tax-exempted reserves or 

private reinsurance, but can borrow deficits from Congress. This is likely to have a negative effect on the 

NFIP’s financial position and its long-term solvability (Kunreuther and Michel-Kerjan, 2007). In general, 

it seems to be advisable to integrate adequate public and/or private risk transferring mechanisms in a PP 

natural disaster insurance system in order to ensure long-term solvability, keep premiums affordable, and 

prevent the need for ad hoc public disaster relief.   

2.5.4 Policies and incentives for mitigating catastrophe damage 

Providing (financial) incentives and designing policies for damage mitigation has benefits for both the 

policyholders and the insurers, since they decrease risk and, hence, enhance financial solvability and 



48 
 

decrease the costs of the PP catastrophe insurance system in the long run. In the face of a projected 

increase in natural disaster risk as a result of climate change, it is especially important to integrate policies 

and incentives for risk reduction in natural disaster insurance systems and, thereby, promote climate 

change adaptation (Botzen and Van den Bergh, 2009b). The importance of mitigation has been recognised 

by most of the insurance systems examined in this chapter, albeit to different extents. The lessons that can 

be drawn from the comparative analysis in Sections 2.3 and 2.4 concern the following three main aspects: 

1) risk assessment and mapping; 2) policies and regulations that are integrated in the insurance system; 

and 3) (financial) incentives that the insurance provides to policyholders to invest in mitigation:  

(1) Risk assessments can guide protection, spatial planning, and building code measures by identifying the 

areas and properties at (high) risk. Creating risk maps that depict properties or zones at risk of a specific 

hazard is a convenient way of summarising and depicting the results of a risk assessment. Risk 

assessment and mapping of flood and earthquake risks is conducted by most insurance systems examined 

in Sections 2.3 and 2.4. Risk assessments are, probably, best conducted by collaboration between insurers 

and the governments. Insurers have a useful expertise in assessing risks and using risk assessments as an 

input for determining actuarially sound premiums, while natural disaster risk assessment can provide an 

important input for prevention and mitigation programmes of the public sector. 

(2) Policies for damage mitigating for flood and earthquake risks that have been identified in Sections 2.3 

and 2.4 are: enhancing early warning systems and risk awareness; implementing zoning and building code 

standards; providing subsidies for mitigation; and investing in public protection infrastructure. It seems 

advisable that a PP catastrophe insurance system incorporates mitigation policies that focus on the full 

spectrum of prevention of hazards, mitigating damage through building codes and providing financial 

resources (e.g. subsidies) for implementing such measures. These mitigation policies are, mostly, a public 

task. Prevention of damage can be regarded as a local public good which is likely to be undersupplied by 

private insurers, because the benefits of prevention, in terms of lower flood damage and hazard to human 
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lives in general, accrue to the broader community that is protected, while such benefits cannot be 

completely captured by an insurer in a competitive market. 

(3) Financial incentives can stimulate policyholders to take measures that reduce their risk. For example, 

risk-based premiums can provide incentives to prevent building in high-risk areas, because living there 

would imply high insurance costs. Moreover, policyholders can be rewarded for taking mitigation 

measures by giving them discounts on premiums or deductibles. Differentiation of premiums according to 

risks involves administrative costs, but is likely to save future claims because risk-based premiums 

stimulate mitigation. In general, the fully public insurance systems have not integrated financial 

incentives for mitigation, the private insurance systems provide such incentives to some degree by 

charging partly risk-based premiums, and several PP insurance systems stimulate mitigation via 

premiums discounts (e.g. the NFIP, the CEA, the JER and the TCIP). The French CatNat is the only 

system that provides this incentive through deductibles, although the monitoring and enforcement of this 

incentive could be improved (Dumas et al., 2005). In general, incentives for mitigation are unlikely to 

provide a substantial contribution to limiting natural disaster risks in voluntary systems, because the 

incentives only apply to the low number of policyholders who purchase the insurance.  

2.6 Conclusion 

This comparative analysis of existing insurance systems for extreme events has shown that whether or not 

government involvement can ensure a financial efficient and viable catastrophe insurance system depends 

on many factors. The analysis supports a sound integration of incentives and policies for risk-reduction in 

the PP insurance system. Although it is difficult to identify the most optimal natural disaster insurance 

system, this study has made nine main recommendations for the development of such systems, which is 

useful information for countries that are considering establishing such a system and for countries that are 

aiming to improve their existing system. Having efficient and properly functioning natural disaster 

insurance in place is especially important given the projected increase in natural disaster risk as a result of 

climate change. First, mandatory participating requirements are advisable if the objective of a system is to 
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achieve a high market penetration rate, since voluntary purchases of insurance against low-probability 

high-impact risk appear to be low. Furthermore, a mandatory insurance system appears to be better able to 

charge low premiums than a voluntary system by spreading the costs of insurance over a large diversified 

pool of policyholders, and can provide incentives for mitigation to many policyholders. Second, adequate 

monitoring and enforcement mechanisms need to be put in place to ensure compliance with mandatory 

purchase requirements. Third, the government needs to take responsibility for part of the (extreme) 

damage by providing a state guarantee or public reinsurance in order to keep an insurance system, for 

uncertain catastrophic risks, financially viable and affordable. Fourth, private insurance companies should 

participate in a PP insurance scheme by selling and administering policies and by covering medium-sized 

losses. This implies that their knowledge and expertise in spreading and managing risk can be used in an 

insurance arrangement, which lowers the operational costs. Fifth, the integration in systems of risk 

transferring mechanisms, such as reinsurance, catastrophe bonds, and risk pooling, is advisable to help 

insurers spread risks and generate sufficient funds for claim reimbursements. Sixth, it is advisable that 

governments stimulate the building up of insurers’ reserves by providing tax exemptions so that sufficient 

funds are available in the event of a catastrophe. Seventh, a careful integration of risk mitigation policies 

in a natural disaster insurance system is beneficial for society by limiting risk in the long run. Eighth, a 

detailed assessment and mapping of risk would provide the basis for an effective mitigation policy. Ninth, 

incentives for policyholders to take risk mitigation measures can be provided through risk-based 

premiums, premium discounts and, sometimes, deductibles. 
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Chapter 3: Estimation of insurance premiums for coverage against natural disaster risk: an 

application of Bayesian inference
9 

 

3.1 Introduction 

The potential impacts of flooding in the Netherlands are large because high values of economic assets and 

many people are situated in low-lying areas exposed to flooding (Aerts and Botzen, 2011a; de Moel and 

Aerts, 2011; Klijn et al., 2007). Although flood protection standards are high, new flood-risk management 

strategies are currently being discussed to accommodate projected trends that increase flood risk, such as 

climate change and socioeconomic growth (Kabat et al., 2005). An example is flood insurance, and since 

flood risk is not generally covered by insurance in the Netherlands, questions have been raised among 

insurers and policy makers as to whether flood insurance is feasible (Botzen and Van den Bergh, 2008).  

One of the issues related to flood insurance in the Netherlands is the uncertainty related to both 

the probability and the consequences of extreme – low probability – flood events (Froot, 2001). Insurers 

are reluctant to offer insurance coverage for a risk that is ambiguous, and for which sufficiently accurate 

premiums cannot be priced through actuarial calculations (Jaffee and Russell, 1997; Kunreuther and 

Michel-Kerjan, 2007). Moreover, insurers are risk-averse to catastrophe risk, which implies that they 

refuse coverage or are only willing to offer catastrophe insurance if premiums are sufficiently above the 

expected loss (Duncan and Myers, 2000). Standard statistical methods and tools for flood-risk estimation 

use historical data and other empirical information (Behrens et al., 2004). This is often difficult due to a 

lack of empirical data, and the limited loss data available are not always reliable and consistent, so they 

inaccurately represent actual damage (Douglas, 2007).  

 Several studies have applied flood assessment and hydrological models to estimate (future) flood 

damage and its probability for the Netherlands (Bouwer et al., 2010; Jonkman et al., 2003; Jonkman et al., 

2008; Van der Most and Wehrung, 2005; Vrijling, 2001). Two relevant studies are ‘Veiligheid Nederland 

                                                            
9 This chapter was published as: Paudel, Y., Botzen, W. J. W., and Aerts, J. C. J. H., 2013, Estimation of insurance premiums for 

coverage against natural disaster risk: an application of Bayesian Inference, Natural Hazards and Earth System Sciences, v. 13, p. 

737-754. 
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in Kaart’ (VNK), also known as the FLORIS study (TAW, 2000; Wouters, 2005) and ‘Aandacht voor 

Veiligheid’ (AVV) (Aerts and Botzen, 2011a; Aerts et al., 2008). Both studies provide estimates of current 

and future flood probabilities and damage under various scenarios of climate change and economic 

development. A shortcoming of these studies is that they only provide a single estimate of the flood 

probability and potential flood damage, and not the complete probability density function of damage. 

Moreover, because extreme events, such as catastrophe damage, generally follow an asymmetric 

distribution process with a fat right-tail, the losses located in this part of the damage distribution need to 

be included in risk estimates and insurance premiums. The average risk estimates from the VNK and AVV 

projects may, therefore, lead to either ‘upwards’ - or ‘downwards’ biased risk and premium estimates. As 

catastrophe risks are generally assumed to follow a fat-tail distribution process, and risk estimation has to 

rely on limited empirical data, it is essential to take these two aspects into account in the risk assessment 

process. Bayesian Inference (BI) is a useful statistical tool for assessing risk, especially in applications 

with a lack of historical information on risk, as is the case for low-probability floods in the 

Netherlands (Coles and Powell, 1996; Cooley et al., 2007). BI can be used to update the probability 

estimate for a hypothesis (the ‘prior beliefs’, i.e. based on AVV flood risk information) with additional 

empirical information (the ‘likelihood’, i.e. based on VNK flood risk information), especially when it is 

unreliable to make statistical inference based on only a small amount of homogeneous data, such as either 

VNK or AVV flood risk information. The updated outcome (the posterior statistics) can be used to 

simulate hazard events and fit a risk distribution, i.e. to estimate a new probability density function for 

flood damage. The BI method used in this study deals with data scarcity and provides insights into 

uncertainties in the estimated flood damage. 

Under the assumption that flood risk follows a Pareto distribution with a right fat-tail, this study aims to 

apply Bayesian techniques combining the VNK and AVV data to estimate the tail parameter of the flood 

damage distribution. In the first phase, the tail parameter for flood damage is estimated using BI, in 
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which the prior belief is assumed to originate from a Gamma conjugate10 family while the observations 

are assumed to follow a Pareto distribution. Subsequently, in the second phase, flood damage is simulated 

based on the estimated tail parameter, and the corresponding probability density functions are fitted for all 

53 areas in the Netherlands which are exposed to flooding (‘dyke-ring areas’). Kunreuther et al. (2009) 

propose that premiums that reflect risks are an important condition for designing a natural disaster 

insurance system that is financially viable and provides adequate incentives for risk mitigation. Although 

we realize that flood insurance premiums in practice may not be fully differentiated with respect to flood 

risk, our analysis provides insights into the level of flood insurance premiums if the condition of risk-

based premiums would be applied in the Netherlands. Using the loss information derived from the 

damage simulation and density functions, the risk-based insurance premiums (Actuarial-equivalence (AE) 

amount) will be estimated for all 53 dyke-ring areas. These premiums include an extra surcharge for 

insurer’s aversion to catastrophe risk, as proposed by Kaas et al. (2004). Finally, the AE premiums are 

compared with the Empirical method proposed by Kunreuther et al. (2011), which takes a modest rate for 

insurer’s aversion to (fat-tailed) catastrophe risk into account.     

The remainder of this chapter is structured as follows. Section 3.2 describes the data and the 

statistical methods used to estimate the parameters of the probability density functions of flood damage, 

and the two methods used to calculate insurance premiums. Section 3.3 presents the results of the flood 

risk estimates and flood insurance premiums, and compares these results with existing studies. Section 3.4 

discusses the findings and Section 3.5 concludes. 

 

3.2 Data and methods  

Figure 3.1 shows the overall research methodology described in detail in Section 3.2.1 to Section 3.2.4. In 

Section 3.2.1, the available data from AVV and VNK and the necessary steps for making it ready for use is 

                                                            
10 Conjugacy can be defined as follows: if   is a class of sampling density functions        and   is a class of prior distributions 

for  , then the class   is conjugate for   if          for all          and         (Juneja et al., 2006).   
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described. In Section 3.2.2, the BI is introduced and applied to estimate the tail (shape) parameter of the 

flood damage distribution under the assumption that flood damage follows a Pareto distribution process. 

Next, in Section 3.2.3, a Monte Carlo simulation of flood damage is performed using the updated tail 

parameters from Section 3.2.2, and subsequently probability density curves of flood damage are fitted for 

all 53 dyke-ring areas. These Sections explain in detail the probability distributions that are used in these 

steps. Finally, in Section 3.2.4, the resulting simulated flood damage information is used for deriving 

flood insurance premiums. Premiums are estimated using two different methods that respectively, use the 

variance of risk (derived from Section 3.2.3) in a different way, and take different account of the insurer’s 

risk aversion to catastrophic flood risk. 

  

Figure 3.1 Conceptual model of the overall research methodology  
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3.2.1 Data 

The low-lying areas in the Netherlands are divided in 53 dyke-ring areas. Many low-lying lands (which 

are often called ‘polders’) have been reclaimed from former lakes. Each dyke-ring area has its own closed 

flood protection system of dykes, dams, and sluices that protect it from floods caused by rivers and the 

sea. A dyke-ring is an individual administrative unit under the Water Embankment Act of 1995, which 

guarantees a particular level of protection against flood risk for each dyke-ring area (Aerts and Botzen, 

2011a). For instance, a dyke-ring with a safety standard of 1/1,250 (a flood ‘return period’ of once in 

1,250 years)11 has been constructed in such a way that it may withstand a flood with a probability of 

1/1,250. Figure 2 shows a map of the Netherlands that depicts the 53 dyke-ring areas and their safety 

standards, which range between 1/10,000, and 1/1,250. The data used in this chapter originate from two 

main studies, the AVV and VNK projects, on flood risk in the Netherlands.   

                                                            
11 The return or recurrence period is an estimate of the average time internal between two occurrences of an event, in particular, 

of a catastrophe, such as a flood, an earthquake or a peak river discharge. The probabilities provided by the VNK and AVV 

projects are an indication of the approximated return period of a dike breach.   
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Figure 3.2 Safety standards of dyke-ring areas in the Netherlands 

Source: (Klijn et al., 2004) 

 

The VNK project provides current flood risks, and the results have been reported by Wouters (2005) (see 

Table 3.1). VNK estimated detailed flood damage according to various flood scenarios for dyke-rings 7, 

14 and 36 (Figure 3.2), while a more global approach was used to estimate flood probabilities and 

potential flood damage for the other dyke-ring areas. The study included the assessment of flood 

probability and damage from dyke-failure mechanisms, hydraulic pressure, and multiple dyke-breach 

scenarios (Wouters, 2005). The AVV study provides insights into the potential effects of climate and 

socioeconomic change on flood risk over a long time horizon, as compared with the current situation. The 

14 

7 

36 
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AVV project estimates current flood risk and future flood risk was simulated using (long-term) land-use 

and climate change scenarios of increased river discharges and sea-level rise (Aerts and Botzen, 2011a; 

Aerts et al., 2008). Appendix 3A provides all the data from the AVV and VNK projects which have been 

used as input for the Bayesian model and flood damage simulations. The flood damage estimates from 

both projects are used for the BI method while the AVV probabilities are used for the estimation of 

annual flood risk and premiums. Throughout this chapter, the AVV flood damage data represents for prior 

knowledge about the probability distribution of flood damage within the Bayesian framework, and the 

VNK flood damage data represents the flood damage likelihood (see Figure 3.1). Table 3.1 provides the 

basic information provided by these two main studies on flood risk in the Netherlands for three 

representative dyke-ring areas. The dyke-ring areas 7 and 36 are representative for most of the dyke-ring 

areas that have flood protection levels between 1/4,000 and 1/1,250 per year. The dyke-ring Zuid-Holland 

(along with Noord-Holland) is one of the two dyke-rings with the lowest flood probability in the 

Netherlands (1/10,000). This dyke-ring is located along the densely populated coastline, and has a high 

concentration of economic assets.  

 

Table 3.1 Example of flood damage information for three dike ring areas provided by the VNK and AVV 

flood-risk studies in the Netherlands (damage in million euros) 

Dyke-ring 

area number 

VNK AVV 

 Minimum 

flood 

damage 

 

Maximum 

flood damage 

Expected flood 

damage 

Expected 

flood 

damage 

Flood 

probability 

7 593 5301 2000 2665 0.00025 

14 5254 46950.6 18500 23600 0.0001 

36 1073 9592.2 2800 4822 0.0008 

Source:  (Aerts et al., 2008; Wouters, 2005) 

 

Data was processed (for details, see Appendix 3B) to derive minimum and maximum damage per dyke-

ring area, which are used in the flood damage simulations (Sections 3.2.2 and 3.2.3). The assumption of a 
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minimum and maximum amount of flood damage per dyke-ring area is consistent with reality. If there is a 

flood event in the Netherlands, then there will be always a minimum amount of damage, while the 

maximum theoretical damage cannot exceed the total economic value that is exposed to flooding within a 

dyke-ring area. The AVV and VNK data provide expected damage estimates for 53 dyke-ring areas based 

on the current probability of dyke overtopping (the exceedance probability), and no minimum and 

maximum damage estimates, except for the three dyke-ring areas, 7, 14 and 36, by VNK. Since it is 

assumed that flood damage is truncated on both sides, the minimum and the maximum damage for all 

dyke-ring areas have been derived using the VNK information about dyke-ring areas 7, 14 and 36. For 

this, the weighted upscaling and downscaling factors are estimated using the minimum and the maximum 

flood damage estimates for these 3 dyke-rings. These scaling factors are used to estimate the minimum 

and maximum flood damage for each dyke-ring area under the assumption that these are proportional to 

the expected damage of each dyke-ring (see Appendix 3B). 

3.2.2 Applying Bayesian inference for estimation of the tail parameter  

Assume,   is an unknown parameter − which reflects the state of our knowledge about the flood damage 

data before we have observed this data − defined as an element of a space   which denotes all possible 

states of an outcome, also called the parameter space. When experimenters aim to obtain more 

information about this unknown parameter, the flood damage observations,        , per flood return 

period n are assumed to be independent and identically distributed from a Pareto process where the 

process scale parameter ( ̂  is assumed to be known, and the process tail (shape) parameter  ̂ is unknown 

(see Section 3.2.2). BI is a statistical technique which attempts to estimate parameter   by combining the 

prior beliefs (this means that we have some idea about it before we have seen the data) with the 

information observed from experiments or practice. This Bayesian technique can be represented by the 

Bayes theorem: 
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where      on     is the prior distribution which includes our prior knowledge about   (the AVV 

information);        is the sampling or data distribution; and      is the marginal distribution of  . The 

observed data (the VNK information) combined with the prior knowledge is given by the likelihood 

function                    , which can be regarded as a density with respect to  , where   is 

fixed to a particular value (the observation). The normalized product in Eq. (1.0), which is the marginal 

distribution of   that can be represented as      ∫             , integrates over all possible values 

of   for given  . Because      is a scalar value and not a function, we can omit the denominator in Eq. 

(1.0). The non-normalized12 posterior distribution can be given as one of proportionality:    

                                                                                                                                                          

The main steps in BI to derive the posterior density (the updated shape parameter for the flood-damage 

density) for   (Eq. (1.0)) are: 

Step 1. Formulate the likelihood or data model for the observations (the VNK damage data) and the 

corresponding likelihood function for the unknown parameters of the flood-damage distribution;  

Step 2. Specify the prior density distribution (the AVV damage data) to quantify the uncertainty about the 

values of the unknown parameters identified in Step 1; 

Step 3. Combine the likelihood function from Step 1 with the prior distribution from Step 2 to determine 

the posterior distribution. The posterior distribution quantifies the joint probabilities of the values 

of unknown parameters of the flood damage distribution using the information from observations;  

Step 4. Calculate the updated parameters of the probability density function of flood damage for each of 

the 53 dyke-ring areas from the posterior distribution by repeating the previous steps. The mean 

of the parameter (the parameter of interest) can be easily derived from the posterior distribution 

by calculating the expectation. 

                                                            
12 The normalizing factor      is a constant that makes the posterior density integrate to 1. It is often omitted in practice since it 

is generally difficult to calculate.   
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We have made two main assumptions in this study to apply BI. First, it is assumed that flood loss data are 

independent and identically Pareto-distributed (independent and identically distributed (i.i.d.) and 

bounded with a lower and upper threshold) continuous random numbers (see Eq. 1.2 in Step 1), with an 

unknown tail and the known scale parameter (see Appendix 3C). Second, for computational convenience 

we take the prior and posterior models from a conjugate family to estimate the tail-parameter. Conjugate 

in our case means that the prior and posterior distributions are from the same distribution family, which 

is the case in this research. To briefly elaborate on this topic: even though the Bayesian theorem is 

mathematically simple, due the normalizing factor (the denominator in Eq. (1.0)) it can be a difficult task 

to find an analytical or numerical solution. Because the Bayesian theorem is a product of the prior and the 

likelihood functions, it is not always guaranteed that this product can be integrated over the relevant 

domain. One way to avoid this problem is by using conjugate priors. Based on this concept one can derive 

pairs of likelihood functions and prior distributions with appropriate mathematical properties that result in 

tractable closed-form solutions to the integrals (Arnold and Press, 1983; Kousky, 2011). Since conjugate 

priors have computational advantages, we have chosen pairs of the likelihood function and the prior 

distribution from an informative13 conjugate family, as will be explained below.    

 

Step 1: Data model and the likelihood function  

We first apply the Pareto method as it is useful for modelling low-probability high-impact risks, because 

the total aggregated damage is to a large extent determined by large losses in the right-tail of the density, 

which are also called ‘right-tail risks’ (Hsieh, 2004). For this application, we assume that the VNK flood 

loss data (the data model)         are an independent and identically distributed Pareto random loss 

variable per flood return period that is defined with two main parameters: namely, the process scale    

which is the minimum of x, and the process shape    . It is assumed that the first parameter is known 

                                                            
13An informative prior expresses specific, definite information about a variable, while a non-informative prior expresses vague 

general information about a variable (prior) (see for more detail Juneja et al., 2006). 
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and that the shape parameter is unknown, which we aim to update using BI in this study. The Pareto 

distribution can be written as (Davis, 2001):  

      { 
  
 

                                       

                                     
}                                                                                

 

where      

The likelihood function associated with the unknown shape parameter is (Bermudez and Kotz, 2010): 

              { 
   

  ∏   
       

                       

                                    
}                                                        

 

The sufficient convenient statistics14 are based on the number of observations, n, and the data product 

∏   
 
   .  

 

Step 2: Prior density  

Once the data model has been specified, the prior density function for the unknown model parameter 

needs to be specified. The prior density describes our beliefs about the uncertainty about the model 

parameters, without incorporating the information from the observations. Since it is assumed that the 

model data follows a Pareto density with known scale and unknown shape parameters, the conjugate prior 

      is proportional to the Gamma density function. This Gamma function of   is defined by the hyper-

parameters a (shape) and b (scale) and is given by (Fink, 1997): 

 

     

{
 
 

 
 
       

( 
 
 
)

      
                               

                                                    

}
 
 

 
 

                                                                       

 

where a and b are, respectively, the shape and scale estimates of the hyper-parameters, which are derived 

from the AVV flood-damage estimates (see Appendix 3C).  

                                                            
14A sufficient statistic has the property of sufficiency in terms of the related statistical model and its unknown parameters.   
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Step 3: Posterior density  

Because we have chosen a prior density that is conjugate for the likelihood, the posterior density consists 

of a combination of Eq. (1.2) and Eq. (1.3), and follows the same density as the prior, namely:        

                       (Vilar-Zanon and Lozano-Colomer, 2007). Substituting (1.3) and (1.4) in 

(1.1) yields the following specification of the posterior flood-damage density (see Appendix 3D): 

       
       

 (
 
 

)

       
                                                                                                                                           

where        and   
 

 

 
   (∏   

 
   )         

, and   
 

            (∏   
 
   ) 

.  

 

Step 4: Estimation of the parameters of interest 

From the posterior distribution function specified in Step 3, the parameter of interest (the mean) of the 

posterior distribution of flood-damage is given as follows15: 

 ̂            ∫           
 

  

                                                                                                                           

To estimate this parameter of interest  ̂, we first need to simulate the posterior distribution. As discussed 

by Gelman (2004), this can be simulated in different ways. Because the prior distribution in this chapter 

is assumed to be from a conjugate family, we opt for a direct simulation method, which implies the 

drawing of random numbers from the target (i.e. posterior) distribution (Gelman et al., 2004)16. 

 3.2.3 Simulation of flood damage data and the fitting of probability density curves  

Once the updated tail parameters are estimated (the parameter of interest in Eq. 1.6), they are used, along 

with the updated scaling parameters for minimum and maximum damage (see Appendix 3B), to simulate 

flood damage for all 53 dyke-ring areas for 250,000 flood return periods as well as to estimate the 

                                                            
15 Although  ̂ can be estimated as the product    , due to the limited available data we choose to simulate  ̂ using the posterior 

distribution.  
16 For the exact procedure see Gelman (2004), pages 290-292. One can also choose to estimate   as the product of the two hyper-

parameters. However, here we decided to simulate   by drawing random numbers from the posterior distribution. Subsequently, 

we derive the expectancy of   from the simulated data.    
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corresponding probability density curves of flood damage. Assuming that the flood damage distribution 

follows the Pareto distribution as in Section 3.2.2, the probability density for each of the 53 dyke-ring 

areas can be simulated with the following model:  

                ( ̂      )                                                                                                                  

where      is a bounded Pareto distribution (see Appendix 3E for more details) with shape parameter 

 ̂           , the lower bound scale parameter            and the upper-bound scale parameter 

           which are estimated from the VNK data for dyke-ring areas 7, 14 and 36 (for more details 

see Appendices 3A and 3B) (Kerman and Gelman, 2007)17.  

These models were implemented in the statistical software Matlab version 2012a to perform a Monte 

Carlo analysis of flood damage for each dyke-ring area for 250,000 flood return periods. The resulting 

data are used to construct probability density curves for flood damage and to estimate average flood 

damage over all flood return-periods for each of the 53 dyke-ring areas. The expected AE average amount 

for flood damage (the average over all flood return periods) can be represented with the standard 

expectancy expression:                    ∑                 
   . The annual average flood damage per 

dike ring area can be derived by dividing the average E[AE]return period per dyke-ring area with the return 

period of a dike breach in years for the corresponding dyke ring from AVV (as presented in column 2, 

Table 3A1 in Appendix 3A),             
                  

                       
.    

3.2.4 Estimation of flood insurance premiums 

Since floods are rare events, the estimates for annual flood insurance premiums can be approximated by 

the annual expected value of flood damage. Therefore, based on the simulated probability density curves, 

we can estimate average flood insurance premiums for each dyke-ring area. A more refined premium 

                                                            
17 The zero failure problem is avoided here by defining the flood loss data x per flood return period. This means that in case of a 

flood event, which happens once over return period, there will always be some flood damage with a magnitude that lies between 

xl and xu.   
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differentiation on the household level is not possible, given the available information on flood risk. 

Hence, the premiums are partially risk-based, since they differ per dyke-ring area, but not per individual 

insurance policy.  

Flood events are so called low-frequency-high-impact events. Therefore, the estimation of the 

underlying premiums should consider the level of insurer’s risk aversion towards the extreme nature of 

the risk. This risk aversion is reflected as a surcharge on the premium above the expected value of the 

loss. This surcharge depends on the variability (variance or standard deviation) of the expected flood 

damage. A higher risk variance implies a higher probable maximum loss, which leads to an extra 

premium surcharge. In general insurers charge a higher premium if the variability of losses is greater, 

because a relatively high variability indicates a high likelihood of suffering very large losses for which 

large cash reserves or reinsurance coverage is needed, which is costly for the insurer. This surcharge has 

the effect to increase the cash surplus of the insurer which protects the insurer against the possibility of 

insolvency (Kunreuther et al., 2011). We apply two different methods for estimating premiums that 

address the impact of the insurer’s risk-aversion attitude towards the extreme (catastrophic) nature of 

flood risk. The first method, AE, provides premium estimates based on the Modern Actuarial Risk Theory 

discussed in Kaas et al. (2004). The main emphasis of this method is on the extreme nature of damage, 

because it takes the full loss variance into account in the premium calculation. Moreover, a moderate 

degree of insurer’s risk-aversion rate is included in the premium, which is quite common for non-life 

insurance products, but may provide an underestimation in an application to heavy-tailed catastrophe 

losses, like those due to floods. The premium amount   to be paid by the policyholder for insurance 

coverage for risk X, given the exponential utility function             with the parameter of insurer 

risk aversion        , is given by (Kaas et al., 2004): 

                 
 

 
                                                                                                                                  

where      is the amount of premium necessary to insure property value W;      is the loss expectancy 

that can be deduced from the adjusted Pareto distribution (Eq. 1.7),    is the variance of the same 
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adjusted Pareto distribution;       
      

     
 is the insurer’s risk-aversion coefficient, which is in this 

case equal to  , and   stands for the amount to be insured; and      is the utility function of the insurer. 

Equation 1.8 is derived in Appendix 3F.  

The second method is called the Empirical method here, which has been proposed by Kunreuther 

et al. (2011). This method includes a surcharge of the standard deviation on the premium which has been 

derived from an extensive empirical analysis of catastrophe insurance premiums in the USA for a period 

of 24 years (see Chapter 7 in Kunreuther et al., 2009). It is uncertain whether the same degree of insurer 

risk aversion applies to the Netherlands. Nevertheless, using this estimate can be seen as a realistic 

assumption since the extreme characteristics of hurricane risks share similarities with flood risks. This 

method is a modified version of Eq. 1.8, and it takes the insurer’s risk aversion toward the extreme nature 

of risk into account by making the premium dependent on the standard deviation (SD) of damage. 

According to the Empirical method, the premium can be calculated as follows: 

                                                                                                                                                     ,  

where,   is the standard deviation of loss; and   is the Empirical insurer’s risk-aversion rate for 

catastrophe risk. The coefficient   is equal to 0.55 (Kunreuther et al., 2011).   

3.3 Results 

Descriptive statistics of the probability density functions for flood damage are provided for all 53 dyke-

ring areas (see Table 3.2). Columns 2 and 3 in Table 3.2 show, respectively, the estimated minimum and 

maximum flood damage amounts; columns 4, 5 and 6 are, respectively, the expected flood damage, the 

standard deviation of the simulated flood damage and the parameter of interest. Although differences 

between dyke-ring areas in the shape parameters in column 6 appear to be small, it should be noted that 

the distribution function used is sensitive to such small differences. Column 4 in Table 3.2 shows that 

expected flood damage amounts differ significantly between dyke-ring areas. The expected flood damage 

provided by VNK and AVV (see Appendix 3A) is significantly higher compared with our estimates. The 

reason for this is that the damage estimates by AVV and VNK are expected flood damage amounts that are 
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associated with what are called an ‘exceedance flood probability’ of a very severe flood, which do not 

include damage amounts that fall below this extreme level. Our expected flood damage amounts are lower 

than the AVV and VNK expected flood damage amounts, because our estimate are based on the full 

probability density functions of damage between the specified minimum and maximum amounts, which 

include several small damage amounts.  

 

Table 3.2 Main flood risk statistics for all 53 dyke-ring areas (average expected flood damage in million 

euros) 

Dyke-ring 

area 

number 

Minimum 

damage 

(    

Maximum 

damage 
     

Mean 

damage 

E[X] 

SD of 

simulated 

damage ( ) 

Parameter 

of interest 

( ̂) 

1 25 227 58 40 1.5668  

2 85 757 195 133 1.5649 

3 56 505 129 88 1.5716 

4 6 50 13 9 1.5626 

5 650 5806 1488 1012 1.5701 

6 169 1515 389 265 1.5679 

7 593 5301 1360 927 1.5675 

8 1977 17670 4533 3089 1.5704 

9 749 6689 1720 1174 1.5669 

10 424 3786 971 662 1.5700 

11 339 3029 778 531 1.56454 

12 876 7825 2005 1366 1.56516 

13 1017 9087 2332 1594 1.56477 

14 5254 46951 12060 8216 1.56801 

15 1441 12874 3300 2251 1.5671 

16 6017 53766 13802 9420 1.56986 

17 2853 25495 6537 4451 1.56912 

18 141 1262 323 220 1.56481 

19 395 3534 907 616 1.57236 

20 2542 22718 5827 3980 1.56801 

21 904 8078 2071 1413 1.57037 

22 2542 22718 5837 3980 1.56599 

23 17 151 39 26 1.56681 

24 678 6058 1557 1060 1.56456 

25 593 5301 1359 925 1.56129 

26 706 6311 1620 1107 1.57408 

27 367 3281 843 574 1.56565 

28 113 1010 259 177 1.56372 

29 2260 20194 5179 3532 1.56357 

30 1497 13378 3437 2342 1.56739 

31 678 6058 1552 1058 1.56715 

32 254 2272 584 398 1.57184 

33 4 38 10 7 1.57096 

34 1582 14136 3637 2480 1.56833 

35 989 8835 2266 1547 1.56906 

36 1073 9592 2460 1676 1.56347 

37 1 8 2 1 1.56903 

38 791 7068 1809 1229 1.56798 

39 8 76 19 13 1.56445 
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40 11 101 26 18 1.56402 

41 1469 13126 3372 2299 1.57265 

42 282 2524 649 442 1.56675 

43 3898 34834 8956 6116 1.56662 

44 1554 13883 3570 2434 1.56855 

45 1525 13631 3497 2382 1.57249 

46 28 252 65 44 1.56787 

47 198 1767 454 309 1.56719 

48 1384 12369 3179 2171 1.56773 

49 113 1010 259 177 1.56819 

50 508 4544 1167 796 1.56561 

51 85 757 194 132 1.56641 

52 593 5301 1362 931 1.56693 

53 1525 13631 3502 2386 1.56909 

 

The results for three representative dyke-ring areas – the Noordoostpolder (7), Zuid-Holland (14), 

and Land van Heusden/de Maaskant (36) – are discussed here in more detail. These three dyke-ring areas 

share similar geographical features and a common flood probability with the three main classes of dyke-

ring areas in the Netherlands: namely, intertidal areas, coastal areas, and areas vulnerable to river 

flooding.18 The next subsection provides the global results for all 53 dyke-ring areas. 

Figures 3.3, 3.4 and 3.5 show, respectively, the resulting probability densities of flood damage for 

the three selected dyke-ring areas. The corresponding statistics are provided in Table 3.3 below. The three 

markers in the figures indicate some representative data percentiles (the 50 per cent, the mean, and the 

97.5 per cent percentiles). The loss densities are truncated on the left and right sides, in accordance with 

the estimates of minimum and maximum flood damage (see Appendix 3B). The probability of observing 

a damage amount is depicted on the left vertical axis, and flood frequencies for 250,000 flood return 

periods are shown on the right vertical axis, while the damage amounts are shown on the horizontal axis 

in millions of euros. The frequency densities show that the majority of loss observations in each dyke-ring 

area are concentrated on the left-side of the curve, while every frequency curve has a long fat right-tail, 

which indicates a high dispersion of the loss data. As an illustration, the statistical mean of all three 

probability density functions of flood damage are located around the 67.9 per cent data percentile, which 

                                                            
18 Dyke-ring Noordoostpolder is representative of the majority of dyke-ring areas which have a flood probability of about 1/4,000 

per year. Dyke-ring Zuid-Holland (along with Noord-Holland) is one of the dyke-rings with the lowest flood probability in the 

Netherlands of about 1/10,000 per year. This dyke-ring is located along the densely populated coastline, and has a high 

concentration of property values. Dyke-ring 36, Land van Heusden/De Maaskant, shares similar features with the majority of the 

river dyke-ring areas, which have a flood probability of about 1/1,250 per year (Bouwer et al., 2010). 
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indicates that the loss data behave asymmetrically. This is consistent with our selection of the Pareto 

distribution which is fat-tailed and asymmetrical and corresponds with practical experience that flood 

damage is an extreme event.   

 

Figure 3.3 Simulated flood-damage density for the dyke-ring Noordoostpolder (7) 

 

Figure 3.4 Simulated flood-damage density for the dyke-ring Zuid-Holland (14) 

 

Figure 3.5 Simulated flood-damage density for the dyke-ring Land van Heusden/de Maaskant (36) 
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Table 3.3 summarizes the descriptive statistics of the simulated flood damage for the three 

selected dyke-ring areas, and the AVV and VNK flood damage estimates. The coefficient of variability19 is 

about 68 per cent, which suggests that the simulated flood damage has a high variance. Since the 

corresponding skewness20 for all three curves is less than 2 and positive, the tail on the right side is longer 

compared with the left side, and the bulk of the loss values lie to the left of the mean. Furthermore, the 

losses on both sides are truncated with the maximum and the minimum damage. This is consistent with 

the fact that flood damage cannot be infinitely large and justifies the data truncation. The kurtosis21, 

which indicates the peakedness of a density function, is about 8, which is higher than the kurtosis of 3 of 

the standard normal density. The positive kurtosis shows that the flood damage amounts are peaked and 

not flat compared with the standard normal density. 

 

Table 3.3 Descriptive statistics (damage is in million euros) of the simulated flood-damage densities for 

dyke-ring areas Noordoostpolder (7), Zuid-Holland (14) and Heusden/de Maaskant (36)  

Statistics Noordoostpolder 

(7) 

Zuid-Holland 

(14) 

Land van Heusden/de 

Maaskant (36) 

Skewness 1.94 1.94 1.94 

Kurtosis 6.57 6.59 6.6 

Coeff. of variability 0.6819 0.6812 0.6815 

Hyper-parameter shape (a) 0.521 0.505 0.517 

Hyper-parameter scale (b)  1 1 1 

Posterior-parameter shape ( ) 1.53 1.524 1.529 

Posterior-parameter scale ( ) 1 1 1 

Flood-damage simulation shape  ̂ 1.5675 1.56801 1.56347 

Flood-damage simulation scale parameter 1 

(  ) 

593.23 5,254.29 1,073.45 

Flood-damage simulation scale parameter 2 

(  ) 

5301 46951 9592 

 50% data percentile 994.27 8,848.48 1,804.63 

 97.5% data percentile 4,197.32 37,187.01 7,614.53 

VNK damage mean (model data) 2,000 18,500 2,800 

AV -damage mean (prior information) 2,665 23,600 4,822 

                                                            
19The coefficient of variability is a normalized measure of the dispersion of a probability distribution, which is defined as the 

ratio of the standard deviation to the statistical mean. 
20The skewness measures the asymmetry of a distribution or sample data relative to the standard normal distribution, which has a 

skewness of zero, and any data that has an asymmetric distribution has a skewness that differs from zero.  
21The kurtosis measures whether the data are peaked or flat with respect to the normal distribution. The kurtosis of the standard 

normal distribution is 3 (in the case of “excess kurtosis”, it is 0); a positive kurtosis indicates a peaked distribution; and a 

negative kurtosis implies a flat distribution.   

http://en.wikipedia.org/wiki/Normalization_(statistics)
http://en.wikipedia.org/wiki/Statistical_dispersion
http://en.wikipedia.org/wiki/Probability_distribution
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Flood insurance premiums for all dyke-ring areas  

Table 3.4 shows the number of houses (column 2) per dyke-ring area; the Empirical, AE and AVV 

estimates of flood insurance premiums (respectively, in columns 3, 4 and 5) and their ratios (columns 6 

and 7). The premiums that have been estimated with the Empirical and AE methods (see Section 3.2.4) 

are compared with the premiums that Aerts and Botzen (2011a) have estimated for all dyke-rings. This 

comparison is of interest, since Aerts and Botzen (2011a) have estimated the flood insurance premiums 

using only the AVV data of a single estimate of the flood probability and potential damage per dyke-ring 

area (premium = probability*damage), while the Empirical and AE estimates are based on the mean 

damage that are estimated from the complete probability density of flood damage that has been derived 

with BI, and account for the insurer’s risk aversion to the catastrophe risk (see Section 3.2.4). The data are 

presented in descending order with respect to the ratio of the AE and AVV premiums. 

The annual Empirical premium estimates (column 3) take the standard deviation of damage and 

the insurer’s risk-aversion rate for catastrophe risk into consideration by means of a surcharge on the 

expected flood risk that has been derived from actual insurance markets (Kunreuther et al., 2011). The 

Empirical premiums are generally close to 70 per cent of the AVV premiums (column 6), which indicates 

that the Empirical method results in a scaling of the AVV premiums. The empirical premiums are lower 

even though these include a surcharge for the rate of risk-aversion which is not accounted for in the AVV 

premium estimate by Aerts and Botzen (2011a). The mean damages per dyke-ring used as input for the 

AE premiums are significantly lower compared with the AVV mean damages (see Table 3A1 in Appendix 

3A), while the AE premiums are higher for some dyke-ring areas. This can be explained by the premium 

surcharge of the risk aversion rate which depends on the risk variance. The AE premiums (column 4) 

include a surcharge on the expected flood risk that is based on the full loss variance of the flood damage 

density (instead of the SD in the Empirical method), which results in substantial differences compared 

with the AVV estimates for some dyke-ring areas. The differences between the AE and AVV premiums are 
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largest for the dyke-ring areas with a high expected damage and correspondingly high variance (e.g. 

dyke-rings 14, 16, and 43).  

 

Table 3.4 Results of annual flood insurance premiums per homeowner per dyke-ring, according to the 

Empirical method, the Actuarial Equivalence (AE) method, and the AVV method 

Dyke-ring  Number Annual premium (in euros) Premium ratio  

Nr. of houses Empirical  AE  AVV  Empirical /AVV AE /AVV  

16 82340 87 219 123 70% 178% 

14 1659248 1 2 1 75% 174% 

43 120526 61 122 87 71% 140% 

17 165235 10 17 15 68% 116% 

20 62823 24 39 34 71% 115% 

22 47243 64 104 91 70% 114% 

29 49060 27 42 39 70% 108% 

8 99069 12 17 17 70% 103% 

44 292938 10 14 14 72% 99% 

41 109400 25 34 36 71% 95% 

45 103282 28 38 40 70% 95% 

53 86300 34 46 48 70% 95% 

30 29532 30 41 43 70% 95% 

48 59881 44 58 62 71% 94% 

15 79164 22 29 31 70% 93% 

36 165555 12 15 17 72% 90% 

35 37524 31 38 44 71% 87% 

21 32152 33 40 47 71% 85% 

12 8274 63 75 89 70% 84% 

38 16781 89 104 127 70% 82% 

9 33556 42 49 60 71% 82% 

24 18287 44 50 62 71% 81% 

7 22234 16 18 22 72% 80% 

32 48501 3 3 4 78% 80% 

26 14655 29 33 41 70% 80% 

31 7087 57 65 81 70% 80% 

5 5331 72 82 103 70% 79% 

52 42040 27 30 38 71% 79% 

25 18064 19 22 28 69% 78% 

50 18320 53 58 75 70% 77% 

19 5696 16 18 23 72% 76% 

10 11128 45 49 64 70% 76% 

27 9060 24 26 34 71% 75% 

11 18610 22 23 31 70% 74% 

47 37179 10 10 14 72% 73% 

42 5611 96 99 136 70% 73% 

13 412013 1 1 1 59% 72% 

28 3353 20 20 28 71% 71% 

18 2054 16 16 23 71% 71% 

33 26 100 96 137 73% 70% 

37 12 137 133 190 72% 70% 

51 4532 35 35 50 71% 70% 

2 1345 75 74 106 71% 70% 

49 7836 27 27 39 70% 70% 

4 214 31 30 44 71% 69% 

3 801 83 82 119 70% 69% 

23 115 175 170 248 71% 69% 

40 458 117 114 166 71% 69% 
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1 494 61 59 87 70% 68% 

46 3227 17 16 24 69% 68% 

39 169 93 90 135 69% 67% 

34 160741 12 16 50 23% 32% 

6 468014 0 0 1 21% 22% 
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3.4 Discussion  

The estimates of flood insurance premiums in Table 3.4 will be discussed with respect to three main 

aspects: the main differences between the premiums; how the BI method contributes to these findings; 

and the main implications of the results for insurers. 

3.4.1 Main differences between the flood insurance premiums 

The estimated flood-damage densities per dyke-ring area lie at the core of the estimations of the flood 

insurance premiums. Overall, the average flood damage per dyke-ring, obtained through Bayesian 

statistical modelling, is lower if compared with the expected flood damage estimates obtained in the AVV 

and VNK projects (Aerts et al., 2008; Wouters, 2005).This can be attributed to using the full probability 

distribution from our BI approach as compared with, for example, AVV-based premiums that only use a 

single probability and an extreme flood scenario with high flood damage as a basis. Furthermore, other 

factors, such as the choice of the density functions of the prior and likelihood information modelling, 

parameter uncertainty, and the Monte Carlo simulations used to fit the loss-probability curves, might also 

partially contribute to the difference in results of flood damage estimates.  

Along with the differences in flood damage-estimates, there are also significant differences in the 

premiums that are estimated using the AE and Empirical methods. For instance, the Empirical method 

emphasizes the insurer’s risk-aversion attitude to catastrophe risk by adding a surcharge to the expected 

flood risk in the premium estimate based on the standard deviation, while this is not applied in the AVV-

based premiums (column 5 of Table 3.4). The Empirical premiums are approximately 70 per cent of the 

AVV premiums, which appears to be approximately constant for all dyke-ring areas. This implies that the 

impact of using the loss standard deviation as a surcharge, on top of the risk-based premiums, is not very 

large if the Empirical method is used. In contrast, the AE method for calculating premiums adds a risk-

averse surcharge to the expected flood risk that is based on the loss variance, which results in much 

higher premiums (up to 178 per cent) for some dyke-ring areas compared with the Empirical and the AVV 

methods. Hence, these large differences, which particularly occur in those dyke-ring areas with a large 
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amount of expected damage (the first 8 dyke-rings in Table 3.4), can be explained by the corresponding 

large variances of flood damage. Such a large surcharge does not occur when the standard deviation is 

used for modelling insurer’s risk aversion as the Empirical method does. The surcharge on the AE 

premium is smaller for the last 45 dyke-ring areas, shown in Table 3.4. This is caused by the higher 

weight that the AE method places on the flood damage variance, which is smaller for the last 45 dyke-ring 

areas. In agreement with Friedman (1974), the AE premium estimates confirm that insurers are 

considerably risk-averse to damage with a high loss variance, and they see this type of risk either as 

uninsurable or as a gamble that needs a significantly high expected return (Friedman, 1974). 

It should be noted that Kunreuther et al. (2011) calculated the risk aversion surcharge, used in the 

Empirical method, based on historical surcharge information that US insurers have charged for providing 

coverage against hurricane damage. However, this surcharge may not completely reflect risk aversion to 

extreme flood events in the Netherlands, which can have a catastrophic character and result in very high 

losses, which could ruin the insurer. A higher surcharge for risk aversion to the high amounts at stake may 

be applied for such events. This, for example, done in the AE method, but we have no empirical data 

specific for the Netherlands on which this surcharge could be based, since empirical estimate of insurer’s 

risk aversion to providing coverage for flood risk in the Netherlands are not available.  

3.4.2 Bayesian Inference method 

For several reasons, it can be argued that the BI method applied in this study is more suitable for 

estimating flood insurance premiums in the Netherlands compared with the methods that only use a single 

estimate of the flood probability and potential damage (the AVV and the VNK projects). First, BI provides 

statistical estimates of flood risk that take its stochastic and extreme nature into account by deriving the 

complete probability density of flood damage, and modelling the tail of this density (Bayarri and Berger, 

2004). Second, BI is a suitable method for representing probabilistic relationships between different 

sources of information, such as the AVV and VNK data (Heckerman, 2008). However, in some BI 

applications there may be concerns about the reliability of the prior and likelihood data sources, and how 
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this influences the results (Chaudhuri and Ghosh, 2011; Gelman, 2008; Hájek, 2007; Malakoff, 1999; 

Raftery et al., 1997). For example, the inclusion of prior information does not always lead to better 

results, especially when it is based on subjective beliefs. To overcome this issue, only objective data are 

used in this study that share similar statistical features as input. Third, the damage estimations in this 

study are based on extensive data simulations, which enable more detailed statistical information to be 

provided for the flood-damage assessments. Simulation is the only way to incorporate probabilistic 

scenarios in the estimation of risk of low-probability floods, where there is little historical information 

available on such floods (Juneja et al., 2006). In contrast, VNK and AVV, as well as other flood damage 

studies, do not consider the probabilistic nature of risk and cannot provide any statistical inferences 

for damage beyond a certain level. Fourth, the BI procedure applied in this study allowed for the 

derivation of the full probability density of flood damage, its mean and standard deviation, which are all 

important inputs for the calculation of flood insurance premiums. Even though simulation provides useful 

information that is needed to estimate flood insurance premiums, it also has its limitations. For example, a 

simulation attempts to mimic the damage of a flood event based on known facts and assumptions by 

means of a conceptual computational environment, which results in uncertainties (Robert and Casella, 

2011). Large uncertainties associated with rare events are, in our application, somewhat narrowed by 

truncating the loss data at the best estimates of minimum and maximum flood losses per dyke-ring area.   

3.4.3 Implications for insurers 

From the findings of this study it becomes clear that insurance for flood risk is a complex product to price 

because of the extremely low flood frequency that entails large uncertainties. This study is the first in-

depth study of the pricing of flood insurance in the Netherlands that uses the full probability density of 

flood damage in all 53 dyke-areas. Therefore, it provides a useful basis for insurers who are considering 

introducing flood insurance in the Netherlands. Premium estimates from this study show that flood 

insurance premiums can be considerably above the expected value of the flood loss in some dyke-ring 

areas because of the insurer’s risk aversion-attitude to the catastrophic nature of flood risk. Because the 
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risks located on the right-tail of the damage density are much more expensive to insure compared with the 

risks of lower damage on the left side, insurers may be reluctant to provide insurance for extreme flood 

losses in some high-risk areas unless they can charge sufficiently high premiums. Nevertheless, our 

estimated flood insurance premiums are lower than household willingness-to-pay (WTP) for flood 

insurance in most dyke-ring areas. Botzen and Van den Bergh (2012) estimate that average individual 

WTP for flood insurance in the current situation of flood risk is about €250 per year, which is higher than 

our estimated flood insurance premiums in most dyke-ring areas (Botzen and Van den Bergh, 2012b). 

However, actual flood insurance premiums are in practice likely to be higher than the premiums provided 

in this chapter due to administrative costs and a profit margin for insurers which are not included here.  

This study follows the proposal by Kunreuther et al. (2009) to determine flood insurance 

premiums on the basis of estimates of actual flood risks. Nevertheless, in practice flood insurance 

premiums may not be fully differentiated with respect to actual flood risk, for example, because bundled 

coverage is provided or because it entails costs for insurers to determine and charge different premiums 

for every specific policy. Our analysis provides insights into the level of flood insurance premiums if they 

would be risk based and assesses flood risks and flood insurance premiums for the Netherlands on a dyke-

ring level, which provides a relatively simple basis for premium differentiation. Overall, the estimated 

flood insurance premiums show large differences between dyke-ring areas in the Netherlands which is 

mainly due to the difference in dyke-failure probabilities between these areas. This suggests that 

premiums should be differentiated at least on a dyke-ring level if an insurance system with risk-based 

premiums were to be introduced. Insurance costs would differ considerably between the different low-

lying areas in the Netherlands if flood insurance premiums were to reflect risk. Such differences in flood 

insurance premiums could trigger behavioural responses, such as locating in areas with low flood risks, 

although such responses are not included in the analysis here. 3.5 Conclusions and recommendations 

This study has applied Bayesian Inference to assess the stochastic nature of flood risk and provide 

estimates of the probability density of flood damage for all 53 dyke-ring areas in the Netherlands. 

Subsequently, these probability densities of flood damage have been used to estimate flood insurance 
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premiums for these areas. While previous studies have derived a single estimate of the flood probability 

and expected flood damage for the low-lying areas in the Netherlands, this study has estimated the full 

probability density of flood damage, which allows for a more accurate estimation of flood insurance 

premiums. In particular, the premiums estimated in this study account for the insurer’s risk aversion to the 

extreme nature of flood risk. This study is of practical relevance for insurers who are considering 

introducing flood insurance in the Netherlands. 

 The methodological process followed in this chapter to estimate premiums for damage emerging 

from rare events, such as catastrophic and man-made disasters, appears to be of great relevance, as it is 

able to cope with the lack of empirical evidence on the corresponding expected damage. Using a practical 

example, this chapter showed that the widespread uncertainties about flooding should be included 

in premium calculations by taking into account the relevant risk indicators, such as risk 

variance and insurer’s aversion against catastrophe risk insurance. Furthermore, as can be noticed from 

the premium results, the choice of a particular method appears to make a significant difference for their 

levels. Therefore, it is important that the method used to estimate insurance premiums should correctly 

represent the real-world problem, and thus reflect the true nature of the corresponding risk. Data pre-

processing with respect to consistency, reliability, and completeness is a vital part in the risk-estimation 

process because, regardless of the type of method used, the soundness of results can, for a large part, be 

assigned to input. Usually, it is assumed that the consequences of catastrophic events are unlimited. 

However, in practice the damage is usually limited, and lies between two extremes. In such cases, the 

range of possible outcomes of rare events can be somewhat narrowed if unnecessary and unrealistic 

information is excluded in models by truncating loss data at below a predetermined threshold, which 

results in more realistic premiums.  

 Further in-depth research is necessary to explore and analyse different aspects of Bayesian 

techniques tailored for rare events. This study has provided insights into uncertainty of estimated flood 

damage, while it should be acknowledged that another important source of uncertainty is the flood 

frequency. In this respect, future research could focus on obtaining better insights into uncertainties of the 
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real probability of dike failure. Furthermore, as it allows the integration of expert judgment and other 

third party information, it would be advisable to refine the prior assessment process carefully by 

integrating subjective information that may be of great value. Controversy arises because prior 

information is generally assumed to be subjective, and can have a significant impact on the final results. 

However, this can partly be compensated with a cross-validation of the information, as long as it is 

properly carried out. The risk-aversion rate used for the premium calculation should reflect the actual risk 

in the dyke-ring areas rather than those estimated for different areas. Therefore, more research will be 

necessary on insurer’s risk aversion to catastrophe risk in the context of flood risk in the Netherlands.      
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Appendix 3A: Aandacht voor Veiligheid and Veiligheid Nederland in Kaart input data  

Table 3A1 provides the flood risk estimate from the VNK and AVV projects per dyke ring area which have 

been used as input data in the Bayesian model. Column 2 provides the flood return period per dyke-ring 

area and columns 3 and 4 show, respectively, the expected flood damage that corresponds to these return 

periods.   

Table 3A1 the flood risk estimates from the VNK and AVV projects which have been used as input data 

for the Bayesian model 

Dyke-ring 

area 

number 

Dyke-failure 

Return period 

AVV 

VNK expected 

damage (mln €) 

AVV expected 

damage 

in mln € 

1 2000 114 114 

2 2000 500 381 

3 2000 254 254 

4 2000 25 25 

5 4000 2000 2918 

6 4000 400 761 

7 4000 2000 2665 

8 4000 7500 8882 

9 1250 5300 3362 

10 2000 1200 1903 

11 2000 1200 1523 

12 4000 1000 3933 

13 10000 2900 4568 

14 10000 18500 23600 

15 2000 5000 6471 

16 2000 9500 27026 

17 4000 8000 12815 

18 10000 634 634 

19 10000 1776 1776 

20 4000 9000 11420 

21 2000 4000 4060 

22 2000 9000 11420 

23 2000 200 76 

24 2000 2400 3045 

25 4000 1900 2665 

26 4000 2500 3172 

27 4000 1300 1649 

28 4000 400 508 

29 4000 8000 10151 

30 4000 5300 6725 

31 4000 1700 3045 

32 4000 700 1142 

33 4000 19 19 

34 2000 3000 7105 

35 2000 2000 4441 

36 1250 2800 4822 

37 1250 4 4 

38 1250 1300 3553 

39 1250 38 38 

40 500 51 51 

41 1250 3195 6598 
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42 1250 850 1269 

43 1250 9000 17510 

44 1250 5440 6979 

45 1250 1825 6852 

46 1250 127 127 

47 1250 780 888 

48 1250 3360 6217 

49 1250 380 508 

50 1250 1820 2284 

51 1250 275 381 

52 1250 1595 2665 

53 1250 4400 6852 

Source: (Aerts et al., 2008; TAW, 2000; Wouters, 2005) 
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Appendix 3B: Data truncation: the derivation of minimum and maximum damage 

AVV and VNK provide expected damage estimate for 53 dyke-rings areas, based on the current probability 

of dyke overtopping (the exceedance probability), and no minimum and maximum amount, except for the 

three dyke-ring areas, 7, 14 and 36, by VNK. Since it is assumed that flood-damage is truncated on both 

sides, the minimum and maximum damage amount must be derived from VNK information. Therefore, 

we have first calculated the weighted upscaling and downscaling factors using the available information 

for dyke-ring areas 7, 14 and 36, which are used to derive the same information for the other dyke-ring 

areas on a proportional basis.  
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where ∑      
  

    is the weighted average of the (minimum, maximum, and expected) flood damage based 

on AVV with ∑    
 
               (i.e. three dyke-ring areas), and    is the variance of damage.  
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Appendix 3C: Estimation of hyper-parameters and sufficient statistics  

The estimation of hyper-parameters needs to be conducted in two steps because the estimation of hyper-

parameters a and b of the prior distribution is based on information about  , while   itself needs to be 

estimated from the flood-damage data x (from AVV). First, we estimate the weighted average of  , and 

create several data points using flood damage information from AVV as follows:   {
∑      

  
   

      

}

 

, where 

∑      
  

    is the weighted average of our prior beliefs about flood damage estimated from AVV flood 

damage data, with ∑    
 
             , which are the three dyke-ring areas for which detailed damage 

information (i.e. expected, minimum, and maximum amounts) is available; and       
 is the standard 

deviation of damage estimated from the minimum, maximum, and expected damage (see Appendix 3B).  

Second, based on the information about   obtained in the first step, the necessary hyper-parameters can 

be estimated as:   {
∑      

  
   

  
}
 

and    .  
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Appendix 3D: Deriving the posterior distribution from the Pareto likelihood and Gamma prior  

 

The posterior density is derived from the prior and likelihood functions:  

                                                                                                                                                           

where      is a Gamma distribution with two parameters   and   (see Section 3.2.2 about the prior 

distribution).  

The likelihood function for damage observation is given by: 
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Equation 1.5 can be obtained by substituting Eq. (1.4) and (D1) in (D0):  
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Appendix 3E: The bounded Pareto distribution 

Equation E0 gives the formula of a bounded Pareto distribution (Weisz and Brown, 2001) and Figure 3E1 

provides a conceptual sketch of such a distribution which is bounded with a minimum and maximum 

amount of flood damage. 

     
 ̂    

 ̂      ̂   

  (
  
  

)
 ̂

                                                                                                                                       

Figure 3E1 A conceptual sketch of cumulative bounded distribution function  

  

Flood damage can be simulated by drawing random numbers from Equation E0. Equation 1.7 can be 

written in a shorter form as follows:   

                   (    ̂      )                       

where,  ̂       are respectively, the shape parameter (obtained from Equation 1.6) and two scale 

parameters (the lower and upper boundaries). Equation E1, which is used to simulate flood damage for 

each of the 53 dyke-ring areas using the bounded Pareto distribution, can be rewritten as:  
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where U is a uniformly distributed random number between 0 and 1.  

Flood damage X
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Appendix 3F: Derivation of the actuarial equivalent premium 

Given a utility function     , an insured value w and damage X, the maximum premium charged by an 

insurer (  ) can be approximated as has been described in Kaas et al. (2004). The maximum insurance 

premium   can be derived by equating the expected utility in the absence of insurance with the expected 

utility with insurance:  

                                                                                                                                                         

   and     are, respectively, the risk variance and mean of damage X. Using the first term of Taylor 

series expansion of      in       , we obtain:  

a. Utility in terms of the premium: 

                                                                                                               

b. Utility in terms of the damage:  

                                    
 

 
                                    

Taking expectation of both sides of (F1) and (F2) and substituting this in (F0) gives:  

        
 

 
     

           

          
                                                                                                                    

By defining the risk-version coefficient      as    
      

     
, (F3) can be rewritten as:  

        
 

 
                                                                                                                                        

The expression F4 is the same as Equation 1.8 if      is substituted with            . 
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Chapter 4: Risk allocation in a public-private catastrophe insurance system: an actuarial analysis 

of deductibles, stop-loss, and premiums
22 

 

4.1 Introduction 

Recent extreme weather events, such as Hurricane Katrina on August 2005, and the Tsunami in Japan in 

2011, have raised questions about the responsibilities of the public and private sectors with respect to 

providing adequate financial compensation for natural disaster losses (Cummins, 2006; Gollier, 2005; 

Niehaus, 2002). In the wake of these events, many insurers were forced to disclose large losses in their 

annual reports, which in the USA led them to stop offering insurance or to increase premiums 

significantly for insurance coverage for catastrophe risk (Jaffee et al., 2008). In an attempt to make 

catastrophe insurance coverage available at an affordable price, most of the existing catastrophe insurance 

systems, such as those for floods, have been developed as a public-private (PP) insurance scheme, with 

some sort of involvement of the government. The government always regulates insurance markets. In 

addition to setting the regulatory framework, the government actively underwrites risks in a PP insurance 

system by providing compensation for extreme damage through public reinsurance or a state 

guarantee (Ermolieva and Ermoliev, 2005; Seldon, 1997). The possible roles and responsibilities of the 

government in either a public, private or PP insurance arrangement for catastrophe risk are summarized in 

Chapter 2.     

 In order to design a well-functioning, either public or public-private (PP), insurance system, it is 

essential to understand and assess potential risks, and how these risks should be shared between different 

public and private stakeholders (Grossi and Kunreuther, 2005; Niehaus, 2002). Such a risk allocation 

should be based on the financial capacity of each of the stakeholders, while taking their commercial and 

social interests into account. In particular, we take as a starting point that insurance has to be affordable 

for the insured and commercially interesting for (re)insurance companies. For the adequate functioning of 

                                                            
22 This chapter was published as Paudel, Y., Botzen, W. J. W., Dijkstra, T. K., and Aerts, J. C. J. H., 2013b, Risk allocation in a public-private 

catastrophe insurance system: An actuarial analysis of deductibles, stop-loss, and premiums, Journal of Flood Risk Management, forthcoming. 
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a PP insurance system, consumers should be aware of the risks that they face, and of what it costs to 

insure such risk in order to decide whether or not to purchase insurance. In particular, it is assumed here 

that in deciding on the amounts of insurance to purchase consumers minimize their costs (premiums to be 

paid) with respect to a constraint on the amount of risk that they are willing to carry themselves. For 

private insurers, it is essential that they are able to assess the extent of the risk involved in their 

participation in the PP insurance system, so that they can set premiums that are sufficient to cover 

potential damage. To ensure the stability of underwriting results, private insurers generally cede a part of 

the risk to a reinsurer, which comes at a cost. We assume that the primary insurers aim to minimize the 

(re)insurance premiums they have to pay, thus minimizing their level of indemnity, while limiting their 

own risk to a predefined level. But, minimizing reinsurance coverage may imply that the insurer has to 

carry additional risk. Therefore, the insurer has to strike a balance between the (re)insurance coverage and 

expected risk exposure, in such a way that expected worst-case losses can be limited. Finally, 

governments, who usually function as a last resort for catastrophe damage in a PP insurance system, 

should facilitate the adequate functioning of a system, while taking into account their own public 

responsibilities and the financial consequences that providing coverage for catastrophe events entails for 

public budgets (see Chapter 2). We assume that the government aims to ensure affordability of 

catastrophe insurance by taking on the role of a public reinsurer that charges premiums close to the 

expected value of flood damage (the actuarially fair premium).  

The premium to be paid can vary significantly between risk-averse (RA) and risk-neutral (RN) 

agencies (Bernard and Tian, 2009), which is why this study accounts for this distinction. Because the 

primary insurance and reinsurance companies are assumed to be RA, they demand an extra surcharge on 

the premium compared with an RN agency, such as the government (Kunreuther et al., 2013). This 

surcharge reflects a compensation that insurers require for covering highly uncertain risks and for the high 

capital costs that insurers incur for being able to cover the extremely large losses that catastrophes can 

cause. The government has different interests in the management of catastrophe risk, such as ensuring the 

affordability of the disaster insurance. In a PP insurance system it is assumed that the government acts as 
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a reinsurer of last resort, and can be regarded as a risk neutral insurance agency. The reason why the 

government provides the (re)insurance at a risk-neutral rate is that it does not require an extra surcharge 

on the (re)insurance premiums, which helps to make the insurance affordable to the insured. In other 

words, a public reinsurer like the government does not require a risk aversion surcharge on the premium 

because it can borrow money easily in the capital market at lower costs than commercial insurance 

companies in case a catastrophe triggers many large claims that exceed reserves.   

  This chapter derives the required maximum (re)insurance coverage amounts for the insured and 

the insurer for an efficient and practically feasible range of the deductibles and stop-losses in the 

Netherlands. In the light of these results, the advantages of a public-private partnership in insuring flood 

damage will be discussed. This is an interesting case study because flood risk is generally excluded from 

property insurance, and it has been proposed to introduce a PP insurance system to cover the low-

probability high-impact flood risks in the Dutch river delta (Aerts and Botzen, 2011a; Botzen and Van 

den Bergh, 2008). The method implemented in this chapter has a similar objective to the studies by Raviv 

(1979), Gollier (1996), Froot (2001), and Huang (2006): namely, optimizing the insured’s and the 

insurers’ final wealth. However, the main difference with the existing studies is that this chapter focuses 

on the practical application of the method, while the other studies provide a theoretical design of optimal 

insurance policies under VaR-loss constraints (Froot, 2001; Gollier, 1996; Huang, 2006; Raviv, 1979). A 

numerical approach to a Pareto-efficiency23 allocation model is used to study the insured’s choice for a 

deductible24 with regard to the required maximum insurance coverage (RMIC), which meets the 99.9% 

TVaR damage constraint. A similar analysis is conducted for the insurer’s choice for a stop-loss25 level, 

with regard to the required maximum reinsurance coverage (RMRC) and associated reinsurance premium. 

Analytical solutions to the optimization, as proposed by the above-mentioned studies, are difficult to 

                                                            
23 Pareto-efficiency is an economic condition where resources are allocated in the most efficient way, meaning that one party’s 

benefit cannot be improved without making another party’s situation worse. In this study, such a condition emerges between the 

insured, insurer and reinsurer regarding the optimal allocation of (re)insurance premiums.   

24 The deductible is the amount of expenses that must be paid out of pocket by a policyholder (insured) before an insurer will 

pay any expenses. 
25 In the actuarial field there are different types of stop-losses. In this chapter, the term ‘stop-loss’ indicates a specific amount of 

loss, which needs to be paid by the primary insurer before the reinsurer will pay any expenses.      



90 
 

realize in practice. Therefore, we opt for a numerical approach which has practical relevance. Relevant 

levels for the RMIC and the RMRC, which meet the TVaR damage condition, are estimated within the 

plausible ranges of deductibles and stop-losses that are consistent with practical experience in the 

insurance markets. 

4.2 Methodology and data 

4.2.1 Basic concept 

The low-lying areas in the Netherlands are divided into 53 dyke-ring areas. The analysis in this chapter is 

conducted for each individual dyke-ring area. Every dyke-ring area has its own closed flood protection 

system of dykes, dams, and sluices that protect it from floods caused by rivers and the sea. A dyke-ring is 

an individual administrative unit under the Water Embankment Act of 1995, which guarantees a 

particular level of protection against flood risk for each dyke-ring area (Aerts and Botzen, 2011a). For 

instance, a dyke-ring with a safety standard of 1/1,250 can withstand a flood with a severity that occurs on 

average once in 1250 years. In line with Seifert et al. (2013), a flood is defined here as the inundation of 

land that is normally dry, which is caused by high water levels in rivers or high levels of sea water 

resulting from storm surge (Seifert et al., 2013). 

Let the random variable X stand for the flood damage for a dyke-ring area, with outcomes 

contained in a finite interval [0,T]. X is assumed to possess a continuous density function f(x) with a 

(finite and) positive mean E(X). An insurance system with two (no reinsurance) or three-layers (with 

reinsurance) is examined, in which the insured, the insurer, and the reinsurer, or the government can 

participate. This insurance system is defined as a private insurance if private primary and reinsurance 

companies underwrite the risk, while it is defined as a PP insurance system if the government acts as a 

reinsurer. Figure 4.1 describes the conceptual three-layer model. In this model the insured and the insurer 

can choose their retention level (deductible and stop-loss) within a range that is consistent with practical 

experience, while they minimize the corresponding insurance (reinsurance) coverage that they have to 
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purchase. In this chapter, the term insured refers to a homeowner within a (dyke-ring) area, and, in the 

similar way, the term ‘insurer’ refers to an insurance company. 

 

Figure 4.1 A conceptual model of risk allocation in a three-layer insurance system 

 

The black solid lines in Figure 4.1 represent the part of the total damage per event X that could be covered 

by each of the stakeholders, as is stated on the top of each graph. D and M are, respectively, the 

deductible of the insured and the stop-loss of the insurer, and T is the maximum damage.26 The insured 

covers the first part of the damage,            , the insurer covers the middle part,           

     , and the governments or reinsurers cover the last part,               . It is assumed that the 

damage outliers that lie above the 99.9% TVaR threshold (v) (see TVaR estimate) are not insured because 

these are generally uninsurable or too expensive to insure.  

A mathematical expression of Figure 4.1 of the allocation of flood risk within a three-layer 

insurance system can be given as:  

Layer 1 {

                                           
                                         
                                             

                                                                                                       

                                                            
26 It is assumed that the total damage due to a flood can never be higher than the total exposed property value located in a specific 

dyke-ring area. Moreover, a minimum amount has been assumed per dyke-ring, because if there is a flood there will always be a 

certain amount of damage.   
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Layer 2 {

                                           
                                    
                                      

                                                                                                   

Layer 3 {

                                              
                                        
                                                  

                                                                                                    

where,   is the deductible amount to be paid by an insured;     is the damage covered by an insurer 

with stop-loss amount  ; and     is the damage covered by the re-insurer or the government, with   

as the maximum damage; and          , and      . An insured with a deductible level 

D purchases flood insurance from insurers in exchange for a total average premium27 payment equal to  , 

and receives an RMIC equal to     , with        .̅ The   ̅ is the expected value of coverage, and   is 

the Coverage to Premium Ratio (CP-ratio), with    . The coverage can be provided by the insurer 

alone (two-layers) or by the insurer and reinsurer (government) together (three-layers). If no 

administrative costs are taken into consideration, it is assumed that the total average premium will be 

equal to the expected insurance coverage amount,    .̅ The CP-ratio,  , shows the relationship between 

the required maximum coverage and the corresponding (re)insurance premiums under the predefined 

TVaR damage constraint for the associated (stop-loss) deductible levels. The CP-ratio provides a rough 

indication of how the insurance coverage relates to the corresponding average premium for the varying 

deductibles and stop-losses within a given range. For example, if the stop-loss, M, for the insurer 

approaches the maximum damage, then the CP-ratio might also increase because the RMRC declines 

more slowly than the corresponding average reinsurance premium (see results). The RMRC declines more 

slowly because the potential maximum damage remains high, although the expected damage (and 

expected premium) amount would be much lower. Furthermore, it provides useful information on 

whether an insurance product is priced fairly from an actuarial perspective (premiums are close to the 

expected value of covered losses, i.e. the risk), and what losses are relatively cheap or expensive to insure. 

                                                            
27 In practice, part of the premium consists of the administrative costs of providing the insurance. For the sake of simplicity, we 

have omitted this cost category from our estimates (Cummins et al., 2001).   



93 
 

For example, for a consumer, a high CP-ratio indicates that the consumer can purchase a relatively high 

coverage for a low price.  

Insurance companies have the possibility to transfer a part of the RMIC amount (RMRC)    ̅to a 

third party, like reinsurers or the government, which are either RA or RN. The reinsurance coverage ratio, 

  with      , indicates the coverage that is allocated to the reinsurer, and   ̅   .̅ This transfer is 

made in exchange for a reinsurance premium   , with               . Insurers may want to 

transfer risk in order to reduce the probability of having to pay large reimbursement amounts that result 

from insurance claims. This implies that part of the total coverage: namely,       ,̅ is covered by 

insurers themselves in exchange for a portion of the premium that equals       . Table 4.1 summarizes 

the coverage and premium flows for the insured and the insurers (for more details, see RMIC & RMRC 

estimates and Premium estimates). 

 

Table 4.1 Coverage and premium flows for the insured and the insurers 

 

Stakeholder  

(Re)insurance coverage (Re)insurance premium 

Max. own risk  Max. ceded part  To receive To pay 

Insured      ̅ N.A.   

Insurers       ̅              

 

The following main steps in the approach can be distinguished (as shown in Figure 4.2): 

Step 1: Flood-risk estimations for each of the 53 low-lying areas (“dyke-ring areas”) in the Netherlands 

are derived from Chapter 3 (see Flood risk estimates); 

Step 2: The VaR and the corresponding TVaR levels are estimated from the loss data obtained in Step 1 

for both, the insured and the insurers (see TVaR estimates); 

Step 3: Solve the objective functions numerically to obtain RMIC and RMRC, under the corresponding 

TVaR damage conditions, for the predefined ranges of deductibles and stop-losses that are 

consistent with practice (see RMIC and RMRC estimates).  

Step 4: Estimate the RA and RN (re)insurance premiums for different levels of deductibles and stop-

losses (see Premium estimates). 



94 
 

Step 5: Determine the relation between the premiums and the corresponding coverage amounts, for both 

two- and three-layer insurance systems in terms of CP-ratios (see Relation between coverage and 

premium).  

Figure 4.2 depicts the corresponding conceptual pseudo-code design for the methodological 

implementation as it is described in the following sections.   

 

  

Figure 4.2 A simplified conceptual design of the pseudo-code implemented in numerical computing 

software Matlab 2012b  

 

4.2.2 Flood risk estimates (Step 1) 

The flood-risk estimates for the Netherlands used in this chapter are taken from Chapter 3, where loss-

probability curves are estimated for each of the 53 dyke-ring areas (see Step 1 in Figure 4.2). To deal with 

data scarcity, Chapter 3 applies Bayesian Inference (BI) by combining information from the two main 

Dutch studies about flood risk in these dyke-ring areas: namely, the AVV (Aerts and Botzen, 2011a; 

Flood risk data from simulation (see Chapter 

3)
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Aerts et al., 2008) and the VNK projects (Aerts et al., 2008; Wouters, 2005). This method accounts for the 

high uncertainty of flood damage by applying representative fat-tailed probability distributions, which are 

suitable for modelling catastrophe risk (see Chapter 3).  

4.2.3 Tail Value at Risk estimates (Step 2) 

In a three-layer insurance system we are interested in the optimal insurance portfolio for the first two 

stakeholders: namely, the insured and the insurer. These portfolios are obtained by minimizing the 

coverage function, which meets the corresponding 99.9% TVaR constraint for flood damage. This reflects 

an underlying assumption that the insured aims to minimize the premium (which minimizes automatically 

insurance coverage) that he/she has to pay for flood insurance given a constraint of the amount of own 

risk that the insured is willing to carry. The insurer aims to minimize the reinsurance premium (which 

minimizes automatically reinsurance coverage) given a constraint on the amount of risk that the insurer is 

willing/able to expose itself to. The TVaR in this chapter represents the maximum damage to be insured, 

and is defined as the expected damage in the worst  % of the cases. There are two main reasons for 

choosing TVaR. First, compared with other risk measures (i.e. VaR, and maximum statistics), it catches 

the losses located on the right-tail of the loss density curve, including the outliers, more adequately. 

Second, the stochastic outliers are very large and highly uncertain (i.e. the maximum damage), which may 

provide a distorted view of reality when these are used in their original form. TVaR overcomes this 

problem because it essentially includes the information about outliers in the expected value and does not 

depend only on one value, like VaR. Besides this, the TVaR is also a more appealing risk measure 

because it is what is called a ‘coherent risk measure’ that meets requirements of monotonicity, 

homogeneity, and sub-additivity, which are important in a statistical assessment, especially if the input 

data are scarce and not homogeneous (Artzner et al., 1999; Dhaene et al., 2008).   

A general expression of TVaR (v), with a confidence level        , for random losses (X) with 

       and distribution function    can be given with (Chiragiev and Landsman, 2007; McNeil and 

Frey, 2000): 
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where         is the Value at Risk (VaR) function of    at the   level. In this case,   is set equal to 

0.01% in order to capture the first 99.9% of losses.  

4.2.4 RMIC and RMRC estimates (Step 3) 

The objective of the stakeholders in the first two layers is to minimize the coverage amount, which leads 

to a lower premium, while limiting the own risk (deductible and stop-loss) with a predefined level of 

certainty. Figure 4.3 shows a conceptual cumulative loss function, which depicts the own-risk for each of 

the three stakeholders.  

  

Figure 4.3 A conceptual model of a cumulative loss function with three layers of own-risk for the insured, 

the insurer, and the reinsurer 

 

Relation between deductibles and insurance coverage for homeowners  

Here the approach is followed, with a major modification, taken by Wang et al. (2005), who model the 

consumer decision about how much insurance coverage to purchase as a minimization of insurance costs, 

subject to a constraint that the consumer’s own risk does not exceed a certain level.28 The insured aims to 

minimize the amount of coverage, which automatically minimizes the total premium to be paid, under a 

desirable level of the deductible that meets the 99.9% TVaR damage constraint. It should be noted that 

                                                            
28 This approach deviates from Expected Utility Theory which is often used in economics to model individual decision making 

under risk (Von Neumann and Morgenstern, 1944), but in practice is often not a good description for individual behaviour, 

especially towards extreme risks (Starmer, 2000). Our approach assumes that individuals are risk-averse and insure for most 

losses, except very unlikely and extremely large losses for which insurance is relatively expensive. Moreover, individuals are 

assumed to be willing to take on a certain level of own risk by means of a deductible if this saves on insurance costs. Both of 

these characteristics can be observed in actual insurance purchase behaviour.   
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this approach assumes that the maximum coverage cannot exceed the TVaR, which implies that the 

consumer is not insured for extremely large damage above TVaR, since such damage is unlikely to occur 

in practice and is expensive to insure. The total insurance coverage to be provided by insurance under the 

minimized deductible level is (Wang et al., 2005): 

          ̅  ∫             
 

 

                                                                                                    

                           ̅                                                                                                           

where,       ,        ̅gives the approximate level of the deductible (exposed amount of own-risk 

for the insured) for the insured with respect to the RMIC coverage that is necessary to meet the given 

TVaR damage condition for the insured (see Appendix 4A). The Equation 5 states that the insured 

minimizes the necessary required coverage amount under the condition given by Equation 6. The 

Equation 6 means that in 99.9% cases of flood events, the deductible (min(X,D)) amount should not 

surpass the difference between the TVaR and RMIC29. The TVaR (Equation 4) can be estimated with: 

  
 

     
∫     

 

 

                                                                                                                                          

where,         =   
     , with       . 

Formally, the average deductible amount for the insured can be given with:  

     ∫             
 

     

∫        
 

     

                                                                                            

 

Relation between stop-loss and reinsurance coverage  

An insurer with a stop-loss level  , and a retention level   for the insured, aims to optimize its portfolio 

by minimizing reinsurance coverage under the predefined TVaR, (   damage condition defined at the 

certainty level    . In other words, the insurer aims to minimize reinsurance costs subject to a 

(regulatory) constraint on retained risk. The desirable M is obtained by:  

                                                            
29The difference between the maximum damage (T) and TVaR (v) is not insured.  
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           ̅  ∫             
 

 

                                                                                                    

                                      ̅                                                                   

where,        ,̅ and     ̅ is the RMRC (see Appendix 4A).       ̅gives the desirable level of the 

stop-loss (exposed amount of own-risk for the insurer) with respect to the maximum reinsurance provided 

to the insurers. The average coverage amount to be provided by an insurer is equal to:  

      ̅         ∫             
 

       

∫            
 

       

                                       

4.2.5 Premium estimation and relation with coverage (Step 4) 

The amount of premium in each layer depends on the type of (re)insurer, whether it is an RA or an RN 

agency. The average reinsurance coverage can be provided by the government or a commercial 

reinsurance company, and is equal to the difference between the insurer’s stop-loss M and the  , as 

Equation (9) shows. In general, catastrophe risks are difficult to diversify fully in the market, and insurers 

and reinsurers tend to be highly risk-averse (RA) because catastrophe losses are highly correlated (Froot, 

2001; Gerber and Pafumi, 1997; Gollier, 2005; Kunreuther, 2002). A government acts as a last resort for 

catastrophe risk and has different interests and responsibilities compared with the commercial 

(re)insurance companies and the insured. In this respect, it is common to assume that the government is a 

risk-neutral agency. The government usually covers extreme risk that is located on the right-hand side of 

the loss distribution. This leads to a more affordable total premium to be paid by property owners and 

makes the insurance system more feasible in a sense that consumers are more likely to buy coverage. 

Moreover, if the government acts as a reinsurer in a PP flood insurance system, then this is also attractive 

for primary insurers which can buy reinsurance at lower costs than would be possible if reinsurance is 

provided by private reinsurance companies.   

Premiums are calculated for two categories of insurer risk attitudes: (1) both private insurers and 

reinsurers are risk-averse (RA); and (2) a risk-neutral government acts as a reinsurer and the private 
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insurer is also risk-neutral (RN). The flood insurance premium to be paid by a homeowner to a risk-averse 

insurer, within a specific dyke-ring area, can be given with (Kaas et al., 2004; Kunreuther et al., 2011): 

  
             

   

     
                                                                                                                                    

where       
  is the risk variance estimate for flood losses between inf(X) and v;   is the risk aversion 

coefficient for the insurer; NH denotes the number of houses within a dyke-ring area; and RP indicates the 

return period of a flood event for a specific dyke-ring. 

If an insurer is risk-neutral, the total premium is equal to:  

  
      

     
                                                                                                                                                            

The portion of the premium to be withheld by a risk-averse insurer to cover part (M-D) of flood damage, 

with the approximated risk variance       
  (from the damage between D and M), is equal to:  

       
                  

   

     
                                                                                                           

and, a risk-neutral insurer requires a premium equal to: 

       
           

     
                                                                                                                                    

The portion of the premium to be received by risk-averse reinsurers to cover part (v-M) of flood damage, 

with the approximated risk variance       
  (from the loss data between M and v) is equal to: 

   
                  

   

     
                                                                                                                        

If a risk-neutral (RN) government participates in a PP insurance system as a reinsurer, then Equation (16) 

becomes: 

   
      

     
                                                                                                                                                               

The standard deviation of flood damage   varies per coverage layer. The risk aversion coefficient rate r is 

derived from an exponential utility function            , where   represents the insured amount, 
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and   is rate of risk-aversion30 for the insurer and the reinsurer towards catastrophe risk, which in this 

case is equal to r. Estimates of   and                ⁄  (which is based on   equal to 0.0005) are 

taken from Chapter 3. This level of r implies that a moderate degree of insurer’s and reinsurer’s risk 

aversion is included as a premium mark-up, which is quite common for non-life insurance products. A 

larger degree of risk aversion may be more appropriate if coverage is provided for heavy-tailed 

catastrophe losses, like floods. Therefore, the premiums for private insurance coverage in this chapter 

could be seen as conservative estimates.  

4.2.6 Relation between coverage and premiums (Step 5)  

The CP-ratios provide an indication of how the RMIC and RMRC relate to the corresponding premiums 

for the given ranges of deductibles and stop-losses. Practical experience, as discussed in Chapter 2, shows 

that deductible levels for catastrophe insurance systems vary between 1 and 15%, while the level of the 

stop-loss for insurers varies between 50 to 90% of total damage. A slightly broader range of 1 to 20% for 

deductibles, and 40 and 94% for the stop-losses has been applied to the numerical estimations of the 

coverage functions, and the CP-ratios in this chapter. 31  

4.3 Results 

4.3.1 Results for dyke-ring areas 7, 14 and 36 

The detailed results are provided here for these three representative dyke-ring areas: the Noordoostpolder 

(7), Zuid-Holland (14), and Land van Heusden/de Maaskant (36). These three dyke-ring areas share 

similar geographical features and a common flood probability with the three main classes of dyke-ring 

areas in the Netherlands: namely, intertidal areas, coastal areas, and areas vulnerable to river flooding.32  

The second subsection provides the global results for all 53 dyke-ring areas.  

                                                            
30 In practice, the risk-aversion rate to catastrophe risk can differ between insurers and reinsurers. However, owing to a lack of 

sound scientific evidence about how these rates differ, the same risk-aversion rate is used for both agencies.    
31 In practice, the deductible and stop-loss levels may depend on the specific risk appetite of the insured and the insurer and their 

own financial capacity to cover damage. Nevertheless, we regard the chosen ranges as a plausible practical approximation of 

deductible and stop-loss levels. 
32

 Dyke-ring Noordoostpolder is representative of the majority of dyke-ring areas which have a flood probability of about 1/4,000 

per year. Dyke-ring Zuid-Holland (along with Noord-Holland) is one of the dyke-rings with the lowest flood probability in the 
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Coverage to Premium (CP)-ratio  

Table 4.2 provides an overview of estimated CP-ratios   for the total insurance premiums that are 

collected from homeowners by either a risk-averse (RA) or a risk-neutral (RN) insurer (equation 13). 

These CP-ratios are calculated as           for primary insurance and deductible level D, and indicate 

the ratio of the total optimal RMIC to the total premiums to be paid by the insured, without making any 

distinction between the insurer and the reinsurer. An examination of the CP-ratios is of interest, since it 

provides an indication of the attractiveness of the insurance for consumers; a high CP ratio indicates that 

consumers get a high coverage value for their premiums paid. As can be expected, the CP-ratios are 

considerably lower if the insurer is risk-averse (RA), because the RA premiums include a surcharge for 

the insurer’s risk aversion that is dependent on the risk variance, while such a surcharge is not included in 

the RN premiums (see Equations 12-15). This implies that the homeowners within a dyke-ring area with a 

low CP-ratio (e.g. dyke-ring 14) usually pay a higher insurance premium relative to the required coverage 

amount, which is obviously undesirable. For example, the premiums paid in dyke-ring 14 are relatively 

high because of the large potential damage and higher risk variance. In general, a dyke-ring with a high 

damage and high variance has a low CP-ratio.   

Table 4.2 Ranges of the CP-ratios for RA and RN primary insurers estimated at the 1 and 20% deductible 

levels, for the dyke-ring areas Noordoostpolder (7), Zuid-Holland (14) and Heusden/de Maaskant (36) 

Dyke-ring  CP-ratio risk-averse CP-ratio risk-neutral 

 1% 20% 1% 20% 

7 2.76 2.86 3.18 3.36 

14 1.36 1.47 3.18 3.37 

36 2.51 2.56 3.19 3.37 

 

Table 4.3 provides an overview of the estimated CP-ratios of the RMRC amount to the reinsurance 

premium for the two boundaries of the range of stop-losses for an RA and an RN reinsurer. These CP-

ratios are calculated as      ̅   for reinsurance (coverage provided by the reinsurer to the insurer) and 

                                                                                                                                                                                                
Netherlands of about 1/10,000 per year. This dyke-ring is located along the densely populated coastline, and has a high 

concentration of property values. Dyke-ring 36, Land van Heusden/De Maaskant, shares similar features with the majority of the 

river dyke-ring areas, which have a flood probability of about 1/1,250 per year (Bouwer et al., 2010). 



102 
 

indicate the ratio of the optimal RMRC to the total reinsurance premiums to be paid. The CP-ratios 

corresponding to the 40% stop-loss level are notably lower, compared with those estimated at the 94% 

stop-loss level. The CP-ratios in Table 4.3 for the 94% stop-loss level are very different from those in 

Table 4.2. This is because the RMRC (99.9% TVaR minus the related retention amount) decreases more 

slowly than the corresponding average reinsurance premiums with the increasing stop-losses. This is 

mainly caused by the fact that the potential maximum coverage amount for the losses located on the right-

tail of the density function remains high, although the expected amount of damage (and thus the average 

reinsurance premiums) would be much lower. The CP-ratios slowly increase in the loss range between 40 

and 80%, while the risk variance remains stable in that range. Therefore, an insurer could benefit most 

from a high CP-ratio, and choose a stop-loss level between 80 and 85% of the damage threshold, while 

the losses with a very high risk variance can be avoided and passed on to the reinsurer (see also part B in 

Figure 4.5). However, if an insurer is risk-neutral, it can also choose to provide a full coverage himself 

and not purchase reinsurance, but this has the disadvantage that it will be confronted with highly 

uncertain large losses. Dyke-ring 14 has a CP-ratio of 1.37 for a 40% stop-loss, which is the lowest 

amount compared with other dyke-ring areas. This indicates that purchasing insurance from an RA 

insurer in dyke-ring 14 is most expensive.  

Table 4.3 CP-ratios for reinsurance coverage corresponding to the 40% and 94% stop-loss levels for the 

dyke-ring areas Noordoostpolder (7), Zuid-Holland (14) and Heusden/de Maaskant (36) 

Dyke-ring  CP-ratios corresponding with the 40 and 94% levels of stop-

loss 

 Risk-averse Risk-neutral 

 stop-loss: 

40% 

stop-loss: 

94% 

stop-loss: 40% stop-loss: 94% 

7 3.07 12.87 3.71 19.15 

14 1.37 7.23 3.69 14.79 

36 2.9 9.89 3.72 18.62 
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Relationship between the RMIC, the deductible and the insurance premium  

The trade-off between the deductibles and the corresponding premiums and RMIC amount is depicted in 

Figure 4.4. Part A in Figure 4.4 shows the effect of increasing the deductible amounts on the RA (dotted 

line) and RN premiums (dashed line), for the three dyke-ring areas. In general, premiums decrease if 

deductible levels are higher. As can be observed, the RN premiums are always lower and the gap between 

the RA and the RN premiums increases, although slowly, with increasing deductible levels. This is the 

case because the risk variance for losses above level D increases with increasing deductible amounts, 

which results in a higher RA premium compared with the RN premium. The premium surcharge of an RA 

insurer compared with an RN insurer is the highest in dyke-ring area 14 (130 - 136%), while this 

surcharge is much lower in dyke-ring areas 7 (16 - 22%) and 36 (28 - 35%). Part B in Figure 4.4 depicts, 

by means of CP-ratio, the relationship between the increasing deductible levels and its impact on the RA 

and RN premiums and the associated coverage amount. Higher deductible levels are in general associated 

with higher C/P ratios. As can be observed, the difference between the RA and RN C/P ratios is not 

always linear. Although this is hard to see, part B in Figure 4.4 shows that the RA premiums decrease less 

if the deductible increases at low deductible levels, while this increase is stronger around the 15% 

deductible data point. This indicates that high deductibles around the 15% level are attractive for 

consumers, which is consistent with practice (see Chapter 2). The overall results for the 53 dike-ring areas 

show that increasing the deductible level above the 15% level results in only moderate premium savings. 

Therefore, the 15% deductible level is chosen here as one of the desirable trade-off points between risk 

and premiums. In general, the average deductible amount (E[D]) at 15% of the damage level, implies that 

policyholders pay approximately 24% of the actual total damage from their own pocket.      
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Figure 4.4 Effect of the average deductible amounts on risk averse and risk neutral insurance premiums 

(A) and the CP-ratio (B) for primary insurance, for the dyke-ring areas Noordoostpolder (7), Zuid-

Holland (14) and Heusden/de Maaskant (36)   
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Relationship between the RMRC, stop-loss and reinsurance premium 

Part A in Figure 4.5 depicts the impact of varying levels of the stop-losses on the RA reinsurance 

premiums and the corresponding RMRC. Part B in Figure 4.5 shows the CP-ratios of the RA and RN 

reinsurance premiums. The CP-ratios of the RA premiums are always lower than those of the RN 

premiums, as was observed in Figure 4.4. The CP-ratio increases rapidly above the 80% damage quintile, 

which indicates that the degree of uncertainty of losses in that quintile is high. In order to avoid carrying 

these losses with a large uncertainty and to arrive at a good trade-off between the reinsurance premiums 

and the risk variance, the insurer might choose a stop-loss between 80 and 85%. This has led to the choice 

of an 84% stop-loss amount as one of the appropriate trade-off points between the RMRC and the 

corresponding reinsurance premiums, viewed from an insurer’s perspective. Based on the average 

insurance and reinsurance premiums, the insurer covers approximately 57% of the damage while, 43% is 

covered by the reinsurer, excluding the deductible (see Table 4.4).  

Table 4.4 the allocation of expected coverage of flood damage between the insurer and the reinsurer 

based on 84% stop-loss and 15% deductible for the dyke-ring areas Noordoostpolder (7), Zuid-Holland 

(14) and Heusden/de Maaskant (36) 

Dyke-ring 

nr. 

Coverage allocation based on 84% 

stop-loss and 15% deductible 

 Insurer Reinsurer 

         

7 0.57 0.43 

14 0.58 0.42 

36 0.57 0.43 
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Figure 4.5 Stop-loss vs. risk averse (RA) reinsurance premiums and required maximum reinsurance 

coverage (RMRC) amounts (part A), and the CP-ratios in terms of risk averse (RA) and risk neutral (RN) 

premium amounts (part B)  
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4.3.2 Results for all 53 dyke-ring areas 

Premium and coverage estimates per homeowner within a specific dyke-ring area 

Table 4.5 illustrates the RN and RA insurance premiums to be paid by the individual homeowner within a 

specific dyke-ring area, and the corresponding total RMIC33 amount per homeowner. Columns 1 and 2, 

respectively, show the dyke-ring numbers and the number of houses within each corresponding dyke-ring 

area; column 3 is the estimated 15% average deductible amounts (E[D]); columns 4 and 5 are, 

respectively, RA and RN insurance premiums; and column 6 shows the corresponding annual expected 

value of required maximum coverage amounts (i.e. the maximum required flood coverage × the average 

yearly flood probability). The last row indicates per column the average amount per homeowner 

collectively for all 53 dyke-ring areas.  

 

Table 4.5 The expected value of the deductible (E[D]), the annual expected value of required maximum 

insurance coverage (RMIC) per homeowner, and the corresponding risk averse (RA) and risk neutral 

(RN) insurance premiums to be paid by the individual homeowner within a specific dyke-ring area (in 

euros per year)  

Dyke-ring 

number 

Number of 

houses 

Deductible 

(E[D])  

Premium  

π 

RMIC 

 At 99.9% TVaR  

  Per dyke-

ring area 

At 15% 

damage 

RA  

E[X-D] 

RN 

E[X-D]  

I(X) 

6 468014 0.09 0.30 0.18 0.60 

13 412013 1.54 5.03 3.02 9.99 

14 1659248 1.97 6.45 3.88 12.83 

44 292938 3.34 10.90 6.55 21.68 

47 37179 3.57 11.67 7.01 23.20 

32 48501 3.72 12.16 7.31 24.18 

34 160741 3.91 12.77 7.67 25.39 

17 165235 4.40 14.38 8.64 28.58 

8 99069 5.09 16.63 9.99 33.06 

36 165555 6.60 21.56 12.96 42.87 

7 22234 6.82 22.29 13.39 44.31 

                                                            
33 These are the required maximum coverage amounts to be provided collectively by the insurer and the reinsurer per 

homeowner.  
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18 2054 7.78 25.44 15.29 50.57 

19 5696 7.86 25.70 15.44 51.09 

46 3227 7.96 26.02 15.64 51.74 

21 32152 8.78 28.70 17.25 57.05 

45 103282 8.98 29.34 17.63 58.33 

11 18610 10.30 33.66 20.23 66.91 

35 37524 10.44 34.13 20.52 67.87 

4 214 10.45 34.16 20.53 67.92 

49 7836 15.13 49.46 29.73 98.33 

15 79164 15.49 50.63 30.43 100.65 

48 59881 18.66 60.97 36.65 121.23 

1 494 20.41 66.72 40.10 132.65 

52 42040 20.98 68.57 41.21 136.32 

12 8274 21.00 68.62 41.25 136.44 

10 11128 21.61 70.62 42.45 140.41 

9 33556 22.80 74.50 44.78 148.12 

41 109400 22.94 74.98 45.06 149.07 

25 18064 23.30 76.14 45.76 151.38 

28 3353 23.79 77.76 46.74 154.60 

5 5331 24.20 79.08 47.53 157.23 

2 1345 25.04 81.82 49.18 162.68 

42 5611 26.15 85.48 51.38 169.95 

51 4532 27.79 90.83 54.59 180.58 

3 801 28.00 91.49 54.99 181.91 

27 9060 28.75 93.94 56.46 186.78 

22 47243 30.51 99.70 59.92 198.22 

24 18287 31.49 102.92 61.86 204.63 

29 49060 32.64 106.68 64.12 212.10 

26 14655 34.13 111.56 67.05 221.80 

30 29532 35.88 117.26 70.48 233.14 

50 18320 36.75 120.11 72.19 238.80 

39 169 45.38 148.30 89.13 294.85 

33 26 46.12 150.72 90.59 299.66 

38 16781 48.12 157.27 94.53 312.69 

20 62823 51.49 168.29 101.15 334.59 

40 458 55.81 182.41 109.63 362.66 

53 86300 57.99 189.52 113.91 376.81 

43 120526 60.59 198.01 119.01 393.69 

37 12 63.95 209.00 125.61 415.53 

31 7087 67.76 221.44 133.09 440.27 

23 115 83.36 272.42 163.74 541.63 

16 82340 103.36 337.80 203.03 671.61 
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Average   10.13 35.00 21.00 69.80 

 

The results in Table 4.5 are shown for a deductible of 15% per homeowner, within a specific dyke-ring 

area. These amounts are slightly higher than the corresponding 15% damage quintiles, because these 

include the constant deductible amount that should be paid if damage exceeds the quintile (see Equation 8 

and the insured’s part of the losses in Figure 4.3). A higher deductible amount leads to a lower premium 

and RMIC amount, which also means that the probability that the insurance and the reinsurance coverage 

come into effect is lower. For instance, for the main dyke-ring area 14, the annual expected value of the 

deductible is €1.97. The premium charged to purchase the annual expected RMIC of €12.83, for an 

individual homeowner in dyke-ring 14, equals either €6.43 or €3.88, depending on whether the insurer is 

risk-averse or risk-neutral. It should be realized that the RMIC is an annual expected amount, which in 

case of an average flood probability of 1/10,000 for dyke-ring 14 corresponds to a maximum coverage of 

€128,300 per flood event. Dyke-ring area 16 has the highest RN premium (€337.80), while dyke-ring area 

6 has the lowest RN premium (€0.18). A total of 19 dyke-ring areas have an average RN premium per 

home-owner that is higher than €21.00, which equals the average RN premium. Some dyke-ring areas 

have considerably higher premiums and necessary coverage amounts because they have a low number of 

houses among which the flood risk is shared and/or a high risk potential which leads to a high risk 

variance. 

Estimates of both the total premiums retained by primary insurers, and reinsurers and the corresponding 

required coverage 

Table 4.6 shows the estimates of the allocation of the RA and RN premiums per policy between primary 

insurers and reinsurers, and the annual expected value of the corresponding maximum coverage amounts 

based on the 15% deductible and 84% stop-loss levels. The results are presented in ascending order by the 

stop-loss levels shown in column 2. Column 3 shows the RA insurance premium retained by the insurer, 

and column 4 the RA reinsurance premium retained by the reinsurer. Columns 5 and 6 show, respectively, 

the RN insurance premiums retained by the insurer and the reinsurer. The last column represents the total 
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required coverage amounts to be covered by the reinsurer. The last row provides the average amounts per 

homeowner for all 53 dyke-ring areas altogether, and makes no distinction between the individual dyke-

ring areas. The insurer passes a part of premium to the reinsurer which is the amount shown in the 

“reinsurer” columns in Table 4.6, and in exchange receives the corresponding RMRC in the event of a 

flood. The columns “insurer” in Table 4.6 show the part of the premium that is retained by the primary 

insurers, which is the difference between the premiums that they receive from the policyholders and the 

premiums that they pay for reinsurance. Table 4.6 shows that the ratio between the RA and the RN 

primary insurance premium is much lower compared with this ratio for the reinsurance part. This 

indicates that the rare losses with large variance that are covered by reinsurance are more expensive to 

insure compared with the small losses with a low variance.  

Table 4.6 An overview of the annual expected value of required maximum reinsurance coverage (RMRC), 

and the allocation of premiums between insurers and reinsurers, based on an 84% stop-loss and a 15% 

deductible (per home-owner in € per year) 

Dyke-ring 

number 

stop-loss 

(M) 

Premium RA 

π 

Premium RN 

π 

RMRC  

 

  84% Insurer 

(      

Reinsurer 

(    

Insurer 

(      

Reinsurer 

(    

TVaR at 99% 

6 0.29 0.11 0.17 0.09 0.07 0.51 

13 4.77 1.79 2.78 1.49 1.12 8.46 

14 6.12 2.30 3.57 1.91 1.44 10.85 

44 10.35 3.89 6.03 3.24 2.43 18.34 

47 11.07 4.16 6.45 3.46 2.60 19.63 

32 11.54 4.34 6.73 3.61 2.71 20.46 

34 12.12 4.55 7.06 3.79 2.84 21.48 

17 13.64 5.12 7.95 4.27 3.20 24.18 

8 15.78 5.93 9.20 4.93 3.70 27.97 

36 20.46 7.69 11.93 6.40 4.80 36.28 

7 21.15 7.94 12.33 6.61 4.96 37.49 

18 24.14 9.07 14.07 7.55 5.66 42.79 

19 24.39 9.16 14.22 7.63 5.72 43.23 

46 24.70 9.28 14.40 7.72 5.79 43.78 

21 27.23 10.23 15.88 8.52 6.39 48.27 

45 27.84 10.46 16.23 8.71 6.53 49.35 

11 31.94 12.00 18.62 9.99 7.49 56.62 

35 32.39 12.17 18.88 10.13 7.60 57.42 

4 32.42 12.18 18.90 10.14 7.61 57.47 

49 46.94 17.63 27.36 14.68 11.01 83.20 

15 48.04 18.05 28.01 15.02 11.27 85.16 

48 57.86 21.73 33.73 18.09 13.57 102.57 

1 63.31 23.78 36.91 19.80 14.85 112.23 

52 65.07 24.44 37.93 20.35 15.26 115.34 

12 65.12 24.46 37.96 20.36 15.28 115.44 
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10 67.02 25.17 39.07 20.96 15.72 118.81 

9 70.70 26.56 41.22 22.11 16.59 125.33 

41 71.15 26.73 41.48 22.25 16.69 126.13 

25 72.26 27.14 42.12 22.59 16.95 128.09 

28 73.79 27.72 43.02 23.07 17.31 130.81 

5 75.05 28.19 43.75 23.47 17.61 133.04 

2 77.65 29.17 45.27 24.28 18.22 137.64 

42 81.12 30.47 47.29 25.37 19.03 143.80 

51 86.19 32.38 50.25 26.95 20.22 152.79 

3 86.83 32.61 50.62 27.15 20.37 153.91 

27 89.15 33.49 51.97 27.88 20.91 158.04 

22 94.61 35.54 55.15 29.58 22.19 167.71 

24 97.67 36.69 56.94 30.54 22.91 173.14 

29 101.24 38.03 59.02 31.66 23.75 179.46 

26 105.87 39.77 61.72 33.10 24.84 187.67 

30 111.28 41.80 64.87 34.80 26.10 197.26 

50 113.98 42.81 66.45 35.64 26.74 202.05 

39 140.74 52.86 82.04 44.01 33.02 249.48 

33 143.03 53.72 83.38 44.72 33.55 253.54 

38 149.25 56.06 87.01 46.67 35.01 264.57 

20 159.70 59.99 93.10 49.94 37.47 283.10 

40 173.10 65.02 100.91 54.13 40.61 306.85 

53 179.86 67.55 104.85 56.24 42.19 318.82 

43 187.91 70.58 109.55 58.76 44.08 333.11 

37 198.34 74.50 115.62 62.02 46.53 351.58 

31 210.14 78.93 122.51 65.71 49.30 372.51 

23 258.53 97.10 150.71 80.84 60.65 458.28 

16 320.57 120.41 186.88 100.24 75.20 568.26 

Average 32.90 12.36 19.18 10.29 7.72 58.33 

 

On average, flood-losses exceed the stop-loss level with a probability of 84%, which implies that these 

losses above the stop loss are covered by reinsurance. With an RMRC amount of €0.51 per homeowner 

on an annual expected value basis, dyke-ring 6 is the cheapest area to purchase flood insurance, while, 

with an annual expected value of required reinsurance coverage of €568.26, dyke-ring 16 is the most 

expensive. There are 19 dyke-ring areas with an RMRC that is higher than the overall average amount of 

€58.33. In line with our expectations, the RA (re)insurance premiums are always higher than the RN 

amounts (see also Figure 4.5, part B). The average risk-aversion surcharges on the insurance and 

reinsurance premiums (i.e. RA/RN) are, respectively, 20 and 148%. This implies that the reinsurance is 

relatively expensive compared with the primary insurance part. This is consistent with the practice that 

the RA reinsurers demand an extra surcharge on premiums due to the high uncertainty of large reinsured 

losses. This may imply that a system involving a RN insurer and reinsurer would lead to a lower 

deductible level for the insured, while a system involving a RN reinsurer, such as the government, might 
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result in lower stop-losses. The significant difference between the premiums and the necessary 

reinsurance coverage amounts per homeowner for individual dyke-ring areas is caused either by high 

expected flood damage relative to a low number of houses per dike-ring area or by a high risk variance, or 

a combination of both. For instance, a dyke-ring area with a high number of houses will have a relatively 

low average premium per homeowner, even if the average flood loss is very high (i.e. dyke-ring area 14). 

Appendix 4A shows the same results as in Table 4.6 in terms of total amounts per dyke ring, instead of 

averages per homeowner. From these results, it follows that the total RA insurance and reinsurance 

premiums are approximately 187% of the RN premiums. The associated average allocation of insurance 

coverage among the insured, the insurer and the reinsurer, is 24, 43, and 33%, respectively.   

4.4 Discussion 

The estimates of flood insurance premiums and the associated coverage amounts presented in the tables 

and graphs shown in the results will be discussed in this section with respect to the following main 

aspects: the trade-off between necessary (re)insurance coverage and premiums; the differences between 

the RA and the RN premiums; the allocation of risk and premiums among stakeholders; and the main 

implications of the results for the insured, the insurer, and the reinsurer. 

4.4.1 The trade-off between the required maximum insurance and reinsurance coverage and the 

corresponding insurance and reinsurance premiums  

In practice, the choice of a deductible and stop-loss level may depend on the financial capacity and risk 

appetite of the insured and the insurer, which will differ between individuals and insurance companies. 

This chapter has derived general efficient and practically feasible deductible and stop-loss levels by 

examining the trade-offs between the premiums to be paid in relation to the required coverage and risk 

retention, as shown by the estimated CP-ratios. As can be observed from Figures 4.3 and 4.4, the 

derivation of a deductible level for the insured is less clear-cut than choosing a stop-loss level for insurers, 

although the results still provide useful guidelines for arriving at an approximation.  
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 The RMIC hardly changes with respect to the corresponding range of deductibles (between 0 and 

20% of losses, see part B in Figure 4.4), because the loss variance remains low and stable in this range. 

By purchasing insurance, a homeowner aims to protect his property against a large amount of damage that 

can exceed his financial capacity, which implies that the homeowner prefers a low deductible level. A 

high deductible leads to a low premium (see Figure 4.4), but at the same time the related deductible 

amount that has to be covered by the policyholder in the event of a flood becomes higher. Increasing the 

deductible implies that the insured has to carry the larger losses located on the right part of the flood 

damage density function, which may exceed the financial capacity of the insured. The 15% deductible 

level is chosen here as one of the efficient trade-off points between risk and premiums. 

  The trade-off that the insurer faces is as follows. If an insurer chooses to transfer a significant 

portion of the insured risk to the reinsurer, then the insurer needs to transfer a large part of the received 

premium to this reinsurer as well. However, if the reinsurance coverage purchased is too low, then the 

insurer is required to hold large financial reserves that should be sufficient to cover large losses, because 

otherwise the insurer may be confronted with potentially large losses that exceed the insurer’s financial 

capacity, which can result in insolvency. Therefore, the insurer needs to strike a balance between the 

reinsurance premiums to be paid and the RMRC. The CP-ratios for the reinsurance part shown in Figure 

4.5 increase rapidly above the 80% loss threshold due to the high RMRC that will be needed to cover 

highly uncertain losses located on the right-tail of the loss distribution, while the corresponding 

reinsurance premium remains relatively low if the stop loss increases. In this application, the 84th 

percentile is chosen as an efficient level for the stop-loss, because insurers profit by retaining premiums 

for the coverage below this level, while losses above this level are highly uncertain and extremely large, 

and are, therefore, attractive to pass on to reinsurers. In particular, the risk variance of losses above this 

threshold increases rapidly as the increase in CP-ratios indicates, which suggests that it is attractive for 

the insurer to purchase reinsurance for these high and uncertain losses. Although a higher stop-loss will 

lead to lower reinsurance premiums, at a certain point these benefits will not outweigh the increase in the 
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high uncertainty of potential extreme damage faced by the insurer that may exceed the insurer’s financial 

capacity. 

4.4.2 Main differences between the risk averse and the risk neutral premiums 

As expected, the estimated RA and RN (re)insurance premiums for both the insured and the insurer are 

very different, due to the (re)insurer’s risk-aversion to losses with a high variance. This difference is more 

evident for large losses, which is a clear indication that the extreme losses are more expensive to insure. 

As the risk-aversion rate for the insurer and reinsurer are assumed to be similar and constant, it can be 

concluded that the extra surcharge for RA (re)insurance premiums is mainly caused by a high variance of 

flood loss covered by reinsurance. This difference is greatest for those dyke-ring areas, like dyke-ring 14, 

with large flood losses and risk variance. The reinsurers usually require a high premium surcharge for 

very large losses, which is not included in this study (Zajdenweber, 1996). Therefore, the very high CP-

ratios shown in the results provide only an indication that the large losses are either difficult to insure or 

only insurable in exchange for high premiums, or in an extreme case may even be uninsurable. But, from 

an economic perspective, insurance for large infrequent losses is an effective way for individuals to hedge 

risks. The results here show that in an application to catastrophe risks, a PP insurance arrangement may 

be a feasible solution for providing such coverage, in a sense that it results in substantially lower 

premiums than when it is provided through a private catastrophe insurance scheme.    

4.4.3 Allocation of risk and premiums among the stakeholders 

Although in practice flood deductibles are often imposed by insurers, here we use an estimate of a 

desirable level based on the practical experience. With the deductible of 15% of damage, the insured will 

have to cover nearly the first 38% of total flood damage, while the remaining 62% of flood damage is 

covered by the insurer and the reinsurer together. The part of the flood risk that is paid by the insured 

seems to be relatively high compared with the coverage amounts to be provided by the insurer and the 

reinsurer. This 38% includes all losses that fall below the 15th loss percentile plus the constant value equal 

to the deductible amount that an insured is required to pay out of his pocket if losses exceed this threshold 
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level (see layer 1 in Figure 4.3 and Equation 8). An advantage of this relatively high deductible level is 

that it reduces the premium to be paid by the insured. Moreover a high deductible level serves the purpose 

of providing incentives to policyholders to take action to prevent damage once a flood is imminent, such 

as moving valuables to higher floors (Botzen and Van den Bergh, 2008). Table 4.4 shows that reinsurance 

covers approximately 42-43% of the total insured amount while this amount for the primary insurance 

layer lies between 57 and 58% of the damage. Comparing these with the corresponding insurance and 

reinsurance premiums (see Table 4.6), it can be concluded that the reinsurer receives a relatively high 

portion of the premiums in order to compensate the reinsurer for covering the extreme part of risk. This is 

in accordance with practice, where the premiums are relatively higher for large losses that are very 

uncertain, compared with relatively small and more certain losses (Ericson and Doyle, 2004).  

4.4.4 Implications for the insured, the insurers, and the reinsurers 

The calculations in this chapter show that insurance for catastrophe risk is a complex product to price, due 

to the extremely low flood frequency that entails large uncertainties. In particular, losses located on the 

far right-tail of the loss density function with a large dispersion are difficult to estimate with some degree 

of certainty. Given these difficulties, it is understandable that commercial insurance and reinsurance 

companies are reluctant to offer insurance products against catastrophe risks at regular prices. This is the 

first in-depth study on the pricing of flood insurance for three different layers in the Netherlands that uses 

of the full probability density of flood damage in all 53 dyke-areas of the country. Therefore, it provides 

several useful practical insights for insurers, reinsurers, and the government that are now considering 

introducing flood insurance in the Netherlands, which is currently not broadly available.  

The premium estimates for the different layers show that risk-based premiums charged by risk-

averse insurers for flood insurance can be considerably above the RN premiums, which may make 

insurance unaffordable for many homeowners. In practice, commercial insurance and reinsurance 

companies are generally risk-averse, which may result in high flood insurance premiums, as they 

normally require a premium surcharge for covering extreme risks, such as floods (Froot, 2001). In 
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practice, premiums may be even higher than those reported in this study due to administrative expenses 

which are not included in our premium estimates. With the involvement of a risk-neutral government as 

the insurer or reinsurer of last resort, flood insurance can be provided at significantly lower premiums, as 

our results of RN premiums indicate (Ericson and Doyle, 2004). In such a system the government covers 

part of the extreme damage, for which it receives, from the insurance sector, compensation that reflects 

the risk of this coverage. As an RN agent the government will not charge the risk-averse surcharge for the 

coverage of extreme damage as a commercial reinsurer would do, which results in a lower premium and 

more affordable coverage of flood insurance (Botzen and Van den Bergh, 2008; Paudel et al., 2012). As 

an illustration, our results show that, on average, a risk-averse insurer charges €85 per year, while an 

insurance system with risk-neutral participants that can be achieved by establishing a public-private 

partnership charges on average €51 per year. Botzen and Van den Bergh (2012) estimate demand curves 

for flood insurance in the Netherlands using a choice experiment of flood insurance demand, which shows 

that a market penetration of about 50% under homeowners could be achieved in a voluntary market for 

the RN premiums estimated in this chapter. Higher (RA) premiums would result in lower market 

penetration. It should be noted that, in practice, the difference between private flood insurance premiums 

and the premiums charged by a public-private partnership may be even larger than the difference between 

our RA and RN premium estimates, because private reinsurers will include a profit margin in setting 

premiums which is not included in our RA estimates. An additional advantage of having the government 

as a reinsurer is, therefore, that the government would view the provision of flood insurance as a public 

good that does not require making a profit. This is an additional reason for why government involvement 

in a public-private insurance or compensation system makes flood insurance more feasible and affordable, 

which results in greater market penetration. It is important that a large number of private insurers 

participate in such a PP flood insurance system in order to prevent monopoly power and promote free 

market competition. A potential disadvantage of a PP flood insurance system is that it creates a financial 

liability for the government. For example, it has been argued that in the USA the National Flood 

Insurance Program (NFIP) in which the federal government carries the flood risk has created a large 
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liability. The NFIP needed to borrow large amounts from the US congress, to cover the severe losses that 

occurred in the wake of Hurricane Katrina (Michel-Kerjan, 2010). This liability is somewhat limited in 

the proposed PP flood insurance system for the Netherlands in which it is assumed that private insurance 

companies carry a middle-sized layer of losses, and the government acts as a reinsurer of only very large 

and infrequent losses (see Figure 4.1).    

 The premium estimates show that flood insurance premiums differ significantly per dyke-ring 

area. If flood insurance premiums were fully differentiated with respect to actual flood risk, then large 

differences in premiums would also arise between homeowners within one dyke-ring area, because of a 

heterogeneous distribution of risk within a dike-ring: for example, due to variations in potential water 

levels. It may be that certain households will decide not to purchase flood insurance if their (risk-based) 

premiums are too high, which raises the questions whether flood insurance should be mandatory, or 

whether a cross-subsidization of policies should be introduced, or whether alternative policies can be 

designed to cope with the affordability issues of flood insurance. It may be advisable to make flood 

insurance compulsory in order spread the costs of insurance over a larger number of policyholders, which 

makes the insurance system more feasible and reduces the need for subsidizing insurance. However, it 

may be questionable whether such a compulsory insurance scheme is fair to homeowners who live in 

areas with a low flood risk, and whether a compulsory flood insurance system may undermine any 

incentives to policyholders for risk reduction and the implementation of measures that mitigate flood 

damage. A certain degree of differentiation of flood insurance premiums with respect to actual flood risk 

is desirable in order to provide adequate incentives for risk reduction: for example, by rewarding 

homeowners who protect their house against flooding with a discount on their flood insurance 

premium (Botzen et al., 2009b). This can be done by setting collective premiums on the basis of the dyke-

ring area and a risk-zone or risk profile, and not by setting flat premiums at a national level. It should be 

noted that such behaviour responses to premiums have not been included in the analysis of this chapter. If 

risk-based flood insurance premiums have undesirable equity consequences, Kunreuther et al. (2009) 

propose that a programme to provide subsidies or insurance vouchers could be designed for low-income 
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people who live in flood-prone areas. This programme would deal with the affordability issue of flood 

insurance and does not distort incentives to mitigate flood risk (Kunreuther and Michel-Kerjan, 2011).     

 

4.5 Conclusions and recommendations 

This study has applied a practical Pareto-efficient allocation model for estimating the required maximum 

insurance and reinsurance coverage (respectively, RMIC and RMRC) within a practical range of 

deductibles and stop-losses, and for providing insights into flood-risk allocations between the 

stakeholders of a multilayer insurance system. Flood-risk insurance in the 53 dyke-ring areas in the 

Netherlands is used as a case study. The RMIC and RMRC amounts are estimated under the 99.9% TVaR 

damage constraint, in such a way that the best trade-offs between the deductible (stop-loss) and the 

(re)insurance premiums can be found. Premiums have been estimated for an insurance system that 

consists of risk-averse (RA) private insurers and reinsurers who require a surcharge on the premium for 

covering events with a highly uncertain risk, such as floods. Moreover, premiums are estimated for a 

public-private partnership in which the risk-neutral (RN) government participates as a reinsurer in order 

to prevent the high flood insurance premiums that can arise in a private insurance system. This study 

could be of practical relevance for commercial insurance and reinsurance companies, the government, and 

policy makers who are aiming to establish catastrophe risk insurance systems, in general, and flood risk 

insurance in the Netherlands, in particular, which is currently not generally available.  

Large differences are observed between the RA and the RN (re)insurance premiums, which 

provide important insights for the affordability and feasibility of an insurance system for catastrophe risk. 

In general, the flood losses located on the right-tail of the loss density function are relatively expensive to 

insure compared with those located on the left or middle part of the loss distribution. This is clearly 

evident from the premium estimates that were derived for the case where the insurance and the 

reinsurance are provided by an agency that is strongly risk-averse to catastrophe risk. The assumption of 

insurer and reinsurer risk-aversion or risk neutrality also has an impact on the choice for the stop-loss and 
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deductible levels. In general, if insurance is offered by a RN agency then there will be no extra surcharge 

on the premium, which will result in choices for a lower deductible and stop-loss because, (re)insurance 

premiums are lower compared with the insurance system with RA insurance agents.  

The participation of governments or other RN agencies, either as a full insurer or a reinsurer, in a 

catastrophe risk insurance system could make a system much cheaper for the consumer and more feasible 

to implement in practice. On the basis of this study, four important lessons can be drawn for how a 

feasible and affordable flood-risk insurance system could be established in the Netherlands. First, a 

public-private insurance system in which the government acts as a reinsurer of last resort could be a good 

solution for providing coverage for extreme risks, which are difficult to insure at affordable premiums, as 

is the case for flood risk in the Netherlands. This could reduce the reinsurance premiums significantly, as 

the estimates made under the RN assumption show. Private insurance companies could participate in such 

a system by providing insurance coverage for regular, less extreme, flood losses. Second, government 

participation in a multilayer insurance system could lead to the choice of lower deductibles and stop-

losses by, respectively, the insured and insurer, because the insurance and reinsurance could be purchased 

for relatively low premiums. Therefore, government participation in a catastrophe risk insurance system 

could help such an insurance to function more like a regular insurance system. In particular, the 

government role could result in a financially-solvent and affordable insurance system with fewer 

exclusions or limitations on coverage. Second, the differences in insurance and reinsurance premiums 

between the dyke-ring areas are significant, which makes flood insurance for those living in relatively 

flood-prone dyke-ring areas expensive. In some cases, this may lead to a low take-up of flood insurance, 

which would impair the spreading of risk and increase the costs of insurance per policyholder and result 

in high premiums. A solution could be to make flood insurance compulsory and introduce some degree of 

cross-subsidization of premiums or implement other policies, such as insurance vouchers to deal with the 

equity and affordability issues of risk-based premiums. Nevertheless, some degree of differentiation of 

insurance premiums with respect to risk is desirable to provide policyholders with incentives for risk 

reduction. Fourth, due to their low-frequency/high-impact characteristics, catastrophe risks generally 
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require a long-term strategy and planning for the adequate management of risk by building strong 

financial capacity and reserves for compensating damage. Such a long-term strategy may not always be in 

the interests of commercial insurance companies, which have a more short-term view, because they have 

the possibility to stop offering insurance or augment policy conditions unilaterally, which can be 

undesirable for policyholders. This is an additional reason for the government to have a role in an 

insurance system for natural disaster risks, since the government is able to take a long-term perspective on 

risk management and consumer interests into consideration. Further research could focus on deriving 

empirical estimates of insurer’s behaviour towards risk, and explore the suitability of different utility 

functions (as suggested by Gerber et al. (1997)), to provide coverage for flood risk in the Netherlands. 

Moreover, future research could examine in more detail the sensitivity of results to model uncertainty, for 

example, by performing stress-test and scenarios analysis for relevant parameter values and loss data for 

inputs. Another important topic for future studies could be to examine how robust the multi-layer 

insurance system proposed in this chapter is to long-term trends that influence flood risk, such as climate 

change.  
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Appendix 4A: Derivation of the deductible and stop-loss levels 

In this optimization problem there are two main conditions in determining the range for the optimal level 

of the deductible, which can be justified as follows:  

I. The deductible is higher than the maximum damage    , which leads to the situation where the 

insured does not pay any insurance premium and receives no coverage; i.e.          ̅     . 

Hence,  

                                                                                                                                       

Equation (A1) implies that the insured does not need to purchase insurance if the damage amount 

is lower than the   TVaR amount.  

II. However, since the insured wants to optimize the deductible level under the condition       

    , the insured should purchase insurance, which leads to     with conditions        

  ̅       , and the insured amount necessary to cover the corresponding damage is  

       ̅   . If the deductible is lower than the TVaR amount, and larger than the random 

damage, then Equation (6) can be modified as follows:  

                                                                                                                             

where        .̅ Equation (A2) implies that when an insured has to purchase insurance the 

following condition must hold: 

                                                                                                                                                

Since      is an decreasing function with increasing D, D can be approximated with     

    .  

Since the insurer’s stop-loss level shifts with D, the optimality problem for insurers can be proved 

in the same way as for the insured, which gives us:           , with         .̅ From 

this, it follows that        .̅ 
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Appendix 4B: Total premium and coverage estimates per dyke-ring area 

Table 4B1 depicts the allocation of total premiums – under the RA and RN assumptions – and the 

corresponding total annual expected value of maximum coverage based on the 99% TVaR level, 

including both insurance and reinsurance coverage. The calculations are based on the 15% deductible 

level for the insured and the 84% stop-loss for the insurer. The table shows the total annual amounts per 

dyke-ring area in thousand euros, which are shown in ascending order of the premium amount. Column 2 

depicts the mean deductible amounts estimated at the 15% damage level; columns 3 and 4, respectively, 

show the RA insurance and reinsurance premiums; and columns 5 and 6, respectively, represent the 

premiums for the RN insurer and reinsurer. Column 7 shows the corresponding total annual expected 

value of required maximum coverage amount – to be provided collectively by the insurer and the 

reinsurer. The last row presents the average over the 53 dyke-ring areas for each column.   

 

Table 4B1 The expected value of the deductible (E[D]), the total annual expected value of required 

maximum insurance coverage (RMIC), and the corresponding risk averse (RA) and risk neutral (RN) 

premiums charged by the insurer and reinsurer, shown per dyke-ring area (in 1,000 euros per year) 

Dyke ring E[D] RA premium RN premium RMIC 

Nr. Home-

owner 

Insurer Reinsurer Insurer Reinsurer At 99% TVaR 

37 1 1 1 1 1 5 

33 1 2 2 1 1 8 

4 2 4 3 2 2 15 

39 8 14 11 7 6 50 

23 10 18 13 9 7 62 

1 10 19 14 10 7 66 

18 16 30 22 16 12 104 

3 22 42 31 22 16 146 

40 26 48 36 25 19 166 

46 26 48 36 25 19 167 

2 34 63 47 33 24 219 

6 43 81 61 42 31 281 

19 45 84 63 43 33 291 

28 80 149 112 77 58 518 

49 118 221 166 115 86 771 

51 126 235 176 122 92 819 

5 129 241 181 125 94 838 

47 133 248 186 129 97 863 

42 147 274 206 142 107 954 

7 151 283 212 147 110 985 

12 174 324 243 168 126 1129 

32 180 337 253 175 131 1173 
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11 191 358 268 186 139 1245 

10 240 449 337 233 175 1563 

27 260 486 365 253 189 1692 

21 282 527 395 274 205 1835 

35 392 732 549 380 285 2547 

25 421 786 590 408 306 2735 

31 480 897 673 466 349 3121 

26 500 934 701 485 364 3251 

8 504 941 706 489 367 3275 

24 575 1075 807 559 419 3743 

34 628 1173 880 609 457 4081 

13 633 1183 888 614 461 4118 

50 673 1257 943 653 490 4375 

17 726 1357 1018 705 529 4723 

9 764 1428 1072 742 557 4971 

38 807 1508 1131 783 588 5248 

52 881 1647 1236 855 642 5732 

45 926 1731 1299 899 675 6025 

44 977 1825 1369 948 711 6352 

30 1059 1979 1484 1028 771 6886 

36 1091 2040 1530 1059 795 7099 

48 1116 2086 1565 1083 813 7260 

15 1225 2290 1718 1189 892 7969 

22 1440 2691 2019 1398 1049 9366 

29 1600 2990 2243 1553 1165 10407 

41 2508 4687 3516 2434 1826 16310 

20 3232 6041 4532 3137 2354 21023 

14 3273 6117 4589 3177 2383 21287 

53 5000 9345 7011 4853 3641 32523 

43 7297 13636 10230 7082 5313 47456 

16 8504 15892 11922 8254 6192 55308 

Average 937 1752 1314 910 683 6097 
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Chapter 5: Influence of climate change and socioeconomic development on catastrophe insurance: 

a case study of flood risk scenarios in the Netherlands 

 

5.1 Introduction 

Currently, approximately 1.2 billion people in the world are living within 100 km of the coast and less 

than 100 meters above sea level, which are land areas that are highly vulnerable to floods (IPCC, 2007a; 

Small and Nicholls, 2003). Socioeconomic developments, climate change and related sea-level rise, are 

projected to have a large impact on the frequency and severity of floods over time, and, hence, on the 

financial damage and human suffering that flooding causes (Botzen et al., 2010b; Klijn et al., 2007; 

Koomen et al., 2008; Ranger and Surminski, 2012). These changes in risks are expected to have a 

significant impact on public spending via the compensation for disaster damage. Moreover, increased 

climate risks may affect the availability of Property and Casualty (P&C) insurance, as a result of the 

increasing premiums and minimum capital reserves that are required to cover (heightened) risks, for 

example, as has been stipulated by the Solvency II regulation (Dailey et al., 2009; Kunreuther and 

Michel-Kerjan, 2007).  

A steady increase in climate-related damage in the past and the projected increase of flood risks 

have shifted the attention of governments, policy makers and financial institutions from the prevention of 

disasters to integrated risk management approaches for catastrophic events, which include adequate loss 

compensation arrangements (Hall, 2003; Merz et al., 2010). Accurate assessments of future flood risks 

can be helpful to governments and insurers when designing risk mitigation strategies, pricing insurance 

premiums, and establishing insurance coverage amounts (Aerts and Botzen, 2011a; Paudel et al., 2013). 

For example, projections of potential increases in flood risks have initiated discussions about the redesign 

of flood insurance arrangements in the UK (Adger et al., 2012; Lindley et al., 2011) and the 

USA (Ntelekos et al., 2010). In the Netherlands, the main focus of the current flood risk management 

policy is to lower the probability of the flood hazard through prevention, and a comprehensive flood 
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insurance system is not available (Aerts and Botzen, 2011a; Vis et al., 2006). Only a public compensation 

arrangement (called the “WTS”) exists, which provides partial compensation for flood damage in an ad-

hoc manner through the Dutch government. However, it has been suggested that flood insurance could be 

more efficient in compensating flood victims for projected flood damage in the future (Jongejan and 

Barrieu, 2008). This has initiated discussions between the Dutch government and private insurance 

companies about introducing flood insurance in a public-private (PP) partnership, in which both insurers 

and the government cover part of the flood damage (Chapter 1). As Chapter 2 discussed, such a PP flood 

insurance system may provide a better solution to cope with future risk than pure private insurance. 

A number of studies have applied a scenario approach to provide insights into the impact of 

climate, land use, and demographic changes on future flood damage and the corresponding flood 

probabilities in the Netherlands (Bouwer et al., 2010; Bouwer et al., 2009; Kok et al., 2005; Vrijling, 

2001; Wilby and Harris, 2006). Klijn et al. (2007) and Aerts et al. (2008) use several scenarios in order to 

assess the future impact of socioeconomic development and climate change on flood risk for the 53 dyke-

ring areas in the Netherlands. Aerts and Botzen (2011a) use estimates of future flood risk from the latter 

project (Aerts et al., 2008) – which is called AVV (Aandacht voor Veiligheid) –for assessing long-term 

(LT) flood insurance premiums under different future scenarios of socioeconomic development and 

climate change. One of the main shortcomings of these studies is that the premium estimates are based on 

scenarios that are described by a single flood probability, and, therefore, do not capture the full 

probability distribution of flood damage (see Chapter 3). In order to estimate future flood damage, and the 

corresponding flood insurance premium, it is important to use a broad range of plausible future scenarios 

of climate change and socioeconomic development for calculating their effects on the full probability 

distribution of flood damage, as will be done here  (Aerts and Botzen, 2011a; Buchele et al., 2006; Dailey 

et al., 2009).  

The main purpose of this chapter is to study the long-term effects of climate change and 

socioeconomic development on flood risks in the Netherlands, particularly from an insurance perspective. 
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Contrary to the existing studies, the methodology followed in this chapter takes the full probability 

distribution of flood damage into account for estimating flood (re)insurance premiums in the Netherlands, 

as described in Chapters 3 and 4. Chapters 3 and 4 apply these methods for current flood risks, while this 

study extends this previous research to scenarios of future risk under climate and socioeconomic change. 

Moreover, this chapter provides a comprehensive study of the effects of future flood risk scenarios on the 

allocation of (re)insurance premiums and damage coverage between the main stakeholders in a PP 

insurance system: namely, the insurer, and the reinsurer or the government. Insights into the potential 

developments of future flood insurance premiums and the allocation of risk in a PP flood insurance 

system are important for establishing a flood insurance arrangement that is financially viable, and can 

cope with future changes in risks.  

The remainder of this chapter is structured as follows. Section 5.2 describes the data and the 

statistical methods used to estimate the parameters of the flood damage distributions, and the two 

methods used to calculate flood insurance premiums. Section 5.3 presents the results of the flood risk 

estimates and flood insurance premiums for different scenarios of future risk, and compares these results 

with existing studies. Section 5.4 makes some policy recommendations, and Section 5.5 concludes. 

 

5.2 Methodology 

5.2.1 Study area 

The low-lying areas of the Netherlands are divided in 53 dyke-ring areas that each have their own 

protection system and safety standard (see Figure 1.2 in Chapter 1). This study will discuss the results of 

dyke-ring areas 7, 14, and 36 in more detail because these areas are assumed to be roughly representative 

for the remaining dyke-ring areas. The flood probabilities and the potential damage of each of these 53 

dyke-rings are based on a safety standard and on the economic value located within these areas. For 

instance, a dyke-ring with a safety standard of 1/1,250 (a flood ‘return period’ of once in 1,250 years) has 

been constructed in such a way that it may withstand a peak water level with a probability of 
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1/1,250 (Aerts et al., 2008). This study makes projections of the probability distributions of flood damage 

for the year 2040, and estimates their impact on the associated (re)insurance premium for all 53 dyke-ring 

areas.    

5.2.2 Methodology  

The conceptual view in Figure 5.1 provides an overview of the main methodological steps followed in 

this chapter. The estimation method consists of the following three main parts: the estimation of 

probability distributions of flood damage in the current situation using the method described in Chapter 3 

(see Part I, ‘Flood damage estimation for the year 2015’ of this (present) chapter); the use of future 

information on socioeconomic development and climate change from Aerts et al. (2008) and Aerts and 

Botzen (2011a) in order to make projections of flood risks (see Part II, ‘Climate change impacts on flood 

probabilities’ to ‘Future projections of stochastic flood damage’ of this present chapter); and the 

application of the method in Chapter 4 to estimate flood insurance premiums (see Part III, ‘The estimation 

of flood insurance premiums’ of this (present) chapter).   

  

Figure 5.1 Overview of the methodology 
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Flood damage estimation for the year 2015 

This chapter uses the stochastic estimates of flood damage from Chapter 3 as a starting point to create 

probabilistic projections of flood damage by the year 2040. Chapter 3 uses Bayesian Inference (BI) and 

the Monte Carlo technique to estimate the probability distribution of flood damage for each of the 53 

dyke-ring areas by simulating flood events for 250,000 return periods in which flooding occurs. The input 

data used in Chapter 3 are the flood damage estimates from the research programmes Veiligheid 

Nederland in Kaart (VNK) and AVV. Figure 5.2 depicts an example of such a distribution for dyke-ring 

area 7 (Noordoostpolder). The current probability distributions of flood damage are multiplied by the 

scaling factor (   to estimate the future distributions for the year 2040. The scaling factors (   per dyke-

ring area are derived from Aerts et al. (2008) and Aerts and Botzen (2011a) (see ‘Climate change impacts 

on flood probabilities’ to ‘Future projections of stochastic flood damage’ of this present chapter). 

 

Figure 5.2 Simulated flood-damage density function for dyke-ring Noordoostpolder (7) under the current 

situation  

Note: The probability is the probability of a flood damage amount conditional on a flood happening. 

Source: Chapter 3 
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Climate change impacts on flood probabilities  

Future flood probabilities are assumed to change due to sea level rise (SLR) and river water discharges 

from the rivers Rhine and Meuse, as shown in Table 5.1 (Aerts et al., 2008). For instance, the maximum 

discharges in the current situation for, respectively, the rivers Rhine and Meuse are 4,150 and 16,000 

cubic meters per second (m3/s). A climate change scenario with SLR of 24 cm is associated with a 

maximum water discharge in the rivers Rhine and Meuse of, respectively, 4,600 and 18,000 m3/s (Aerts et 

al., 2006). The projection of the 24 cm SLR relates to low sea-level rise sensitivity, which corresponds to 

an increase of global temperature by 1°C in 2050. The 60 cm SLR indicates a high sea-level rise 

sensitivity, and corresponds to an increase of global mean temperature of 2°C by 2100  (van den Hurk et 

al., 2006). 

Table 5.1 Climate change scenarios with different rises in sea levels, and maximum river discharges 

(Source: Aerts et al., 2008; van den Hurk et al., 2006) 

 

Name of the scenario Rise in sea-level 

(cm) 

Maximum Rhine River discharge 

(m3/s) 

Maximum Meuse River discharge 

(m3/s) 

Current 0 4,150 16,000 

CC24 24 4,600 18,000 

CC60 60 4,600 18,000 

 

Table 5.2 shows flood exceedance probabilities under different climate change scenarios, as have been 

derived by Aerts and Botzen (2011a). The second column in Table 5.1 shows the flood return periods for 

the current situation, which is assumed to comply with the flood defence standards for the year 2015. The 

fourth and fifth columns show an estimation of flood return periods for the year 2040 under two different 

climate change scenarios, namely: CC24 and CC60. For example, for dyke-ring area 1 (which is called 

‘Schiermonnikoog’), the current flood return period is once in 2000 years. A SLR of 24 cm in 2040 leads 

to a lower return period: namely, once in 622 years. High exceedance probabilities (low return periods) 
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indicate more frequent flood events (see Appendix 5A), which results in higher average annual flood 

damage (see Appendix 5B) and insurance premiums in the future.  

Table 5.2 Current and projected flood return periods for the 53 dyke-ring areas (Source: Aerts and 

Botzen, 2011a) 

Dyke-ring 

number 

Dyke-ring name Current 

climate 

Climate 

scenario 

CC24 

Climate 

scenario 

CC60 

1 Schiermonnikoog 2000 662 126 

2 Ameland 2000 662 126 

3 Terschelling 2000 855 239 

4 Vlieland 2000 662 126 

5 Texel 4000 1325 252 

6 Friesland en Groningen 4000 1325 252 

7 Noordoostpolder 4000 4000 1064 

8 Flevoland 4000 4000 1064 

9 Vollenhove 1250 1250 333 

10 Mastenbroek 2000 747 146 

11 IJsseldelta 2000 783 149 

12 Wieringen 4000 1325 252 

13 Noord-Holland 10000 4273 1194 

14 Zuid-Holland 10000 5012 1778 

15 Lopiker- en Krimpenerwaard 2000 632 111 

16 Alblasserwaard en Vijfheerenlanden 2000 957 299 

17 IJsselmonde 4000 2524 625 

18 Pernis 10000 6918 3196 

19 Rozenburg 10000 6918 3196 

20 Voorne-Putten 4000 1816 556 

21 Hoeksche Waard 2000 928 158 

22 Eiland van Dordrecht 2000 1002 201 

23 Biesbosch 2000 1002 201 

24 Land van Altena 2000 632 95 

25 Goeree-Overflakkee 4000 1816 556 

26 Schouwen Duivenland 4000 1709 478 

27 Tholen en St. Philipsland 4000 1709 478 

28 Noord Beveland 4000 1709 478 

29 Walcheren 4000 1709 478 

30 Zuid Beveland west 4000 1709 478 

31 Zuid Beveland oost 4000 1709 478 

32 Zeeuwsch Vlaanderen 4000 1709 478 

33 Kreekrakpolder 4000 4000 1233 

34 West-Brabant 2000 1002 204 

35 Donge 2000 632 92 

36 Land van Heusden/de Maaskant 1250 466 82 

37 Nederhemert 1250 498 79 

38 Bommelerwaard 1250 498 87 

39 Alem 1250 466 87 

40 Heerewaarden 500 186 35 

41 Land van Maas en Waal 1250 466 90 

42 Ooij en Millingen 1250 609 224 

43 Betuwe, Tieler- en 

Culemborgerwaarden 

1250 609 224 

44 Kromme Rijn 1250 789 387 

45 Gelderse Vallei 1250 676 269 

46 Eempolder 1250 1250 333 

47 Arnhemse- en Velpsebroek 1250 676 269 
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48 Rijn en IJssel 1250 527 167 

49 IJsselland 1250 636 230 

50 Zutphen 1250 624 219 

51 Gorssel 1250 625 219 

52 Oost Veluwe 1250 627 223 

53 Salland 1250 626 222 

 

Socioeconomic change and flood damage estimation 

The flood damage projections for the years 2040 and 2100, corresponding to the exceedance probabilities, 

as shown in Table 5.2, and socioeconomic development, are derived from Aerts et al. (2008) and Aerts 

and Botzen (2011a) (see Appendix 5C). The socioeconomic scenarios represent the spatial land-use 

changes and socioeconomic growth for the year 2040 in the Netherlands, and are labelled as Regional 

Communities (RC) and Global Economy (GE)  (Mooij and Tang, 2003). GE is a scenario with a strong 

population and economic growth and increase in buildings, accompanied by strong international 

economic integration. In contrast, RC is a stable socioeconomic scenario, with slow economic and 

population growth.  

In order to analyse sensitivity of climate change to future flood damage and the corresponding 

flood insurance premiums, two additional projections are developed for flood damage for the year 2040 

that correspond to a 60 cm SLR and both the GE and RC scenarios (Janssen et al., 2006). These 

projections aim to capture the impact on future flood damage of the two most extreme ends of the range 

of socioeconomic development projections in combination with different sea levels that influence 

potential flood water levels and flood damage. To derive these additional projections, an exponential 

regression is applied to the existing data from Aerts et al. (2008) (Equation 1). The corresponding 

equation for each dyke-ring area,        , can be given as:  

              
                                                                                                                                                          

where,       (the dependent variable) represents the projections of average future flood damage from 

Aerts et al. (2008) with respect to the sea level rise variable   (the independent variable), and the 

unknown coefficients of the slope    and the intercept   . Appendix 5D provides the estimated slopes 
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and intercepts, which are used to create projections of future flood damage with 60 cm SLR, and the 

corresponding flood damage estimate per dyke-ring area.  

Future projections of stochastic flood damage 

This study uses the probabilistic estimates of average flood damage from Chapter 3 for the current 

situation (see Part I, Figure 5.1 of the present chapter), which are approximately 49 per cent lower 

compared with the AVV average damage. This difference is mainly caused by the use of the full 

probability density of flood damage as shown in Chapter 3, which also includes damage from events other 

than only extreme dyke overtopping which was used for deriving AVV damage estimates. The 

projections of flood damage to 2040 based on the full probability density are derived by multiplying the 

current flood damage distribution by a scaling factor δ (see Equation 3 below). 

In particular, to project flood damage under four scenarios for the year 2040, the simulated flood 

damage for 2015 from Chapter 3 is scaled with the factor δ. This factor is estimated as the ratio between 

the projections of flood damage for 2040 for two different heights of sea level rise (24 and 85 cm) and the 

damage estimates for 2015 from Aerts et al. (2008) (see Section ‘Climate change impacts on flood 

probabilities’ and Appendix 5E). Let the      
 
           

 
 be the stochastic flood damage vector 

obtained from the 250,000 flood damage simulations from Chapter 3 for dyke-ring area  , with   

      . The projections of future stochastic damage ( ̂ 
 
) for scenario  , with           are approximated 

by equation 2. The four scenarios are: RC40SLR24, GE40SLR24, RC40SLR60, GE40SLR60, where 

RC40 and GE40 are, respectively, the Regional Community and Global Economy land use scenarios for 

the year 2040, and SLR stands for Sea Level Rise. 
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where,      
 

 is the stochastic flood damage vector for the year 2015, which is obtained using Monte 

Carlo simulations, following the methodology described in Chapter 3;   
 
 is the scaling factor for dyke-
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ring area   (see ‘Climate change impacts on flood probabilities’ above) and scenario  , with          . 

The scaling factor   is estimated as: 

  
 
 ( [  

 
])        

 
                                                                                                                                 

where, ( [  
 
]) represents the average flood damage for the dyke-ring area j and scenario i, and        

 
  

stands for the average flood damage amount for the current situation.  

The estimation of flood insurance premiums   

The updated damage projections from Section 2.2.4 are now used to derive expected flood damage under 

each scenario, and to estimate the (re)insurance premiums according to the methodology that is described 

in detail in Chapter 4. Here, a brief summary of this method is provided. Figure 5.3 depicts a cumulative 

distribution function, F(x) of flood damage x, for an insurance system with two (insured and insurer only) 

or three-layers, in which the insured, the insurer, and the reinsurer or government participate. It is 

assumed that the potential maximum damage cannot exceed the amount T. The insured and the insurer 

can choose individual retention levels equal to, respectively, D (deductible) and M (stop-loss). 

The deductible is an amount of out-of-pocket expenses that must be paid by a policyholder (insured) 

before an insurer will pay any expenses; and the stop-loss, in this chapter, indicates a specific amount of 

loss, which needs to be paid by the primary insurer before the reinsurer will pay any expenses. Unless 

stated otherwise, the results in this chapter are based on deductible and stop-loss amounts of 15 and 84 

per cent, respectively. Moreover, premiums are estimated for two types of insurance systems: namely, 

two-layer and three-layer systems. In a two-layer insurance system no reinsurer is involved, and the 

insured amount is equal to 99.9 per cent of the TVaR amount (v), which is also called the required 

maximum insurance coverage (RMIC). TVaR is defined as the expected damage in the worst   per cent 

of the cases (see Chapter 4). In a three-layer system, the insurer pays a reinsurance premium in exchange 

for a reinsurance amount equal to 99.9 per cent of the TVaR amount, which is also indicated by the 

required maximum reinsurance coverage (RMRC). In such an insurance system we are interested in an 
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optimal insurance portfolio that strikes a balance between the (re)insurance premiums and the 

corresponding coverage amounts for the insured (insurer). For example, the objective of the stakeholders 

in the first two layers is to minimize the coverage amount, which leads to a lower premium, while limiting 

the own risk (deductible and stop-loss, respectively, for the insured and the insurer) with a predefined 

level of certainty. These portfolios are derived in Chapter 4 by minimizing the coverage functions and 

related costs for the policyholder and insurer, which are both required to meet the corresponding 99.9 per 

cent of the TVaR (v) damage constraint. This implies that a small part of flood damage located in the 

right-tail of the distribution will not be insured. Theoretically, flood losses with a devastating effect are 

also conceivable, in which the total damage can even exceed the total amount of insurers’ resources. In 

such cases, it would be unrealistic to assume that all losses are insurable. Therefore, it is assumed that the 

damage outliers above 99.9 per cent of the TVaR threshold are not insured, as these are generally too 

expensive, and may require a very high premium. However, since the TVaR is calculated as an average 

amount of flood losses lying above the 99.9 per cent threshold, it partially captures some of the extreme 

damage in the risk estimation (Chapter 3).     

 

  
Figure 5.3 A conceptual model of a cumulative loss function with three layers of own-risk for the insured, 

the insurer, and the reinsurer 

 

Practical experience shows that the flood insurance premium to be paid can vary significantly based on 

whether the (re)insurance is provided by either a risk-averse (RA) or a risk-neutral (RN) agency (Bernard 
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and Tian, 2009), which has been confirmed by Chapter 3. In general, commercial insurance companies 

demand an extra surcharge on the premium as compensation for covering highly uncertain large potential 

losses. A government has different interests and responsibilities, and may act as a last resort for 

catastrophe risk. In this respect, it is common to assume that the government is an RN agency. 

Involvement of an RN agency would lead to lower premiums, making an insurance system more feasible 

from an insurance perspective and affordable for property owners. This chapter estimates flood insurance 

premiums for two categories of insurer risk attitudes: (1) both private insurers and reinsurers are risk-

averse (RA); and (2) a risk-neutral government acts as a reinsurer and the private insurer is also risk 

neutral (RN). The mathematical functions and derivations of (re)insurance premiums, deductible (D) and 

stop-loss amounts (M) are discussed in Chapter 4. Average flood insurance premiums per homeowner are 

calculated by dividing flood risk for households by the number of houses in a dyke-ring area. The future 

building stock differs between the RC and GE scenarios (see Appendix 5F). 

 

5.3 Results and discussion 

5.3.1 Flood damage results 

The detailed results are provided here for the following three representative dyke-ring areas: the 

Noordoostpolder (7), Zuid-Holland (14), and Land van Heusden/de Maaskant (36). These 3 dyke-ring 

areas share similar geographical features and a common flood probability with three main classes of 

dyke-ring areas in the Netherlands: namely, intertidal areas, coastal areas, and areas vulnerable to river 

flooding. Dyke-ring Noordoostpolder can be representative for the majority of dyke-ring areas which 

have a flood probability of about 1/4,000 per year. Dyke-ring Zuid-Holland (along with Noord-Holland) 

is one of the dyke-rings with the lowest flood probability in the Netherlands of about 1/10,000 per year. 

This dyke-ring is located along the densely populated coastline, and has a high concentration of property 

values. Dyke-ring 36, Land van Heusden/De Maaskant, shares similar features with the majority of the 

river dyke-ring areas, which have a higher flood probability of about 1/1,250 per year (Bouwer et al., 

2010). 
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Figure 5.4 shows the probability density functions of flood damage for the three dyke-ring areas. 

They provide an indication of potential flood damage under a specific climate-change and socioeconomic 

scenario, as well as for the current situation. The probabilities of observing a specific damage amount 

conditional on a flood happening are shown on the vertical axis, while the corresponding damage (in 

billion €) is displayed on the horizontal axis. It should be realized that these density functions do not yet 

incorporate the potential effects of climate change on the probability of flooding, which are accounted for 

in the estimation of flood insurance premiums in Section 5.3.2 below. The density functions indicate that 

most of the damage for each dyke-ring area is concentrated on the left side of the curve, although the 

extent of this concentration clearly differs between individual dyke-ring areas and the future scenarios. As 

an illustration, the statistical mean for all the three flood density functions in the current situation is 

located around the 67.9 data percentile, while this mean clearly shifts to the right under the four future 

scenarios. As expected, this suggests that large losses will occur more frequently as a result of climate 

change. The annual minimum flood damage under each scenario will also increase. The future projections 

of expected flood damage corresponding to the GE40SLR60 and the RC40SLR60 scenarios are, 

respectively, the highest and the second highest for all of the three dyke-ring areas. High economic 

growth and a high sea level rise are the main reasons for this substantial increase in flood risk estimates. 

The difference between the scenarios RC40SLR60 and GE40SLR60 for the dyke-ring areas 7 and 36 is 

larger compared with the dyke-ring 14. Difference in geographical size, the current economic value in the 

area, and potential economic growth in the future between the dyke-ring areas are the main causes for this 

difference. For example, compared with dyke-ring 14, the dyke-rings 7 and 36 are smaller and have a 

lower concentration of population and economic value in the current situation, and as a result have a 

higher future growth potential.     

 

Figure 5.4 Flood-damage density functions for the current situation and for the year 2040 under the GE 

and RC socioeconomic growth scenarios and sea level rise of 24 or 60 cm (dyke-ring areas 7, 14 and 36)    
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Note: The probability is the probability of a flood damage amount conditional on a flood happening. 

 

Table 5.3 shows flood damage estimates for each dyke-ring area in the current situation and the year 2040 

per flood return period. The results are presented in ascending order according to the current damage 

estimates. The average flood damage estimates under the RC scenario are slightly lower compared with 

their GE counterpart scenarios, which is mainly due to the differences in economic growth rates. For 

example, the expected flood damage corresponding to the scenarios GE40SLR60 and RC40SLR60 for 

dyke-ring 7 are, respectively, about €8,013 and €4,740 million. However, these results vary per dyke-ring 

area because of the differences in future projections in terms of economic growth and spatial location, 
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such as the height of the land where the growth occurs. The last row at the bottom of Table 5.3 displays 

the collective34 average damage amounts for all 53 dyke-ring areas, without making any distinction 

between individual dyke-rings. The expected flood damage for the last 18 dyke-ring areas are higher than 

the collective average amounts shown in the last row.  

Table 5.3 Current and projected flood damage estimates corresponding to the four combined climate and 

socioeconomic scenarios per dyke-ring area (mln € per flood return period) 

Dyke Nr. Current RC40SLR24 RC40SLR60 GE40SLR24 GE40SLR60 

37 2 4 5 4 9 

33 10 26 40 29 65 

4 13 26 67 64 121 

39 19 61 62 30 52 

40 26 60 64 41 75 

23 39 59 113 108 207 

1 58 106 193 108 229 

46 65 145 788 262 792 

3 129 229 449 231 499 

51 194 350 623 586 959 

2 195 318 642 351 729 

28 259 547 874 596 1307 

49 259 486 581 445 818 

18 323 616 940 693 1422 

6 389 887 2182 1059 2991 

47 454 473 1091 792 1365 

32 584 988 1610 1181 2694 

42 649 1165 1386 1155 2242 

11 778 1150 2838 1853 4101 

27 843 1555 2441 1713 3809 

19 907 1680 2734 1582 3323 

10 971 1833 2815 2089 4467 

50 1167 1690 2522 1887 3363 

25 1359 4517 6459 9409 19647 

7 1360 2977 4740 3277 8013 

52 1362 2412 3117 3016 5833 

5 1488 2629 4649 2477 5830 

31 1552 3119 4853 6106 16190 

24 1557 3277 4290 3475 11747 

26 1620 3497 5217 3749 8699 

9 1720 3973 11164 5608 18969 

38 1809 3197 3958 4385 8470 

12 2005 4535 5828 8650 20503 

21 2071 5364 7815 5719 13591 

35 2266 4352 6746 5330 15841 

13 2332 4232 6705 6142 12878 

36 2460 3687 5952 5333 14648 

48 3179 4880 7297 7800 14999 

15 3300 6169 10543 6992 13945 

41 3372 5328 8173 8537 15925 

30 3437 6563 12761 11319 24939 

45 3497 5140 7502 6904 12145 

                                                            
34 “Collective” refers to the average estimate for the 53 dyke-ring areas altogether, and does not make a distinction between 

individual dyke-rings.  
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53 3502 5688 9160 6242 13709 

44 3570 6324 12037 10604 22188 

34 3637 17557 22289 20271 42301 

8 4533 8650 19069 11676 27259 

29 5179 6782 14262 9879 21264 

20 5827 10287 15621 14334 30111 

22 5837 8823 16904 16202 30915 

17 6537 9554 15549 13855 27012 

43 8956 15303 20571 23994 45781 

14 12060 22394 53214 33057 78699 

16 13802 26271 38332 29844 61339 

Average 2331 4376 7355 6058 13189 

 

5.3.2 Insurance premiums 

Table 5.4 provides an overview of the total annual RA and RN flood insurance premiums per scenario, to 

be paid by individual homeowners within a specific dyke-ring area, which does not include the 

reinsurance layer. The future premiums reflect the combined effects of socioeconomic and climate change 

on flood damage as well as the effect of climate change on the flood probability. Columns 2 and 3 show 

estimates of annual RA and RN insurance premiums for the current situation, while the remaining last 

eight columns provide an indication of the projected future increase in RA and RN premiums with respect 

to the current amounts. This difference arises mainly because the RA premiums include a surcharge that 

reflects the rate of insurers’ risk-aversion against catastrophe risk that is dependent on the risk variance of 

flood losses (see Chapter 4). Dyke-ring 6 with an RA premium of €0.3 is the cheapest area to purchase 

flood insurance for a homeowner, while dyke-ring 16 with an RA premium of €338 is the most expensive 

area. The flood damage relative to the number of houses within the related dyke-ring area is the main 

explanation for this large difference. Because the average premium estimates are per dyke-ring area, a 

relatively large number of houses in a certain dyke-ring area compared with the potential flood damage 

results in a lower collective premium for homeowners. The current RA insurance premiums are 

approximately 161 per cent of the current RN premiums, while in general this difference becomes larger 

under the four future scenarios. This has been caused by the increasing premium surcharge for insurer’s 

risk aversion to catastrophe risk for large losses, which depends on the loss variance that monotonically 

increases with large losses. Compared with the current RA premiums, RA insurance premiums that 
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correspond to a 60 cm sea level rise are much larger than those corresponding to a 24 cm sea level rise. 

For example, the approximated RA premiums for dyke-ring 14 under the RC40SLR60 and GE40SLR60 

scenarios are, respectively, 28 and 32 times larger than the current RA amounts. However, the premiums 

associated with the scenarios RC40SLR24 and GE40SLR24 are much lower: namely, 5 and 6 times the 

current RA amounts, respectively. This indicates that a high sea level rise will lead to an exponential 

increase in insurance premiums making flood risk hardly insurable. Contrast to the RA insurance 

premiums, the RN estimates for the scenarios RC40SLR24, RC40SLR60, GE40SLR24 and GE40SLR60 

are, respectively, 4, 13, 5 and 13 times the current RN premiums. The last row in Table 5.4 depicts the 

collective amounts of the average premiums for all 53 dyke-ring areas per home-owner. These are lower 

than the premiums for the last 34 dyke-ring areas, which is caused by the relatively large number of 

houses in dyke-ring areas with high economic value.    

 

Table 5.4 Overview of annual risk-averse (RA) and risk-neutral (RN) flood insurance premiums 

corresponding to the current and the four combined climate and socioeconomic change scenarios (in €) 

 

Dyke Current RC40SLR24 RC40SLR60 GE40SLR24 GE40SLR60 

Nr. RA RN RA RN RA RN RA RN RA RN 

6 0.3 0.2 2.6 1.2 11 2.3 2.5 1.5 14 2.2 

13 5 3 22 13 124 48 32 19 180 36 

14 6 4 25 15 166 42 36 21 191 32 

44 11 7 31 20 121 40 52 28 164 29 

47 12 7 23 25 133 61 38 35 135 50 

32 12 7 49 32 286 115 59 46 403 97 

34 13 8 84 19 305 55 108 31 538 51 

17 14 9 34 26 224 105 49 37 305 82 

8 17 10 33 19 226 60 44 27 305 56 

36 22 13 88 66 812 373 128 94 1965 367 

7 22 13 50 25 238 76 55 36 422 80 

18 25 15 71 42 237 90 80 60 283 71 

19 26 15 70 42 248 91 66 61 253 77 

46 26 16 59 29 1208 111 107 42 1118 102 

21 29 17 164 70 1399 412 174 101 1915 324 

45 29 18 81 61 298 155 109 89 384 123 

11 34 20 130 97 1682 512 209 140 1922 405 

35 34 21 244 141 782 292 278 189 1132 180 

4 34 21 263 146 1379 296 270 147 1589 190 

49 49 30 186 110 616 305 171 159 709 249 

15 51 30 306 182 2975 1034 346 261 3104 816 

48 61 37 227 164 1069 517 362 236 1672 394 

1 67 40 377 229 2904 969 384 329 3543 996 

52 69 41 247 155 898 436 309 223 1307 339 

12 69 41 447 219 2825 1080 539 220 3903 424 
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10 71 42 364 215 2862 1097 415 309 3640 879 

9 75 45 176 85 1853 317 248 122 4012 404 

41 75 45 325 228 2576 1181 520 328 3798 894 

25 76 46 570 190 2658 621 1185 274 5088 391 

28 78 47 393 207 2241 738 427 297 2663 587 

5 79 48 431 271 3251 1156 406 390 4598 1304 

2 82 49 411 280 3689 1246 453 403 4121 1225 

42 85 51 321 199 1039 541 319 287 1375 442 

51 91 55 334 206 1699 588 560 297 1982 445 

3 91 55 388 243 2230 712 392 350 2556 735 

27 94 56 414 249 2323 891 456 359 3003 739 

22 100 60 307 226 2933 1125 563 325 3983 836 

24 103 62 687 362 3970 1601 876 628 5310 782 

29 107 64 334 283 2511 1013 486 408 3107 841 

26 112 67 576 296 3069 1059 617 427 4180 865 

30 117 70 536 312 3721 1113 923 448 5283 809 

50 120 72 356 273 1512 778 398 393 1667 643 

39 148 89 1301 451 7049 2416 644 650 4913 2004 

33 151 91 407 171 1982 554 449 246 2419 416 

38 157 95 712 448 5045 2562 977 645 8239 1955 

20 168 101 670 422 3317 1375 931 605 4917 1057 

40 182 110 1151 556 6578 2954 795 800 6399 2456 

53 190 114 627 429 2848 1210 688 618 3646 1035 

43 198 119 709 461 2592 1254 1111 663 4311 937 

37 209 126 1064 595 8822 3749 1106 856 12032 3034 

31 221 133 1063 588 5915 2102 2082 847 15264 1626 

23 272 164 839 617 8009 3073 1539 887 10883 2283 

16 338 203 1375 803 6415 2566 1557 1152 8100 2025 

Average 35 21 136 85 763 298 186 122 1091 234 
 

Notes: Premiums are based on the 15 per cent deductible level (see Appendix 5G for the corresponding RMIC amounts).  

 

5.3.3 Reinsurance premiums 

Table 5.5 provides an overview of expected annual RA and RN reinsurance premiums per scenario to be 

paid by the insurer to the reinsurer. This scheme is assumed to consist of three-layers, in which the 

homeowners, insurers and reinsurers or the government can participate. The last two stakeholders can be 

either RA or RN depending on their risk appetite and market position. Similar to the primary insurance 

premiums in the previous Section, dyke-ring 6 has the lowest reinsurance premium of €0.2, while dyke-

ring 16 has the most expensive premium with a reinsurance premium of €187. The average current RA 

reinsurance premiums for dyke-ring 14 are about 2.5 times the RN amounts. This indicates that the 

reinsurer requires a higher surcharge on premiums compared with the primary insurer for which the 

relationship between RA and RN premiums is about 1.66 (see Section 5.3.2). This is consistent with 

practice, because usually reinsurers provide coverage to losses that are very uncertain, for which they 

demand an additional premium surcharge (Kunreuther and Michel-Kerjan, 2011). The difference between 
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the RA and RN reinsurance premiums becomes larger for larger losses. This is even more evident for the 

reinsurance premiums belonging to the scenarios with a 60 cm sea level rise. This implies that a higher 

sea level rise will result in a higher reinsurance premium, making reinsurance more expensive. The RA 

reinsurance premiums for dyke-ring 14 under the RC40SLR60 and GE40SLR60 scenarios are, 

respectively, 27 and 31 times the current RA amounts, while this difference for the corresponding RN 

premiums is only 19 and 21 times the current amounts. The last row in Table 5.5 shows the approximated 

average RA and RN reinsurance premium per homeowner collectively for all 53 dyke-ring areas, which is 

lower than the average amounts for the last 21 individual dyke-ring areas.   

Table 5.5 Overview of annual risk-averse (RA) and risk-neutral (RN) flood reinsurance premiums 

corresponding to the current and the four combined climate and socioeconomic scenarios (in €) 

 

Dyke Current RC40SLR24 RC40SLR60 GE40SLR24 GE40SLR60 

Nr. RA RN RA RN RA RN RA RN RA RN 

6 0.2 0.1 1.2 0.6 13.2 2.6 1.4 0.8 19.9 2.9 

13 3 1 12 7 68 26 17 11 99 20 

14 4 1 14 8 92 23 20 12 106 18 

44 6 2 17 11 67 22 29 16 91 16 

47 6 3 13 14 73 34 21 19 75 28 

32 7 3 27 18 158 64 33 26 223 54 

34 7 3 71 16 441 80 82 23 545 52 

17 8 3 19 14 124 58 27 21 169 45 

8 9 4 18 10 125 33 24 15 169 31 

36 12 5 49 36 449 206 71 52 1087 203 

7 12 5 28 14 131 42 30 20 233 44 

18 14 6 40 23 131 50 44 33 156 39 

19 14 6 39 23 137 51 37 34 140 43 

46 14 6 33 16 668 61 59 24 619 56 

21 16 6 91 39 774 228 96 56 1060 179 

45 16 7 45 34 165 85 61 49 213 68 

11 19 7 72 54 930 283 116 78 1063 224 

35 19 8 117 68 1247 465 143 98 3164 503 

4 19 8 116 65 1504 322 287 93 1926 230 

49 27 11 103 61 341 169 94 88 392 138 

15 28 11 169 101 1646 572 192 145 1717 452 

48 34 14 125 91 591 286 200 131 925 218 

1 37 15 209 126 1607 536 213 182 1960 551 

52 38 15 137 86 497 241 171 123 723 188 

12 38 15 265 130 1788 683 504 187 4394 477 

10 39 16 202 119 1584 607 230 171 2014 486 

9 41 17 97 47 1025 175 137 67 2220 224 

41 41 17 180 126 1425 653 287 182 2101 494 

25 42 17 315 105 1470 344 655 151 2814 216 

28 43 17 217 114 1240 408 236 164 1473 324 

5 44 18 238 150 1799 640 224 216 2544 721 

2 45 18 227 155 2041 689 251 223 2280 678 

42 47 19 178 110 575 299 176 159 761 245 
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51 50 20 185 114 940 325 310 164 1096 246 

3 51 20 215 134 1234 394 217 194 1414 407 

27 52 21 229 138 1285 493 252 198 1661 409 

22 55 22 170 125 1623 622 312 180 2203 462 

24 57 23 387 204 3371 1359 411 294 13564 1997 

29 59 24 185 157 1389 561 269 226 1719 465 

26 62 25 318 164 1698 586 341 236 2313 479 

30 65 26 296 172 2058 616 511 248 2922 448 

50 66 27 197 151 837 430 220 218 922 356 

39 82 33 719 250 3899 1336 356 360 2718 1109 

33 83 34 225 95 1096 307 248 136 1338 230 

38 87 35 394 248 2791 1418 540 357 4558 1082 

20 93 37 371 233 1835 761 515 335 2720 585 

40 101 41 637 307 3639 1634 440 442 3540 1358 

53 105 42 347 237 1576 669 381 342 2017 573 

43 110 44 392 255 1434 694 615 367 2385 518 

37 116 47 589 329 4880 2074 612 474 6656 1678 

31 123 49 588 325 3272 1163 1152 468 8445 899 

23 151 61 464 341 4431 1700 852 491 6021 1263 

16 187 75 761 444 3549 1420 862 637 4481 1120 

Average 47 19 210 131 1354 533 268 132 2079 483 

Notes: Premiums are based on the 15 per cent deductible and 84 per cent stop-loss levels (see Appendix 5H for the corresponding 

RMRC amounts).  

 

5.4 Discussion 

The estimates of flood risks and the corresponding (re)insurance premiums presented in the results will be 

discussed in this section with respect to the following three main aspects: the impact of climate change 

and socioeconomic development on flood risk in the future; the difference in the RA and RN 

(re)insurance premiums; and the main implications of the results for flood risk insurability.  

5.4.1 Impact of climate change and socioeconomic development on flood risk  

Our results show that extreme climate change with a high SLR can considerably increase flood 

probabilities, which can cause a large increase in flood insurance premiums in low-lying areas in the 

Netherlands. Figure 5.4 and Table 5.3 show that already the independent effects of socioeconomic change 

and sea level rise on expected flood damage can be very large. In addition, if the effects of climate change 

on flood probabilities are taken into account, then the climate change scenarios of 24 and 60 cm SLR 

could, respectively, increase flood risk by 3 and 14 times the current risk level. The clear shift of flood 

density functions to the right, which causes thicker and longer tails in Figure 5.4, confirms that flood 

insurance under a high socioeconomic and climate change scenario will be hardly affordable. The 
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expected annual flood damage for all 53 dyke-ring areas altogether is approximately €58 million in the 

current situation. This is expected to increase to about €1.6 and €2.9 billion, respectively, if the sea level 

rises by 24 and 60 cm under the GE scenario. Damage estimates under the GE and RC scenarios with the 

same sea level rise show a relatively small difference compared with the estimates for the scenarios with a 

different sea level rise. This implies that climate change has a larger impact on projected damage than 

either level of socioeconomic development. An analysis of the relationship between the expected damage 

amounts in Table 5.3 and the corresponding scaling factors in Appendix 5E shows that the impact of 

socioeconomic development under the given scenarios will not be more than 2 to 6 per cent of the total 

damage. Our findings, that the impact of climate change with a high SLR on future flood damage is larger 

than it is with either level of socioeconomic development, is in line with Aerts and Botzen (2011a), te 

Linde et al. (2011), and Bouwer et al. (2010), albeit at different magnitudes. The damage estimates by 

Aerts and Botzen (2011a) under the RC and GE scenarios with 24 cm SLR for 2040 are, respectively, 

1.95 and 2.57 times the current estimates, while our results under the similar scenarios are slightly higher: 

namely, 2.05 and 2.61 times the current amounts. Te Linde et al. (2011) estimate current and future 

fluvial flood risk by 2030 along the Rhine basin, under the assumption that the current trend of 

temperature rise continues in the future. Furthermore, this study was performed under four different 

combination of socioeconomic and climate change scenarios, which can be regarded as the upper and 

lower boundaries of possible future urban land-use change with a 2° C temperature increase by 2050. 

They found that the potential effects of climate change on flood risk will be significantly larger than the 

effects of socioeconomic change. According to te Linde et al. (2011), approximately three-quarters of the 

total impact on potential flood damage by 2030 can be attributed to climate change (te Linde et al., 2011). 

In addition, a study by Bouwer et al. (2010) about the impact of climate change on potential flood damage 

for dyke-ring 36 in 2040, finds a slightly higher impact of climate change than either level of 

socioeconomic development.  However, the same study shows that the impact of socioeconomic change 

will be higher when certain adaptation (flood prevention) measures are taken (Bouwer et al., 2010).      
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5.4.2 Differences between the risk averse and the risk neutral (re)insurance premiums 

In general, the estimated flood (re)insurance premiums show a similar trend to that of expected flood 

damage; the more extreme the climate change scenario with a high SLR, the higher the (re)insurance 

premiums. However, the difference between the premiums under the two different climate change 

scenarios is larger compared with the corresponding damage amounts. This is because the premiums are 

annual amounts and, thus, are adjusted for the effects of climate change on the actual flood return periods, 

while this is not the case for the expected flood damage. Moreover, premiums increase more than annual 

expected flood risk because of an extra surcharge, which is included in the premium through the insurer’s 

risk aversion rate that depends on the risk variance. This reflects the common practice that commercial 

(re)insurance companies demand an additional premium surcharge for covering extremely large and 

highly uncertain losses, like flood damage. This additional surcharge for the reinsurance premium will be 

comparatively higher than for primary insurance premiums because the loss data located on the right-tail 

of the damage density functions that are typically covered by reinsurance are more dispersed, which leads 

to a higher rate of risk aversion owing to the higher risk variance. However, if (re)insurance is provided 

by an RN agency, like the government, this extra surcharge can be omitted (Chapter 4) and the premium 

can be kept as low as the expected damage amount (Froot, 2001). In addition to risk aversion, a part of the 

difference in premiums between dyke-rings is caused by the specific features of the individual dyke-ring 

areas, such as their geographical position and safety standards, number of houses, impact of climate 

change on flood probabilities, and expected economic growth in the future. On average, the RA insurance 

and reinsurance premiums under the GE scenario with a 60 cm sea level rise are approximately, 

respectively, 37 and 48 times their current RA amounts. This difference varies between 20 and 60 times 

the current RA amounts for the individual dyke-ring areas.  

 The question may arise whether flood risk insurance will be feasible if an extreme climate change 

scenario with a high SLR becomes the reality. As this may lead to a substantial increase in (re)insurance 

premiums, affordability and the willingness-to-pay (WTP) of homeowners may be too low. Botzen and 
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Van den Bergh (2012) estimate WTP for flood insurance in the Netherlands by implementing a choice 

experiment with different flood insurance options among 1,200 homeowners in the river delta. Their 

results show that the average WTP for flood insurance in the current situation of flood risk in the 

Netherlands is about €250 per year. This amount is higher than the estimate of the collective average RA 

premium for the current situation, which is about €85. Botzen and Van den Bergh (2012) also estimate 

how WTP for flood insurance increases if climate change increases flood probabilities, by eliciting flood 

insurance demand under scenarios of increased flood risk. Their results show that a doubling of the flood 

probability will lead to an increase of WTP by 16 per cent, which gives an adjusted amount of about 

€290 (Botzen and Van Den Bergh, 2012a). This increase in WTP for flood insurance is much lower 

compared with the potential increase in flood insurance premiums found in our study, which shows that a 

doubling of the flood probability will increase flood insurance premiums by more than 150 per cent of the 

current amount. For instance, the premiums corresponding to the four different future scenarios are, for 

the majority of the dyke-ring areas, substantially higher than the adjusted WTP amount. Under the 

RC40SLR24 and GE40SLR24 scenarios there are, respectively, 30 and 32 dyke-ring areas with an RA 

insurance premium higher than €290, while these numbers increase to 42 and 46 for the respective 

scenarios with 60 cm SLR. However, this increase in premium can be kept significantly lower if the 

insurance is provided by an RN agency. The difference between the RA and the RN (re)insurance 

premium becomes larger with increasing flood risk. For instance, the RA (re)insurance premium for the 

current situation is approximately (2.5) 1.7 times its RN counterpart, which under the GE40SLR60 

scenario increases to (4.2) 4.5 times of the related RN amounts. This implies that the participation of the 

governments or other RN agencies, either as a full insurer or as a reinsurer, in an insurance system for 

flood risk may make the system much more affordable and feasible.  

5.4.3 Main implications of the results for flood risk insurability 

Extreme climate change with a high sea level rise could result in very high (re) insurance premiums, and 

these premiums may reach the point where flood insurance becomes unaffordable for the majority of 
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homeowners in the Netherlands. Moreover, private (re)insurance companies may lack sufficient financial 

capacity to cover extremely large flood losses, and, therefore, may hesitate to offer flood insurance, 

especially when uncertainties about the insured amount are very high (Kunreuther et al., 2013).  

An insurance scheme for catastrophe risk should not be seen only as a mechanism to share the 

burden of climate damage through the pooling of risks. It can also play an important role in providing 

incentives to homeowners to implement adaptive and risk-reducing measures, although this was not 

explicitly included in the analysis here. Given the expected climate change and socioeconomic 

development in the future, a country like the Netherlands with a high flood risk exposure due to its low-

lying land area, can benefit from a public-private insurance system that is accompanied by appropriate 

flood risk adaptation and mitigation measures. Participation of the government in a public-private 

insurance system may have two main effects. First, it may enhance the feasibility and the affordability of 

an insurance arrangement because the government acts as a reinsurer of last resort by taking financial 

responsibility for the extreme losses. Second, a public-private insurance system can provide an incentive 

to the government to implement long-term risk adaptation and mitigations measures, such as 

strengthening the dykes and making buildings less vulnerable to flood damage, which could substantially 

reduce future risk. For example, a study by Poussin et al. (2012) shows that damage mitigation measures, 

such as dry flood-proofing and wet flood-proofing buildings, could reduce flood risk in the Meuse Basin 

by between 21 and 40 per cent, while combining spatial zoning and mitigation measures could reduce 

potential damage by up to 60 per cent (Poussin et al., 2012). However, it has been shown that individuals 

often do not invest voluntarily in flood damage mitigation measures, because they underestimate their 

flood risk exposure, and have a short investment horizon (Kunreuther, 1996). Therefore, flood insurance 

could play an important role in stimulating people to implement adequate flood damage mitigation 

measures. For example, policyholders could be rewarded with some discount on the flood risk premium if 

they take measures that reduce flood risk through flood-proofing their homes (Botzen et al., 2009b).  
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However, flood insurance with fully risk-based premiums may be unaffordable in certain flood-

prone areas, as is obvious from the large differences in (re)insurance premiums between the individual 

dyke-ring areas. Therefore, it could be considered that flood insurance should be made compulsory for 

households, so that high insurance premiums for specific dyke-ring areas could be spread over a large 

number of policyholders. Nevertheless, a certain degree of premium differentiation can be useful for 

providing incentives to homeowners to reduce flood risk by providing a price signal of risk which can 

guide decisions to build in relatively safe areas and stimulate investments that reduce the vulnerability of 

properties to flooding (Chapter 2).  

5.5 Conclusions and recommendations 

This chapter has studied how the pricing of flood risk insurance in the Netherlands may develop by 

applying a probabilistic assessment of flood damage in all 53 low-lying areas, which may considerably 

vary under scenarios of future climate change and socioeconomic development. Based on four different 

scenarios − RC40SLR24, GE40SLR24, RC40SLR60, and RC40SLR60 − this study provides probabilistic 

projections for flood damage and the corresponding (re)insurance premium estimates until the year 2040. 

This chapter is of practical relevance, as it provides many practical insights for the insured, the insurer 

and the government, who are currently considering setting up flood insurance in the Netherlands. 

Our results show that extreme climate change with a high sea level rise may lead to a substantial 

increase in potential flood risk and the corresponding (re)insurance premiums. In such a situation, a 

public-private arrangement with a main focus on long-term structural adaptation and mitigation measures 

may offer a good solution for insuring flood risk in the Netherlands. On the basis of the results, four main 

lessons can be drawn about whether a flood risk insurance system may be feasible and affordable under 

extreme climate change and socioeconomic development in the future, and about how such a system 

could be established in the Netherlands. First, extreme climate change with a high sea level rise seems to 

have a higher impact on flood damage and the corresponding (re)insurance premium compared with the 

either level of socioeconomic development in the future. A sea level rise of 60 cm could lead to a 
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potential (risk-neutral) flood insurance premium that is, on average, more than 17 times the current 

amount. In such a situation, flood risk insurance may be practically unfeasible. Second, (re)insuring large 

flood losses may become very expensive since extreme climate change and socioeconomic development 

in the future may cause more frequent flood events with exceptionally high potential flood damage, due to 

much shorter return periods. For instance, the expected annual flood damage under the 60 cm sea level 

rise could increase significantly by 2040: namely, from €58 million in 2015 to €2900 million. Under the 

lower-bound projection of 24 cm sea level rise, this amount could already increase to approximately €300 

million. Third, a public-private insurance system in which the government acts as a risk-neutral reinsurer 

of last resort, accompanied by comprehensive adaptation and risk reduction measures, could be a good 

solution for making flood-risk insurance available in the Netherlands at an affordable price. As an 

illustration, the risk-neutral premiums under the current situation are about 2.5 times lower than their risk-

averse counterparts, while this could increase to about 4.9 times under the upper-bound scenario, namely 

GE40SLR60. This implies that the participation of the government in a public-private insurance system 

could lower the premium by 4.9 times the risk-averse amounts. Fourth, given the projected increase in 

flood risk, it is especially important that flood insurance contributes to climate change adaptation and 

provides the right incentives for flood risk reduction through prevention and the flood-proofing of 

buildings. For that reason, a certain degree of premium differentiation can be helpful to provide incentives 

to homeowners to reduce flood risk by building in relatively safe areas and investing in risk reduction 

measures to protect their properties. The government could consider enforcing compulsory insurance for 

flood risk in order to spread the high insurance premiums of some of the dyke-ring areas across many 

policyholders, and provide subsidies for low income homeowners.   

 Further in-depth research could refine the analysis of the stochastic nature (frequency and 

severity) of flood damage. Damage and premium assessment methods should be subjected to 

comprehensive verification and validation processes to study the implications of climate change and 

socioeconomic development. This research could be extended by integrating other climate change and 
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socioeconomic development projections than those used here. As comprehensive risk-reduction measures 

are inevitable for keeping flood risk at acceptable levels and for the availability of flood insurance, an 

integration of a cost-benefit study of different flood risk adaptation strategies on the risk and premium 

estimations could be fruitful. Another aspect of a public-private insurance scheme which could be studied 

is the willingness of insurers to participate in such a flood insurance system, and the conditions they may 

place on the government concerning public investments in long-term risk mitigation and adaptation 

measures.  
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Appendix 5A: Relationship between sea level rise and flood return periods 

 

The scatter diagram in Figure 5A1 depicts four sea level rise scenarios− 0, 24, 85, and 150 cm − in 

relation to the flood reoccurrence interval. This figure shows how the projections of future flood return 

periods may behave with respect to increasing sea levels for the dyke-ring areas 7, 14 and 36. As can be 

seen, this relationship appears to follow a negative exponential trend, which may have a significant 

impact on projections of expected annual future flood damage and associated flood insurance premiums 

(see Section 5.2.3).        

  

Figure 5A1 Relationship between sea level rise and its impact on flood reoccurrence intervals (return 

periods) for dyke-ring areas Noordoostpolder (7), Zuid-Holland (14) and Heusden/de Maaskant (36) 
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Appendix 5B: Relation between sea level rise and flood damage 

Figure 5B1 depicts the projections of flood damage for dyke-ring areas 7, 14 and 36 in relation to the 

different sea levels for different time periods (2015, 2040 and 2100), under the RC (left) and GE 

scenarios (right). As can be seen, the relationship appears to be approximately exponential, which seems 

to be consistent with Figure 5A1. Several factors, such as economic growth over time and the impact on 

the flood hazard of sea level rise that results from climate change, could describe this exponential 

relationship. This may justify the choice for the exponential interpolation used to derive the future 

projections of flood damage under a sea level rise of 60 cm.  

  

Figure 5B1 Projected sea level rise with respect to flood damage in 2015, 2040 and 2100 under Regional 

Communities (RC) (left) and Global Economy (GE) (right) scenarios 

Note: The use of exponential interpolation to estimate flood damage corresponding to a specific sea level rise (as shown in 

Equation 1) can be justified by the expected future trend, as shown in Figure 5A1 and 5B1. These figures, respectively, show the 

relation between sea level rise with respect to return periods and flood damage regarding sea level rise in the future.  
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Appendix 5C: Projections of future flood damage in 2040 and 2100 under 24 and 85 cm sea level 

rise   

Table 5C1 shows the current and future projected flood damage under four scenarios as reported by Aerts 

and Botzen (2011a). For example, the RC40SLR24 (column 3) represents the flood damage projection 

under a 24 cm sea level rise and the RC scenario for socioeconomic development in 2040. The 

GE2100SLR85 (column 6) stands for the average flood damage with a sea level rise of 85 cm under GE 

scenarios. 

Table 5C1 Current and projected flood damage estimates under four scenarios (in million euros) 

Nr. Dyke ring name 

Current 

RC40 

SLR24 

RC2100 

SLR85 

GE40 

SLR24 

GE2100 

SLR85 

1 Schiermonnikoog 114 209 597 213 776 

2 Ameland 381 620 2048 685 2405 

3 Terschelling 254 450 1440 455 1694 

4 Vlieland 25 51 258 125 448 

5 Texel 2918 5156 13995 4857 20499 

6 Friesland en Groningen 761 1735 8295 2073 12699 

7 Noordoostpolder 2665 5833 13921 6420 30682 

8 Flevoland 8882 16948 66041 22877 102785 

9 Vollenhove 3362 7767 46093 10964 92134 

10 Mastenbroek 1903 3592 11127 4095 15525 

11 IJsseldelta 1523 2251 10041 3626 14775 

12 Wieringen 3933 8897 22181 16969 85369 

13 Noord-Holland 4568 8289 26270 12031 45789 

14 Zuid-Holland 23600 43824 210595 64690 302988 

15 Lopiker- en Krimpenerwaard 6471 12097 42723 13712 46440 

16 Alblasserwaard en 

Vijfheerenlanden 

27026 51443 148359 58439 208298 

17 IJsselmonde 12815 18730 55297 27162 88765 

18 Pernis 634 1209 3734 1361 4830 

19 Rozenburg 1776 3291 10900 3098 11014 

20 Voorne-Putten 11420 20160 59468 28091 105978 

21 Hoeksche Waard 4060 10517 35152 11213 52433 

22 Eiland van Dordrecht 11420 17261 62260 31699 104902 

23 Biesbosch 76 115 415 211 699 

24 Land van Altena 3045 6410 16048 6796 53449 

25 Goeree-Overflakkee 2665 8855 32435 18448 82441 

26 Schouwen Duivenland 3172 6847 21709 7340 32068 

27 Tholen en St. Philipsland 1649 3044 9601 3352 13382 

28 Noord Beveland 508 1072 3698 1168 4661 

29 Walcheren 10151 13292 48932 19362 72644 

30 Zuid Beveland west 6725 12842 52553 22147 94746 

31 Zuid Beveland oost 3045 6119 19892 11981 70808 

32 Zeeuwsch Vlaanderen 1142 1931 6133 2310 9594 

33 Kreekrakpolder 19 50 178 56 235 

34 West-Brabant 7359 35526 124340 41018 176376 

35 Donge 4441 8530 26978 10446 67637 

36 Land van Heusden/de Maaskant 4822 7226 21378 10454 58918 

37 Nederhemert 4 8 19 8 29 

38 Bommelerwaard 3553 6278 12891 8612 28382 

39 Alem 38 122 136 60 154 
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40 Heerewaarden 51 117 172 81 225 

41 Land van Maas en Waal 6598 10424 29559 16704 52503 

42 Ooij en Millingen 1269 2277 4278 2258 7110 

43 Betuwe, Tieler- en 

Culemborgerwaarden 

17510 29919 71443 46911 154292 

44 Kromme Rijn 6979 12363 47805 20730 80288 

45 Gelderse Vallei 6852 10070 25662 13528 37121 

46 Eempolder 127 282 2305 511 3737 

47 Arnhemse- en Velpsebroek 888 926 3311 1550 4027 

48 Rijn en IJssel 6217 9543 25735 15255 50030 

49 IJsselland 508 952 1848 873 2505 

50 Zutphen 2284 3308 8646 3693 9996 

51 Gorssel 381 687 2498 1150 3032 

52 Oost Veluwe 2665 4720 10624 5901 19182 

53 Salland 6852 11129 34127 12212 46752 

Source: (Aerts and Botzen, 2011a) 

 

Appendix 5D: Projections of future flood damage  

Table 5D1 shows the intercept and slope of the results of an exponential regression of flood damage on 

sea level rise, which has been used to estimate potential flood damage under a 60 cm of sea level rise (4th 

and 7th column in Table 5C1). 

Table 5D1 Projected flood damage estimates in 2040 with a 60 cm sea level rise (damage in million €) 

Dyke-ring 

Nr. RC2040-SLR60 GE2040-SLR60 

 Intercept Slope Damage Intercept Slope Damage 

1 122 0190 380 119 0223 451 

2 383 0198 1253 392 0215 1423 

3 263 0202 883 259 0222 981 

4 26 0272 132 36 0313 236 

5 3089 0180 9117 2865 0231 11433 

6 814 0276 4270 836 0324 5854 

7 3073 0184 9287 2902 0281 15700 

8 9206 0233 37364 9961 0280 53411 

9 3514 0305 21887 3758 0382 37083 

10 2024 0203 6856 2058 0241 8756 

11 1429 0226 5559 1686 0260 8026 

12 4559 0193 14510 5136 0343 40223 

13 4782 0203 16121 5270 0261 25225 

14 23610 0257 110659 26862 0291 154008 

15 6747 0219 25115 7063 0226 27345 

16 29081 0195 93758 29499 0234 120109 

17 12624 0173 35663 14052 0221 52955 

18 677 0204 2301 691 0233 2792 

19 1862 0210 6567 1809 0213 6508 

20 11958 0191 37580 12901 0253 59011 

21 4736 0243 20347 4634 0292 26646 

22 11087 0202 37173 13640 0248 60482 

23 74 0202 248 91 0248 403 
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24 3446 0187 10565 3037 0337 22976 

25 3330 0278 17666 4115 0373 38521 

26 3512 0219 13070 3449 0266 17034 

27 1737 0204 5891 1739 0242 7452 

28 552 0228 2164 557 0254 2561 

29 9384 0191 29457 10571 0229 41676 

30 6929 0240 29201 8216 0297 48796 

31 3284 0215 11960 3782 0355 31767 

32 1168 0196 3790 1196 0247 5269 

33 22 0252 101 22 0284 123 

34 10435 0308 66105 10649 0347 85593 

35 4737 0208 16465 4617 0318 31045 

36 4787 0176 13739 4969 0292 28710 

37 4 0179 12 4 0236 17 

38 3897 0145 9303 4064 0235 16634 

39 55 0124 115 39 0162 104 

40 63 0128 136 52 0174 147 

41 6700 0175 19184 7700 0233 31161 

42 1415 0135 3184 1321 0200 4383 

43 18638 0161 48961 20692 0244 89507 

44 7069 0225 27344 8351 0275 43373 

45 6889 0155 17457 7508 0192 23795 

46 126 0342 978 155 0384 1547 

47 766 0165 2065 942 0174 2670 

48 6294 0166 17066 7144 0235 29335 

49 572 0144 1353 529 0185 1604 

50 2278 0157 5837 2350 0172 6582 

51 391 0219 1458 481 0227 1883 

52 2891 0157 7411 2965 0225 11411 

53 6950 0188 21456 6963 0225 26822 

 

Appendix 5E: Scaling factors of the projected increase in flood damage  

Table 5E1 Scaling factors of increase in flood damage from 2015 to 2040 for future flood risk scenarios 

Dyke-ring Nr. RC2040-

SLR24 

RC2040-

SLR60 

GE2040-

SLR24 

GE2040-

SLR60 

1 183% 333% 187% 395% 

2 163% 329% 180% 374% 

3 177% 348% 179% 387% 

4 199% 518% 492% 928% 

5 177% 312% 166% 392% 

6 228% 561% 272% 769% 

7 219% 349% 241% 589% 

8 191% 421% 258% 601% 

9 231% 651% 326% 1103% 

10 189% 360% 215% 460% 

11 148% 365% 238% 527% 

12 226% 369% 431% 1023% 

13 181% 353% 263% 552% 

14 186% 469% 274% 653% 

15 187% 388% 212% 423% 

16 190% 347% 216% 444% 

17 146% 278% 212% 413% 
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18 191% 363% 215% 440% 

19 185% 370% 174% 366% 

20 177% 329% 246% 517% 

21 259% 501% 276% 656% 

22 151% 326% 278% 530% 

23 151% 326% 278% 530% 

24 210% 347% 223% 754% 

25 332% 663% 692% 1446% 

26 216% 412% 231% 537% 

27 185% 357% 203% 452% 

28 211% 426% 230% 505% 

29 131% 290% 191% 411% 

30 191% 434% 329% 726% 

31 201% 393% 393% 1043% 

32 169% 332% 202% 461% 

33 265% 529% 292% 646% 

34 483% 898% 557% 1163% 

35 192% 371% 235% 699% 

36 150% 285% 217% 595% 

37 199% 326% 207% 441% 

38 177% 262% 242% 468% 

39 320% 302% 158% 272% 

40 230% 269% 159% 290% 

41 158% 291% 253% 472% 

42 179% 251% 178% 345% 

43 171% 280% 268% 511% 

44 177% 392% 297% 622% 

45 147% 255% 197% 347% 

46 222% 770% 403% 1219% 

47 104% 233% 175% 301% 

48 153% 274% 245% 472% 

49 188% 267% 172% 316% 

50 145% 256% 162% 288% 

51 180% 383% 302% 495% 

52 177% 278% 221% 428% 

53 162% 313% 178% 391% 

 

Appendix 5F: Projections of number of houses within each dyke-ring area by 2040  

Table 5F1 Current and future projections of the number of houses within each of the 53 dyke-ring areas 
 

Dyke nr Number of houses 

 2015 2040 RC 2040 GE 

1 494 484 608 

2 1345 1318 1654 

3 801 785 985 

4 214 210 263 

5 5331 5224 6557 

6 468014 458654 575657 

7 22234 21789 27348 

8 99069 97088 121855 

9 33556 32885 41274 

10 11128 10905 13687 

11 18610 18238 22890 

12 8274 8109 10177 
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13 412013 403773 506776 

14 1659248 1626063 2040875 

15 79164 77581 97372 

16 82340 80693 101278 

17 165235 161930 203239 

18 2054 2013 2526 

19 5696 5582 7006 

20 62823 61567 77272 

21 32152 31509 39547 

22 47243 46298 58109 

23 115 113 141 

24 18287 17921 22493 

25 18064 17703 22219 

26 14655 14362 18026 

27 9060 8879 11144 

28 3353 3286 4124 

29 49060 48079 60344 

30 29532 28941 36324 

31 7087 6945 8717 

32 48501 47531 59656 

33 26 25 32 

34 160741 154730 194202 

35 37524 36774 46155 

36 165555 162244 203633 

37 12 12 15 

38 16781 16445 20641 

39 169 166 208 

40 458 449 563 

41 109400 107212 134562 

42 5611 5499 6902 

43 120526 118115 148247 

44 292938 287079 360314 

45 103282 101216 127037 

46 3227 3162 3969 

47 37179 36435 45730 

48 59881 58683 73654 

49 7836 7679 9638 

50 18320 17954 22534 

51 4532 4441 5574 

52 42040 41199 51709 

53 86300 84574 106149 
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Appendix 5G: Required maximum insurance coverage  

Table 5G1 Required maximum insurance coverage (RMIC) corresponding to the insurance premiums in 

Table 5.4  

Dyke nr  RMIC 

 Current RC40SLR24 RC40SLR60 GE40SLR24 GE40SLR60 

6 0.6 4 47 5 70 

13 9.99 43 246 63 357 

14 12.83 49 329 72 380 

44 21.68 62 241 104 327 

47 23.2 46 264 76 269 

32 24.18 98 569 117 802 

34 25.39 255 1586 294 1960 

17 28.58 68 445 98 606 

8 33.06 65 449 87 606 

36 42.87 176 1614 254 3906 

7 44.31 99 472 109 839 

18 50.57 142 470 160 562 

19 51.09 140 493 131 504 

46 51.74 117 2402 213 2224 

21 57.05 325 2781 346 3808 

45 58.33 162 593 218 764 

11 66.91 258 3343 416 3820 

35 67.87 421 4483 516 11374 

4 67.92 417 5404 1030 6921 

49 98.33 370 1224 339 1410 

15 100.65 608 5913 688 6171 

48 121.23 451 2125 720 3325 

1 132.65 749 5774 764 7044 

52 136.32 491 1784 613 2598 

12 136.44 951 6425 1813 15794 

10 140.41 725 5691 826 7237 

9 148.12 350 3684 493 7976 

41 149.07 645 5121 1033 7552 

25 151.38 1132 5285 2355 10115 

28 154.6 781 4456 849 5295 

5 157.23 857 6464 807 9141 

2 162.68 817 7335 901 8194 

42 169.95 639 2067 634 2734 

51 180.58 665 3379 1114 3940 

3 181.91 771 4433 779 5083 

27 186.78 824 4619 906 5971 

22 198.22 611 5832 1120 7919 

24 204.63 1391 12114 1475 48745 

29 212.1 664 4993 967 6176 

26 221.8 1144 6102 1227 8311 

30 233.14 1065 7398 1835 10503 

50 238.8 707 3006 790 3315 

39 294.85 2586 14014 1280 9768 

33 299.66 809 3941 893 4810 

38 312.69 1416 10031 1942 16382 
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20 334.59 1332 6595 1850 9777 

40 362.66 2288 13078 1581 12722 

53 376.81 1247 5663 1368 7250 

43 393.69 1409 5153 2209 8571 

37 415.53 2115 17539 2198 23922 

31 440.27 2113 11760 4139 30348 

23 541.63 1668 15924 3060 21638 

16 671.61 2733 12754 3096 16105 

 

Note: Premiums are based on the 15 per cent deductible level. 
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Appendix 5H: Required maximum reinsurance coverage corresponding to the risk averse and risk 

neutral reinsurance premiums  

Table 5H1 Required maximum reinsurance coverage (RMRC) corresponding to the reinsurance 

premiums in Table 5.5 

Dyke nr  99.9 per cent TVaR amount 

 Current RC40SLR24 RC40SLR60 GE40SLR24 GE40SLR60 

6 0.5  4 40 4 60 

13 8 37 208 53 302 

14 11 42 279 61 321 

44 18 53 204 88 277 

47 20 39 224 65 228 

32 20 83 482 99 678 

34 21 216 1342 248 1658 

17 24 57 376 83 513 

8 28 55 380 74 513 

36 36 149 1366 215 3306 

7 37 84 400 92 710 

18 43 120 398 135 476 

19 43 118 417 111 426 

46 44 99 2032 180 1882 

21 48 275 2353 293 3222 

45 49 137 502 184 646 

11 57 218 2829 352 3232 

35 57 356 3793 436 9622 

4 57 353 4572 871 5856 

49 83 313 1036 287 1193 

15 85 514 5003 582 5221 

48 103 382 1798 609 2813 

1 112 634 4885 646 5959 

52 115 415 1510 519 2198 

12 115 805 5436 1534 13363 

10 119 613 4815 699 6123 

9 125 296 3117 417 6749 

41 126 546 4333 874 6390 

25 128 958 4472 1993 8559 

28 131 661 3770 718 4480 

5 133 725 5469 682 7735 

2 138 691 6206 763 6933 

42 144 541 1749 536 2314 

51 153 562 2859 943 3334 

3 154 653 3751 659 4300 

27 158 697 3908 766 5053 

22 168 517 4934 948 6700 

24 173 1177 10250 1248 41244 

29 179 562 4224 818 5226 

26 188 968 5163 1038 7032 

30 197 901 6259 1552 8887 

50 202 598 2544 669 2804 

39 249 2188 11858 1083 8265 

33 254 685 3334 756 4069 
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38 265 1199 8487 1643 13861 

20 283 1127 5580 1566 8272 

40 307 1936 11065 1338 10764 

53 319 1055 4792 1157 6134 

43 333 1193 4360 1869 7252 

37 352 1790 14840 1860 20240 

31 373 1788 9950 3502 25677 

23 458 1412 13473 2589 18308 

16 568 2313 10791 2620 13627 

 

Note: Premiums are based on the 15 per cent deductible and the 84 per cent stop-loss levels. 
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Chapter 6: Conclusions 

 

Over recent decades, financial damage and human suffering caused by natural disasters, such as floods, 

have significantly increased worldwide due to socioeconomic development, particularly in hazard-prone 

areas, like coasts and flood plains. Several studies have examined how catastrophe risk can be best 

managed, such that those affected by disasters can be helped to ‘get back on their feet’ quickly and 

efficiently through reliable compensation arrangements, rather than being entirely dependent on (partial) 

ad-hoc financial support from the government. Various researchers have argued that a (multilayer) public-

private (PP) partnership could be a viable arrangement for providing insurance coverage for catastrophe 

risk. Such a system can facilitate the integration of the government’s responsibilities in managing risks, 

and provide adequate compensation to citizens affected by disasters. In particular, a PP insurance system 

uses the existing insurance infrastructure, knowledge, and capacity to spread risks that is available in the 

private sector. In addition, the government’s participation in such a system helps to overcome the 

challenge of insuring catastrophe risks in private markets at an affordable price.  

The low-lying areas in the Netherlands are divided in 53 dyke-ring areas, which are protected 

from flooding by a highly elaborate system of dykes, dams, sluices, and storm surge barriers. Even 

though the safety standards of each of these dyke-ring areas are considered to be amongst the highest in 

the world, flooding can still occur, because small residual probabilities of large flood events will always 

exist. Furthermore, despite the high flood protection standards in the Netherlands, large uncertainties 

about the probability of flooding and the possible extent of damage make insurers reluctant to offer 

commercial insurance coverage against flood risk. The anticipated future climate change, and its potential 

impact on flood risk in the low-lying areas in the Netherlands, has initiated discussions about introducing 

broad flood insurance coverage, which is currently unavailable. Recently, commercial insurance coverage 

against catastrophic risks has been introduced in the Netherlands by Lloyd’s. This insurance product 

shows that a fully private flood insurance arrangement with a broad and affordable coverage is difficult to 
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realize in an area with high flood-risk exposure. This catastrophe insurance offers partial insurance 

coverage for flood risk to a limited number of homeowners within a specific dyke-ring area for a high 

price relative to potential flood risk.  

A Public-Private (PP) partnership between the government and (re)insurers may provide a 

solution for offering broad insurance coverage against flood risk at an affordable price. Because the 

government is assumed to provide coverage through reinsurance or a state guarantee for extreme losses 

with large uncertainties, primary insurance companies will be more willing to offer insurance coverage 

for small losses at a reasonable premium. Such a system would provide incentives and policies that 

promote investments in long-term adaptation and flood risk mitigation measures. For example, in order to 

limit projected future flood risk, flood preventive measures should be taken by the public sector through 

strengthening of the flood protection infrastructure. Additional strategies may be considered, such as 

increasing flood risk awareness among property-owners, and providing financial incentives that can 

stimulate them to take measures that limit potential flood damage, such as ‘flood-proofing’ newly-built 

structures in flood-prone areas.   

The main goal of this thesis was:  

How can a multilayer public-private partnership be designed to provide flood risk insurance in the 

Netherlands, at an affordable price?   

To analyse this, the following 6 research questions were examined. These questions were divided into a 

qualitative Part I (Question 1) and a quantitative Part II (Questions 2-6).  

Part I: Qualitative assessment  

Question 1: What are the main strengths and the shortcomings of representative existing catastrophe 

(flood and earthquake) risk insurance (compensation) arrangements in different countries? What policy 

recommendations can be made based on practical experience that could be useful in establishing new, or 

improving existing, flood insurance/compensation arrangements at an affordable price?  
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To answer the first part of Question 1, a qualitative comparative study of existing insurance systems for 

catastrophe risk, in a variety of international disaster-prone countries, was conducted. The particular focus 

was on the strengths and the shortcomings of these systems, which were evaluated from different aspects, 

such as general characteristics, funding, and risk mitigation and adaptation measures. The findings 

provided good insights into which insurance schemes are performing well to manage natural hazard risk, 

and which are not.  

 The comparative analysis showed that, in a public insurance arrangement, the government has the 

full financial and regulatory responsibility, while the private insurers often only perform administrative 

tasks in exchange for a certain amount of commission. Public insurance schemes usually have high 

market-penetration due to mandatory purchase requirements, and can provide insurance at significantly 

lower premiums compared with private systems. However, public insurance schemes appear to be less 

efficient from a financial perspective: for example, they are less experienced in handling claims compared 

with the private sector. In general, the public insurance or compensation arrangements fully depend on 

public financial resources, which are usually managed on an ad-hoc basis. The government carries all the 

risks, because these are usually not spread over national and international (re)insurance markets, while 

such spreading usually occurs in private and PP insurance schemes. In contrast to the public and PP 

insurance systems, private systems for catastrophe risk often have a low market penetration, and the 

(re)insurance premiums are much higher because of an extra surcharge on the premium required by 

insurance companies as compensation for providing coverage for losses with large uncertainties. A part of 

this extra surcharge is used by private insurance companies to cover the high costs that are required to 

raise the money on the capital market that is needed to reimburse many large claims after a disaster. In 

contrast, the government has cheaper access to financial markets, so that it can easily borrow the required 

capital for compensating large catastrophic losses, which helps to keep insurance premiums low for a 

public and PP insurance arrangement. A PP insurance scheme can help to overcome the weaknesses of 

both fully public and fully private insurance arrangements for catastrophe risks. For example, it can 
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integrate the advantages of government participation, such as easy access to the capital market and the 

government’s authority to enforce certain rules in a PP partnership. If necessary, the government has the 

authority to impose some regulations, such as mandating insurance coverage or policies and incentives 

that encourage risk mitigation, which may be helpful for guaranteeing the long-term feasibility of an 

insurance scheme.  

 Nine main recommendations provided answers to the second part of Question 1. First, mandatory 

participating requirements are advisable if the objective of a system is to achieve a high market 

penetration rate, since voluntary purchases of insurance against low-probability high-impact risk are 

generally low. Furthermore, a mandatory insurance system appears to charge lower premiums than a 

voluntary system, by spreading the costs of insurance over a large diversified pool of policyholders, and 

can provide incentives for mitigation to many policyholders. Second, adequate monitoring and 

enforcement mechanisms need to be put in place to ensure compliance with mandatory purchase 

requirements. Third, the government needs to take responsibility for part of the (extreme) damage by 

providing a state guarantee or public reinsurance in order to keep an insurance system, for uncertain 

catastrophic risks, financially viable and affordable. Fourth, private insurance companies should 

participate in a PP insurance scheme by selling and administering policies and by covering medium-sized 

losses. This implies that their knowledge and expertise in spreading and managing risk can be used in an 

insurance arrangement, which lowers the operational costs. Fifth, the integration in insurance systems of 

risk transferring mechanisms, such as reinsurance, catastrophe bonds, and risk pooling, is advisable to 

help insurers spread risks and generate sufficient funds for claim reimbursements. Sixth, it is advisable 

that governments stimulate the building up of insurers’ reserves by providing tax exemptions so that 

sufficient funds are available in the event of a catastrophe. Seventh, the careful integration of risk 

mitigation policies in a natural disaster insurance system is beneficial for society by limiting risk in the 

long run. Eighth, a detailed assessment and mapping of risk would provide the basis for an effective 
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mitigation policy. Ninth, incentives for policyholders to take risk mitigation measures can be provided 

through risk-based premiums, premium discounts, and, sometimes, deductibles. 

Part II: Quantitative assessment 

Question 2: What statistical and actuarial modelling techniques may be recommended for estimating the 

full probability density functions of flood damage, and assessing the corresponding (re)insurance 

premiums, in view of the lack of sufficient empirical loss data for all low-lying dyke-ring areas in the 

Netherlands?  

Following the qualitative characteristics of different insurance and compensation arrangements for 

catastrophe risks from Part I, Chapters 3 to 5 proposed several statistical and actuarial models, which are 

applied to the case study of flood risk and flood insurance, for all 53 dyke-ring areas, in the Netherlands. 

The proposed models provide the full probability density functions of flood damage and the related 

(re)insurance premiums estimated under both current conditions, and under four different combined 

scenarios of climate change and socioeconomic development for the year 2040.  

 Since uncertainty of flood risk has been considered by insurance companies as one of the main 

obstacles in estimating catastrophe risks and assessing insurance premiums, Chapter 3 proposed and 

evaluated a Bayesian technique for estimating damage caused by rare events, such as floods, in view of 

data scarcity. By updating the likelihood parameter of the probability density function of flood damage 

with additional (prior) information, the Bayesian technique (partly) helps to minimize the problems of 

data unreliability and inconsistency, which generally occur when risk data is sparse and heterogeneous. 

The Monte Carlo simulation technique is implemented to create flood loss data, which is used to estimate 

the probability density curves of flood damage for the 53 dyke-ring areas. Based on these results, flood 

insurance premiums are assessed for two different practical methods that each account in different ways 

for insurer’s risk aversion and the dispersion rate of loss data. The methodology applied in this chapter to 

estimate premiums for damage emerging from rare events, such as catastrophic and man-made disasters, 
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appears to be of great relevance, as it is able to cope with the lack of empirical evidence on the 

corresponding expected damage. Using a practical example of flood risk, this chapter showed that the 

widespread uncertainties about damage caused by flooding should be included in premium 

calculations by taking into account the relevant risk indicators, such as the risk variance and insurer’s 

aversion against covering catastrophe risk. The choice of loss distributions for both prior and likelihood 

information used in the Bayesian technique, and the methodologies and insurer’s risk aversion rates used 

to estimate premiums appear to make a significant difference to their levels. The results showed that the 

aggregated mean damage for all 53 dyke-ring areas, which were used as input for the risk-based 

premiums, were found to be as much as 51 and 78 per cent lower compared with the mean estimates 

provided by the two important studies on flood risk in the Netherlands, respectively, AVV and VNK (see 

Chapter 3). The results, furthermore, showed that the aggregated average risk-based premium35, which 

includes a surcharge on the expected flood risk that is based on the full loss variance of the flood damage 

density is about 15 per cent higher relative to the estimates based on empirically observed surcharges in 

the US insurance market for hurricane risk, and approximately 17 per cent lower compared with the AVV 

estimates. However, the risk-based premiums are up to 178 per cent higher for dyke-ring areas 14, 16, 17, 

20, 22, 29 and 43, which is caused by the high expected flood damage for these dyke-ring areas and 

correspondingly high risk variance (see Chapter 3).    

Question 3: What are the differences in flood (re)insurance premiums, when insurance against flooding is 

provided either by a risk-neutral agency, like the government, or by a risk-averse commercial 

(re)insurance company?  

To answer Question 3, Chapter 4 introduced a model based on the Pareto-efficiency principle, which is 

based on the main principles of catastrophe insurance (i.e. PP partnership, risk-sharing, (re)insurance 

premium level, and funding) as outlined in the assessment of Chapter 2. That chapter estimated 

(re)insurance premiums for two cases, namely: when insurance is offered either by a risk-neutral (RN) 

                                                            
35 The collective average of all 53 dyke-ring areas 
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(i.e. the government) or by a risk-averse (RA) (i.e. commercial insurance companies) agency, and 

compared the results to show the importance of the participation of an RN (public) agency in a PP 

insurance system. The model results show significant differences between the RA and the RN 

(re)insurance premiums. For example, the average collective RA insurance and reinsurance premiums are, 

respectively, 166 per cent and 248 per cent of the corresponding RN amounts. This provides important 

insights into the affordability and feasibility of an insurance system for catastrophe risk. As an 

illustration, our results show that RN agencies, like the government, can offer full insurance against flood 

risk in the Netherlands for an annual aggregated average premium of €21 per household, while risk-averse 

agencies (i.e. commercial insurance companies) may require €34. This difference for reinsurance 

premiums is even larger. For example, the aggregated average RA and RN estimated reinsurance 

premiums, based on 15 and 84 per cent deductible and stop-loss levels are, respectively, €19 and €8 per 

household. In general, the flood losses located on the right-tail of the loss density function are relatively 

expensive to insure compared with those located on the left or middle part of the loss distribution. 

Providing coverage for these extreme losses requires a relatively higher surcharge on the premium to 

compensate for corresponding large uncertainties of the flood damage covered. For example, on average, 

risk-aversion surcharges on the insurance and reinsurance premiums (i.e. RA/RN) are, respectively, 66 

per cent and 149 per cent, above the RN amounts36. The participation of an RN agency in a PP insurance 

scheme could reduce the reinsurance premiums significantly, as the estimates made under the RN 

assumption show.  

Question 4: What would be the desirable level of risk-sharing between the three main stakeholders in a 

public-private insurance system that strikes a balance between the benefits and the costs of (re)insurance 

purchases, and provides incentives for homeowners to take measures for flood risk reduction? 

To answer Question 4, the same model, based on the Pareto-efficiency principle, was used to simulate a 

financially-optimal balance between (re)insurance premium and coverage amounts, for the insured and 

                                                            
36 The insurance and reinsurance premiums are estimated based on, respectively, 15 and 84 per cent deductible and stop-loss levels.  
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the insurer. This is done by minimizing their (re)insurance costs, subject to a constraint on the own risk 

that these agents are willing to carry in practice. In particular, the model examines how the desirable 

deductible and stop-loss levels (retentions) for, respectively, the insured and the insurer, relate to the 

corresponding maximum required coverage and premium amounts under the 99.9 per cent Tail Value at 

Risk (TVaR) damage constraint. It is shown that a deductible and stop-loss level of 15 and 84 per cent of 

the total damage for, respectively, the insured and the insurer, provide an optimal and practical balance 

between costs and benefits of additional (re)insurance cover (Chapter 4). These findings are in accordance 

with other cases, as shown in Chapter 2. The associated average allocation of expected insurance 

coverage among, respectively, the insured, the insurer, and the reinsurer, in a PP insurance scheme is 24, 

43, and 33 per cent. As an illustration, for dyke-ring area 14, the approximated corresponding amounts − 

based on a return period of 10,000 years − for, the insured, insurer, and reinsurer are, respectively, 

2.88bn, 5.2bn and 3.9bn euros.  

Question 5: What are the main advantages of a public-private insurance arrangement, in which property-

owners, insurers, and the government can participate, compared with a private flood insurance system? 

The main advantages of a PP insurance system (Question 5) are illustrated based on both the findings 

from the comparative study in Part I and the comparison of results on (re)insurance premiums and 

coverage amounts for different PP or private insurance schemes in Chapter 4. Given the results about the 

differences between the RA and RN (re)insurance premiums in Chapter 4, it can be concluded that a PP 

insurance scheme can provide insurance against catastrophe risks at a relatively low premium compared 

with RA (i.e. commercial) agencies. Furthermore, the role of the government in a PP insurance scheme 

could result in a financially-solvent and affordable insurance system with fewer exclusions or limitations 

on coverage, which are common in commercial insurance. Because of their low-frequency/high-impact 

characteristics, catastrophe risks generally require a long-term strategy and planning for the adequate 

management of risk by building a strong financial capacity and reserves for compensating damage. Such a 

long-term strategy may not always be in the interests of commercial insurance companies, which have a 
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more short-term view, because they have the possibility to stop offering insurance or augment policy 

conditions unilaterally, which can be undesirable for policyholders. In conclusion, a PP insurance system 

in which the government acts as a reinsurer of last resort could be a good solution for providing coverage 

for extreme risks, which are difficult to insure privately at affordable premiums, as is the case for flood 

risk in the Netherlands. 

Question 6: What would be the impact of the anticipated climate change and socioeconomic development 

on flood risk in the Netherlands, and what does this imply for the design of a flood insurance 

arrangement?  

Chapter 5 studied, in particular, the long-term impacts of climate change and socioeconomic development 

on flood risk insurance in the Netherlands. Using the same model from Chapter 3, this chapter estimated 

the full probability distributions of flood damage, but for four different combined scenarios of climate 

change and socioeconomic development for the year 2040. Subsequently, the risk-based (re)insurance 

premiums for flood risk were estimated for each of the 53 dyke-ring areas in the Netherlands, using a 

method that takes into account the insurer’s risk aversion to covering uncertain catastrophe risk. The 

results of this analysis show that extreme climate change with a high sea level rise has a higher impact on 

flood (re)insurance premiums in the future compared with socioeconomic development. For example, a 

sea level rise of 60 cm could lead to an increase in the potential RN flood insurance premium of, on 

average, more than 17 times the current amount, while the RA premium could increase by up to 50 times 

the current amount. In such a situation, flood risk insurance may be practically unfeasible. In a scenario 

with increasing risk, a PP insurance system in which the government acts as a risk-neutral reinsurer of last 

resort, accompanied by comprehensive adaptation and risk reduction measures, could be a good solution 

for making flood risk insurance available at an affordable price. As an illustration, the RN premiums 

under the current situation are about 2.5 times lower than their risk-averse counterparts, while this could 

increase to about 4.9 times under the upper-bound scenario, with a sea level rise of 60 cm, and high 

economic and population growth (large increase in flood-prone assets). Given the projected increase in 
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flood risk, it is especially important that flood insurance contributes to climate change adaptation (e.g. 

flood protection) by the public sector and encourages the implementation of risk mitigation measures by 

property-owners to reduce flood damage at the local level.  

 In summary, this research has provided insight into the main strengths and weaknesses of existing 

insurance schemes for catastrophe risks, and has shown how these could be improved so that these 

become affordable for the insured and robust to cope with long-term trends, such as climate change. 

Public-private insurance arrangements appeared to perform well, as these are able to combine the best 

features from both the private and the public insurance schemes. The insurers and insured have different 

interests from those of the government. The former usually maximize their financial position when 

making the decision about whether or not to buy (re)insurance and provide coverage. In particular, 

insurers demand a premium surcharge for covering extreme losses with large uncertainties, while 

government participation could prevent such a surcharge, which would result in a more affordable 

insurance coverage for property-owners. Such benefits of government participation in a catastrophe 

insurance system are illustrated in this thesis, using a case study of flood risk and flood insurance in the 

Netherlands. If climate change causes a high sea level rise along with a high socioeconomic development, 

a PP insurance scheme could provide a good solution for covering flood risk in the Netherlands as long as 

it is accompanied by adequate policies and incentives that limit flood risk.  

Recommendations for future research  

The first part of this thesis studied 12 different insurance or compensation systems for catastrophe risks, 

such as flood and earthquake, in catastrophe risk-prone countries. The main finding of this research is that 

a mandatory PP insurance system is able to offer flood insurance at lower premium than a voluntary 

system, because the first has a higher market penetration and is able spread the costs of insurance over a 

large diversified pool of policyholders. Further research can examine the long-term development of such 

systems and the benefits that such systems provide to the economy. For example, PP insurance systems 

are generally subject to the changes in political structures, and, therefore, successive policy makers may 
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decide not to take over the arrangements set by their predecessor. In some cases the government may even 

fail to meet its own commitments, such as protecting vulnerable communities from the threat of flooding, 

by not meeting previously defined flood risk management investments. Another aspect that needs to be 

studied is whether certain roles and responsibilities of the government in a PP insurance system may 

disturb or even violate the free market principles, and how that could be solved. For example, the 

reinsurance arrangement (CCR) provided by the French government suffered from an adverse selection 

problem, because insurers were allowed to purchase reinsurance on a voluntary basis, which had the 

effect that exposures to high risk policies were transferred to the CCR, while low-risk policies were 

retained. Moreover, PP insurance systems may provide long-term (dynamic) economic benefits by 

stimulating risk reduction by policyholders, as well as by the government, and by spreading risks over 

public and private sectors, which have not been extensively researched. Effects on flood risk of such 

behavioural consequences of flood insurance are an important topic for future research. 

 The methodology adopted in Chapter 3 to estimate flood damage and the corresponding insurance 

premiums is of great relevance, as it is partly able to cope with the lack of empirical observations on flood 

risk, which is one of the main obstacles in accurately estimating catastrophe risks and corresponding 

insurance premiums. The risk allocation model proposed in Chapter 4, based on the Pareto optimality 

principle, provides a good insight into how potential flood damage can be shared among the property-

owners, the insurers and the government in a PP insurance system. The estimates of trade-offs between 

the benefits and the costs of insurance and reinsurance purchases for, respectively, the property-owners 

and the insurers, shows that large losses with high uncertainties are very expensive to (re)insure.  

 The study in Chapter 3 provided insights into the uncertainty of estimated flood damage, while it 

should be acknowledged that another important source of uncertainty is the flood frequency, as has been 

stated by various studies on flood damage in the Netherlands, like VNK and AVV. In this respect, future 

research could focus on obtaining better insights into the uncertainties of the real probability of dyke 

failure. The Flood Control Project 2015, which integrates three main aspects (the dyke, the decision 
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maker, and the environment) to make the total flood protection system smarter, and the on-going VNK2 

(Veiligheid Nederland in Kaart 2) are two main such studies on flood protection with a particular focus on 

the probabilities of dyke-failure. Furthermore, as this project allows the integration of expert judgment 

and other third party information, it would be advisable to refine the prior flood damage assessment 

process by carefully integrating subjective information that may be of large value. The controversy in 

doing so arises because prior information is generally assumed to be subjective, and can have a significant 

impact on the final results. However, this can partly be overcome with a cross-validation of the 

information, as long as this is properly carried out.  

 Furthermore, the (re)insurer’s risk-aversion rate used for the premium calculation should reflect 

the actual risk in the dyke-ring areas rather than those estimated for different areas. Therefore, more 

research will be necessary on deriving empirical estimates of (re)insurer’s risk aversion to covering 

catastrophe risk in the context of flood risk in the Netherlands.  

 In terms of the future impacts of socioeconomic development and climate change, further in-

depth research could refine the analysis of the stochastic nature (frequency and severity) of future flood 

damage. The analysis in Chapter 5 tried to capture this by estimating risks and premiums under a wide 

range of scenarios. However, this research could be extended further by integrating other projections, 

which may include the stochastic character of climate change and socioeconomic development by using 

sufficient (probabilistic) scenarios. As comprehensive risk-reduction measures are inevitable for keeping 

flood risk at acceptable levels and for the availability of flood insurance, the integration of a cost-benefit 

study of different flood risk adaptation strategies on the risk and premium estimations could be fruitful. 

Another aspect of a PP insurance scheme which could be studied is the willingness of insurers to 

participate in such a flood insurance system, and the conditions they may impose on the government 

concerning public investments in long-term risk mitigation and adaptation measures.  
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Nederlandse samenvatting (Dutch summary) 

Gedurende de afgelopen decennia hebben diverse rampen (zoals overstromingen, aardbevingen en 

terrorisme) wereldwijd aanzienlijke financiële schade en menselijk leed veroorzaakt. Wegens een grote 

toename in bevolking en economische groei in kwetsbare gebieden, zoals in de steden langs de kust en 

rivieren, is de kans op schadelijke effecten door rampen verder toegenomen. De potentiële schade 

veroorzaakt door natuurrampen zal in de toekomst verder stijgen door de verwachte klimaatverandering, 

verdere sociaaleconomische ontwikkelingen en een toename in concentratie van economische waarde in 

kwetsbare gebieden. Daarmee zullen in sommige delen van de wereld de publieke uitgaven voor 

noodhulp en financiële compensatie aan getroffenen door rampen te hoog worden, waardoor de urgentie 

voor preventieve adaptatie- en risicoreducerende maatregelen groter wordt.  

Commerciële verzekeraars zijn terughoudend in het aanbieden van verzekeringen tegen 

catastrofale risico’s, zoals overstromingen, aardbevingen en terrorisme. Verzekeraars geven zelfs aan dat 

schades veroorzaakt door rampen doorgaans worden beschouwd als onverzekerbare risico’s. Dit heeft een 

aantal oorzaken. De potentiële schade van deze risico’s en de bijbehorende premies zijn moeilijk te 

schatten doordat ze omgegeven zijn door grote onzekerheden vanwege een gebrek aan empirische 

informatie. Daarnaast bemoeilijkt de mogelijk grote omvang van rampschades de verzekerbaarheid van 

zulke risico’s. Als catastrofeverzekeringen toch worden aangeboden, dan is meestal de premie relatief 

hoog, en dus onaantrekkelijk voor potentiële geïnteresseerden.   

Diverse onderzoeken zijn gewijd aan de vraag hoe verschillende ramprisico’s het beste kunnen 

worden beheerd, zodat de getroffenen op een effectieve en snelle wijze schadeloos gesteld, of geholpen, 

kunnen worden. De publieke middelen die beschikbaar worden gesteld in tijden van rampen zijn meestal 

beperkt en van tijdelijke aard. Sommigen studies pleiten voor een gezamenlijke aanpak tussen publieke en 

private sectoren voor rampenbestrijding, zodat bestaande kennis, financiële capaciteiten en faciliteiten uit 

beide sectoren kunnen worden benut bij het opzetten van een betaalbare publiek-private compensatie- of 



184 
 

verzekeringsregeling voor catastrofe risico’s. Een dergelijk systeem kan worden gecombineerd met 

diverse adaptatie- en mitigatiemaatregelen om risico’s preventief te reduceren. Deze maatregelen worden 

normaliter door de overheid genomen. Daarnaast kunnen ook polishouders maatregelen treffen die schade 

door rampen beperken, bijvoorbeeld door huizen overstromingsbestendig te maken. Doordat de overheid 

betalingsverplichtingen over veel belastingbetalers en door de tijd kan spreiden, kan zij in het geval van 

rampen goedkoop geld lenen op de kapitaalmarkt. Een deelname van de overheid aan een publiek-private 

verzekering wordt hierdoor aantrekkelijk, omdat deze tegen een betaalbare prijs kan worden aangeboden. 

Wanneer bijvoorbeeld de overheid fungeert als herverzekeraar, kunnen relatief hoge (private-) 

herverzekeringskosten worden voorkomen. Daarnaast kan een publiek-privaat verzekeringssysteem 

efficiënt gebruik maken van de bestaande infrastructuur, kennis en capaciteit die beschikbaar is in de 

private verzekeringssector om risico’s te spreiden en operationele activiteiten uit te voeren en de 

verzekering te faciliteren.  

Vanwege de laaggelegen geografische positie van het land hebben Nederlanders al eeuwenlang te 

maken met de dreiging van overstromingen. Voornamelijk in de gebieden langs de kust en de rivieren, 

waar gedurende de laatste decennia zowel bevolkingsdichtheid en economische waarden zijn 

toegenomen, is de potentiële schade door overstromingen gestegen. Deze veranderingen hebben ertoe 

geleid dat het beheer van overstromingen in Nederland steeds belangrijker is geworden. Zo zijn deze 

overstromingsgevoelige gebieden in Nederland onderverdeeld in 53 dijkringgebieden, die worden 

beschermd door geavanceerd systemen van dijken, dammen en stormvloedkeringen. Hoewel de 

veiligheidsnormen van elk van deze dijkringen worden beschouwd als één van de hoogste ter wereld, is 

het gevaar voor een overstroming altijd aanwezig doordat kleine overstromingskansen nooit helemaal 

kunnen worden uitgesloten.  

Verwachte klimaatverandering en de daarmee gepaarde gevolgen voor overstromingsrisico’s, 

hebben geleid tot veel discussies over de noodzaak van een brede overstromingsverzekering in Nederland. 

Momenteel is verzekeringsdekking tegen overstromingen beperkt beschikbaar in Nederland, en kunnen 
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huizeneigenaren schade door overstromingen deels van de overheid vergoed krijgen via de zogenaamde 

“Wet Tegemoetkoming Schade bij Rampen en Zware Ongevallen” (WTS)37. Aangezien de overheid in 

het geval van een overstroming kan beslissen de schade niet of slechts gedeeltelijk te vergoeden, is het 

onzeker in welke mate huishoudens en bedrijven na een overstroming door de WTS schadeloos worden 

gesteld. Bovendien kan de WTS als inefficiënt worden beschouwd omdat de WTS geen financiële 

bijdrage vraagt aan huizeneigenaren. Doordat huishoudens niet optimaal betrokken worden bij het 

bestrijden van overstromingsrisico’s en hiervoor geen prikkels krijgen, zullen zij zelf ook geen initiatief 

nemen om de potentiële schade van overstromingen te beperken door risico reducerende maatregelen te 

nemen.  

Sinds kort kunnen particuliere huizeneigenaren in Nederland zich verzekeren tegen 

overstromingsrisico’s door middel van een catastrofeverzekering die is geïntroduceerd door de 

verzekeringsmaatschappij Neerlandse, waarvan de Engelse verzekeringsmaatschappij Lloyd’s de 

risicodrager is. De premie van deze verzekering is relatief hoog; namelijk in sommige gevallen meer dan 

10 keer hoger dan de verwachtingswaarde van overstromingsschade. Verder is het aantal deelnemers en 

de dekking van de verzekering beperkt met een maximum uitkering van €75.000 per gebeurtenis, en 

kunnen alleen particuliere huizeneigenaren in bedijkte gebieden zich verzekeren. Dit toont aan dat een 

volledig commerciële verzekering met een brede dekking in een land als Nederland moeilijk te realiseren 

is.  

Doel van dit onderzoek  

Dit proefschrift bestaat uit twee onderdelen. Deel I is van kwalitatieve aard en onderzoekt hoe bestaande 

catastrofeverzekeringen/compensatie systemen in diverse landen zijn opgezet. Het tweede deel is van 

kwantitatieve aard en richt zich op het schatten van potentiële schade door overstromingen en 

bijbehorende verzekerings- en herverzekeringspremies van verzekeringsconstructies met verschillende 

                                                            
37 http://wetten.overheid.nl/BWBR0009637/geldigheidsdatum_02-11-2013 

http://wetten.overheid.nl/BWBR0009637/geldigheidsdatum_02-11-2013
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publieke en private verantwoordelijkheden. Hieronder is een korte samenvatting van de bevindingen van 

dit proefschrift gegeven.  

Samenvatting deel I 

Hoofdstuk 2 van dit proefschrift bestudeert bestaande compensatie- of verzekeringssystemen voor 

aardbevings- en overstromingsrisico’s in 12 verschillende landen. Diverse aspecten van deze systemen, 

zoals de financiering, hoogte van zowel de verzekerings- als herverzekeringspremie, 

samenwerkingsverbanden tussen publieke en private sectoren en hun rolverdeling en 

verantwoordelijkheden, en risico mitigerende- en adaptatiemaatregelen worden geanalyseerd.  

Uit dit onderzoek is gebleken dat de publieke systemen, waarbij de overheid 

eindverantwoordelijk is en schade normaliter met publieke middelen wordt gefinancierd, een hoog 

marktaandeel hebben vergeleken met publiek-private of private verzekeringssystemen. Echter, vanuit een 

financieel perspectief zijn de publieke systemen minder efficiënt, omdat ze meestal op een ad-hoc basis 

opereren en heffen geen- of zeer lage premies die vaak niet op risico zijn gebaseerd. Vergeleken met 

publieke systemen, worden private systemen doorgaans gekenmerkt door een laag marktaandeel en een 

hoge premie, hetgeen wordt veroorzaakt door het vrijwillige karakter van het private systeem. Vergeleken 

met de bovenstaande regelingen, blijken de systemen met een publiek-private samenwerking het beste te 

presteren omdat ze in staat zijn om de voordelen van zowel de publieke als de private sectoren te 

verenigen. Bijvoorbeeld, een publiek-privaat systeem kan tegen een relatief lage premie een verzekering 

aanbieden tegen catastrofe risico’s omdat de overheid hoge schades voor haar rekening neemt via het 

aanbieden van staatsgaranties of herverzekeringen.  

Samenvatting deel II 

Het tweede deel van dit proefschrift richt zich vooral op de kwantitatieve aspecten van een 

overstromingsverzekering in Nederland. Op basis van de kwalitatieve bevindingen uit deel I, worden in 

hoofdstukken 3 tot en met 5 diverse statistische en actuariële modellen voorgesteld en toegepast voor het 
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bestuderen van mogelijkheden voor een overstromingsverzekering voor alle 53 dijkringen in Nederland. 

Op basis van de relatieve beperkte beschikbare informatie over overstromingsrisico’s worden 

verschillende aspecten van een overstromingsverzekering zoals schade, (her)verzekeringspremie en 

risicoverdeling tussen de betrokkenen partijen bestudeerd. Dit deel van het onderzoek wordt uitgevoerd in 

drie sub-delen. Ten eerste worden Bayesiaanse methoden toegepast om risico’s en premies te schatten. 

Ten tweede wordt de optimale risicoverdeling geanalyseerd tussen verzekerden, verzekeraars en 

herverzekeraars of de overheid. Ten derde, wordt onderzocht hoe deze risicoverdeling en premies zich 

ontwikkelen tot het jaar 2040 onder vier verschillende scenario’s van klimaatverandering en 

zeespiegelstijging.  

Overstromingsrisico’s en premies voor 53 dijkringgebieden in Nederland 

Overstromingen met grote materiële schade en menselijk leed zijn zeldzame gebeurtenissen waarvan de 

economische schades zijn omgeven door grote onzekerheden. Wegens het gebrek aan empirische 

informatie over overstromingsrisico’s zijn de kans en omvang van de schade moeilijk te bepalen. 

Verzekeringsmaatschappijen zien dit als een groot obstakel voor het functioneren van 

verzekeringssystemen tegen ramprisico’s, zoals een overstromingsverzekering. Zonder goede historische 

gegevens kunnen verzekeraars moeilijk een goede inschatting maken van potentiële schade, wat nodig is 

voor het bepalen van een onderliggende verzekeringspremie. Dit proefschrift stelt daarom een nieuwe 

aanpak voor in hoofdstuk 3, om kansverdelingen van overstromingsschade te schatten voor alle 53 

dijkringgebieden in Nederland. De theorie van Bayes wordt toegepast, waarmee in het geval van schaarste 

aan gegevens, verschillende bronnen van informatie (in dit geval overstromingsschade volgens de 

projecten AVV en VNK) worden gecombineerd om zogenoemde geconditioneerde kansen op schades te 

bepalen. Vervolgens zijn op basis van deze gegevens de bijbehorende (her)verzekeringspremies bepaald 

volgens twee methodes. De eerste “Empirische” methode is gebaseerd op het beprijzen van 

catastrofeverzekeringen uit de praktijk in de VS. De tweede methode is gebaseerd op het “actuarieel 

gelijkheidsprincipe” (AE) waarbij het reële risico volledig wordt meegenomen in de berekening. De 
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resultaten tonen aan dat de gesimuleerde overstromingsschades, voor elk dijkringgebied, onder andere 

afhankelijk zijn van de totale economische waarde binnen dat gebied en de bijbehorende risicovariantie. 

Hetzelfde geldt ook voor de verzekeringspremie. Verder kan worden geconstateerd dat de grote 

verschillen in het aantal huishoudens binnen de dijkringen zeer bepalend zijn voor de hoogte van de 

gemiddelde premie per huishouden voor individuele dijkringgebieden. Uit de resultaten blijkt verder dat 

de schattingen voor de totale verwachte schade lager uitvallen ten opzichte van de schattingen van 

vergelijkbaar studies (ongeveer 51% en 78% van respectievelijk de AVV en de VNK schattingen). Ook 

tonen de resultaten aan dat de AE premies ongeveer 15% meer bedragen dan de premies berekend op 

basis van de “Empirische” methode, en 17% lager ten opzichte van de AVV schatting. Op individueel 

niveau kunnen premies per dijkring enorm variëren. Zo hebben de dijkringen 14, 16 17, 20, 22, 29 en 43 

een zeer hoge gemiddelde premie per dijkring, welke wordt veroorzaakt door de relatieve hoge totale 

economische waarde en de bijbehorende risicovariantie in die dijkringen.  

Optimale risicoverdeling tussen verzekerden, verzekeraars en herverzekeraars of de overheid in een 

publiek-privaat verzekeringssysteem 

Uit het eerste deel van dit proefschrift is gebleken dat een publiek-private samenwerking een goede 

oplossing biedt voor het realiseren van een duurzaam en betaalbaar verzekeringssysteem tegen catastrofe 

risico’s. In hoofdstuk 4 wordt onderzocht hoe een dergelijk systeem met drie lagen kan worden opgezet 

waarin huizeneigenaren, en zowel risico-averse (commerciële verzekeraars en herverzekeraars) als risico 

neutrale (de overheid als herverzekeraar) partijen kunnen deelnemen.  

Uit deze studie blijkt dat een publiek-private samenwerking een verzekering tegen 

overstromingsrisico’s in Nederland kan aanbieden tegen een jaarlijkse gemiddelde premie per huishouden 

van ongeveer €21, terwijl commerciële verzekeraars een gemiddeld bedrag van ongeveer €35 nodig 

zullen hebben. Verder laten de resultaten zien dat herverzekeraars normaliter een substantieel hogere 

risico-opslag op de premie vragen dan primaire verzekeraars. Dat komt vooral omdat herverzekeraars 
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meestal alleen heel hoge risico’s verzekeren waarvan de risicovariantie, dus de onzekerheid, ook erg hoog 

is. De verzekerings- en herverzekeringspremie die door risico-averse partijen kunnen worden gevraagd 

bedragen respectievelijk 166% en 245% van de corresponderende risico-neutrale bedragen. Verder tonen 

de modelresultaten aan dat huiseigenaren ongeveer 15% van de schade uit eigen zak zouden moeten 

betalen om de premie zo laag mogelijk te houden. Voor de verzekeraars ligt deze grens bij een 

schadedrempel van 84%. Dit betekent dat verzekeraars de verliezen boven deze grens kunnen 

herverzekeren om hun financiële positie te optimaliseren.  

Impact van klimaatverandering en sociaal-economische ontwikkeling op premies van 

overstromingsverzekeringen in 2040 

In hoofdstuk 5 worden de lange-termijn effecten van klimaatverandering en sociaal-economische 

ontwikkelingen op overstromingsverzekeringen in Nederland bestudeerd. Vier gecombineerde scenario’s 

van klimaatverandering en sociaaleconomische ontwikkelingen in 2040 zijn doorberekend om vervolgens 

de bijbehorende kansverdelingen van overstromingsschade voor 53 dijkringgebieden te bepalen en de 

premie te schatten. Voor het bepalen van kansverdelingen en de bijbehorende premies worden dezelfde 

methodes gebruikt als in hoofdstukken 3 en 4. Op een vergelijkbare manier als in hoofdstuk 4 worden 

(her)verzekeringspremies bepaald voor zowel risico-averse als risico-neutrale partijen.  

De resultaten tonen aan dat door een zeespiegelstijging van ongeveer 60 cm de verwachte schade en 

de bijbehorende risico-averse verzekeringspremies respectievelijk met 17 tot 50 keer toenemen ten 

opzichte van soortgelijke schattingen voor de huidige situatie, wanneer de overheid niet zou investeren in 

hogere dijken. De toename in overstromingsrisico’s leidt ook tot een groter verschil tussen risico-averse 

en risico-neutrale verzekeringspremies. Bijvoorbeeld, de risico-averse premies voor de huidige situatie 

zijn ongeveer 2,5 keer hoger dan risico-neutrale bedragen, terwijl deze onder 60 cm zeespiegelstijging 4,9 

keer hoger kunnen zijn. In een dergelijke situatie zal een overstromingsrisico verzekering in Nederland 

praktisch onhaalbaar worden wegens te hoge schade en de bijbehorende (her)verzekeringspremie. De 
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effecten van klimaatverandering op premies zijn beperkter in een publiek-private verzekeringsconstructie 

dan in een puur private verzekeringsconstructie. Desalniettemin is het ook voor de betaalbaarheid van een 

publiek-private verzekeringsconstructie van belang dat adaptatiemaatregelen, zoals dijkverhoging, 

worden genomen om de verwachte toename in overstromingsrisico’s door klimaatverandering te 

beperken.  

Samengevat heeft dit onderzoek een overzicht gegeven van de voornaamste voor- en nadelen van 

bestaande publieke, private en publiek-private verzekeringssystemen voor catastrofale risico’s in diverse 

landen. Daarnaast is op basis van statistische en actuariële modellen inzicht verkregen in de premies en 

optimale verdeling van het overstromingsrisico tussen publieke en private partijen in Nederland. Op basis 

van zowel de ervaring uit de praktijk als de resultaten van deze modellen, kan worden geconcludeerd dat 

een publiek-private samenwerking een efficiënte oplossing biedt voor het aanbieden van een 

overstromingsverzekering. Publiek-private verzekeringen hebben normaliter een grotere marktpenetratie 

omdat deelname meestal verplicht is, waardoor het risico over een grote groep van verzekerden kan 

worden gespreid, wat leidt tot een aanzienlijk lagere (her)verzekeringspremie. Tevens kunnen relatief 

hoge herverzekeringskosten worden voorkomen als de overheid een deel van de extreme schade dekt door 

te functioneren als herverzekeraar. Bijvoorbeeld, de jaarlijkse gemiddelde premie voor een 

overstromingsverzekering in Nederland valt ongeveer 70% lager uit wanneer deze wordt aangeboden 

door een publiek-private verzekering dan door alleen private verzekeraars. Dit verschil loopt verder op 

voor de herverzekeringspremie. De resultaten in hoofdstuk 4 laten zien dat wanneer ervoor wordt gekozen 

om het potentiële risico boven 84% van het schadekwantiel te herverzekeren in de private sector, er maar 

liefst 150% meer premie betaald moet worden dan wanneer dezelfde herverzekering door een 

risiconeutrale partij, zoals de overheid, wordt aangeboden. De scenariostudie van klimaatverandering en 

sociaaleconomische ontwikkeling voor 2040 toont aan dat bij een zeespiegelstijging van 60 cm, en geen 

aanvullende adaptatie maatregelen zoals dijkverhoging, de bijbehorende premies tot maar liefst 50 keer 

hoger kunnen liggen ten opzichte van de premies voor de huidige situatie. In dergelijke situaties is een 
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private overstromingsverzekering onhaalbaar. Een oplossing kan dan worden gevonden in publiek-private 

samenwerking in combinatie met adaptatiemaatregelen die het risico beperken.  

 


