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A B S T R A C T

Climate change, along with socio-economic development, will increase the economic impacts of floods. While
the factors that influence flood risk to private property have been extensively studied, the risk that natural
disasters pose to public infrastructure and the resulting implications on public sector budgets, have received less
attention. We address this gap by developing a two-staged model framework, which first assesses the flood risk
to public infrastructure in Austria. Combining exposure and vulnerability information at the building level with
inundation maps, we project an increase in riverine flood damage, which progressively burdens public budgets.
Second, the risk estimates are integrated into an insurance model, which analyzes three different compensation
arrangements in terms of the monetary burden they place on future governments' budgets and the respective
volatility of payments. Formalized insurance compensation arrangements offer incentives for risk reduction
measures, which lower the burden on public budgets by reducing the vulnerability of buildings that are exposed
to flooding. They also significantly reduce the volatility of payments and thereby improve the predictability of
flood damage expenditures. These features indicate that more formalized insurance arrangements are an im-
provement over the purely public compensation arrangement currently in place in Austria.

1. Introduction

Floods account for a major share of natural hazard losses experi-
enced in the European Union between 1980 and 2016 (European
Environment Agency, 2017). Socioeconomic development combined
with ongoing climate change will further increase flood risks, due to
worsening flood conditions and more people and assets being placed in
harm's way (Alfieri et al., 2018; Rojas et al., 2013; Winsemius et al.,
2016).

For governments, the projected increase in flood damages carries
the risk of significantly burdening public budgets (Unterberger, 2018).
In the aftermath of floods, governments must restore public infra-
structure and often provide compensation to people and affected busi-
nesses for non-insured losses. For example, the German federal gov-
ernment created a special ad-hoc fund of €7.1 billion to provide support

to those affected by the 2002 flood event. The role of governments as
emergency risk managers exposes the public sector to significant risk.
The responsibility to respond to the consequences of floods creates a
large public contingent liability, which must be managed. This liability
increases if the state is the only actor to bear this expenditure. Im-
portantly, floods strike regardless of the economic circumstances or
governments' fiscal position. Therefore, governments should consider
implementing mechanisms that protect their budgets from the impacts
of floods, including strategies that ensure the adequate provision of
funds for post disaster relief and reconstruction and incentives that
limit flood damages (Cevik and Huang, 2018).

Insurance has emerged as an important player in flood risk man-
agement (Botzen and van den Bergh, 2008; Schwarze et al., 2011;
Steininger et al., 2005; Surminski et al., 2015a, 2015b). Insurance
coverage guarantees contractually specify ex-post compensation, while
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contract designs can be used to incentivize ex-ante risk reduction
(Botzen et al., 2009; Kunreuther, 1996; Surminski and Hudson, 2017).
Several studies have shown that mitigation measures at the building
level can effectively reduce the damage of natural disasters (Hudson
et al., 2014; Kreibich et al., 2005; Poussin et al., 2015). Therefore, in-
surance contracts that offer risk-based premiums and reward the in-
stallment of mitigation measures with a discount are a possible ap-
proach to deal with increasing flood losses (Hudson et al., 2017; Michel-
Kerjan and Kunreuther, 2011). Moreover, such actions can aid and
support other policies aimed at stimulating risk reduction through say
building code alterations or regulations by providing positive rewards
for these actions. Risk-based insurance premiums charge policyholders
a premium in line with the total flood risk they face. Therefore, those at
higher risk will tend to pay more for an insurance policy, while those
who reduce their risk, pay less. This allows insurance to act as a price
signal of risk, which can stimulate adaptation to changing flood risks.

Most of the literature focuses on private household flood insurance
(Botzen and van den Bergh, 2008; Hudson et al., 2016; Osberghaus,
2015). However, flood risk to public infrastructure and the insurance
implications have received less attention. The impacts of floods on
public infrastructure can have more profound ramifications than on
private property. Any delay in restoring public infrastructure causes
indirect effects since many people rely on and require the services of
public infrastructure in the fields of education, health, transportation,
and culture. Additionally, the value of public infrastructure can exceed
that of individual private property, since schools and hospitals are often
large facilities and equipped with high-tech installations (Aerts et al.,
2013). In order to address the gap in the literature, this article seeks to
analyze the future development of riverine flood risk faced by the
public sector in Austria in terms of exposed public infrastructure and
the potential implications that different financial risk sharing arrange-
ments can have on the total financial burden on public budgets.

Austria provides an interesting case study due to its high income
and its capacity to implement adaptation strategies, and whose existing
public sector risk management strategy is increasingly challenged to
improve its effectiveness (Prettenthaler et al., 2015; Steininger et al.,
2015). In Austria, flood risk is currently primarily borne by the Austrian
disaster fund (Katastrophenfonds), financed by 1.1% of the federal share
on income taxes, taxes on capital yield, and corporate taxes (Holub and
Fuchs, 2009). The fund can hold reserves of up to €30 million from
unspent resources; surpluses beyond that are redistributed back into the
general budget (Austrian Ministry of Finance, 1996). If needed, addi-
tional funds can be appropriated from the federal budget (Gruber,
2008). The fund's primary role is to implement, and conduct main-
tenance of, large-scale disaster prevention measures. These investments
account for ~70% of the fund's expenditure (Austrian Ministry of
Finance, 2018). The remainder can be used to compensate disaster re-
lated damage. The damage to public infrastructure in municipalities
tends to be compensated at a rate of ~50% (Austrian Ministry of
Finance, 2012). The remainder is borne by local government budgets.

We develop a two-staged model framework to study the develop-
ment of flood risk to public infrastructure and to assess the burden it
implies on public budgets. At the first stage, a risk model assesses and
projects the flood risk to public infrastructure in Austria. At the second
stage, an insurance model is applied to analyze three different com-
pensation arrangements for covering the projected increase in flood
damage. In essence, we compare an informal insurance system with
more formalized systems. Austria's disaster fund is considered informal
as differing shares of losses will be compensated in different years. In a
formal insurance policy, clear rules determine compensation. Two main
benefits of insurance are studied: the potentially increased financial
certainty and the potential for additional flood risk adaptation. The
compensation mechanisms are evaluated by a multi-criteria analysis
that assesses the future monetary burden in conjunction with the vo-
latility of payments under each arrangement, while also accounting for
a range of different adaptation priorities.

The advantage of the two-staged model framework is its transfer-
ability to other countries and hazard classes. The flood risk model could
easily employ inundation maps from other regions. Given that the re-
lationship between the magnitude of the hazard and the damage it
causes (as illustrated by the stage damage curves) can be established,
provided that hazard maps and exposure data are available, the risk
model can be applied to other hazard types. The advantage of the in-
surance model in that regard is its direct application of the estimates
and spatial resolution of the risk model. Thus, it allows for the com-
parison of different compensation arrangements irrespective of hazard
types, spatial scales, and geographic location.

The results indicate that a combination of risk transfer to private
insurance companies, incentivizing cost efficient damage mitigation
measures at the building level and collaboration between the public and
the private sector represent an improvement over current practices.
This is because governments gain more financial certainty, in addition
to potentially lower flood losses due to the incentivized risk reduction.
These two features reduce the overall pressure placed on public budgets
in terms of reduced monetary burden and increased certainty of fi-
nancial arrangements. While the pure monetary burden grows under
insurance-based systems, the benefit of insurance is that the financial
uncertainty caused by flood losses decreases since losses can be bud-
geted for in advance. Therefore, these results offer further support to
the growing momentum toward increasing multi-sectorial partnerships
in flood risk management (European Commission, 2017; Flood Re,
2018; Golnaraghi et al., 2017; Hochrainer-Stigler and Lorant, 2018;
Insurance Europe, 2018; Surminski et al., 2015a, 2015b; The Geneva
Association, 2018).

2. Methods: Flood Risk and Insurance Model

2.1. Flood Risk Model

The monetary loss L caused by a given flood is a function of in-
undation depth H, the value of elements that can be damaged E, and
their susceptibility to being damaged V (Crichton, 2008). Flood risk, or
the expected annual damage (EAD) is the probability-weighted sum of
losses from all possible flood events.

=L f H E V( , , ) (1)

Flood hazard information is obtained from the GLOFRIS model
cascade (Ward et al., 2017) at a resolution of approximately 1×1 km2.
The current flood hazard is modeled by using meteorological data from
the EU-WATCH project (Weedon et al., 2011). For the projections until
2080, meteorological fields from the ISIMIP data are applied to the
GLOFRIS model (Frieler et al., 2016). These meteorological data are
derived from five different global climate models1 (GCMs), which are
run for one representative concentration pathway (RCP 8.5). The
GLORFIS model focuses on riverine floods rather than pluvial flooding,
burst water mains, etc. The model has been successfully validated in a
range of contexts (Ward et al., 2017, 2013; Winsemius et al., 2013).

For the current climate and future projections, flood inundation
maps for the following return periods are used: 1/2; 1/5; 1/10; 1/25; 1/
50; 1/100; 1/250; 1/500; 1/1000. Flood protection, such as dikes and
increased retention basins, lowers risk by preventing certain floods
from occurring. Flood protection measures are included in the model by
excluding damage from flood events with return periods that are higher
than or equal to the protection standard of the measure, which means
that the damage for that flood event is set equal to 0. As an illustration,
if flood protection measures for up to 30-year events are assumed, then
only events that happen less frequently than 1 in 30 years cause da-
mage. Currently 88% of the areas that exhibit significant risk of

1 The GCMs are: GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-
CHEM, Nor-ESM1-M.

C. Unterberger et al. Ecological Economics 156 (2019) 153–163

154



flooding in Austria are protected against frequent flood events with a
return period of above 1 in 30 years (The Austrian Federal Ministry of
Agriculture, Forestry, Environment and Water Management, 2016).
According to the current Austrian national flood risk management plan,
protection standards will be continuously increased until protection
against floods with a 100 year return period is achieved (The Austrian
Federal Ministry of Agriculture, Forestry, Environment and Water
Management, 2016). Within this strategy, three different nationwide
flood protection standards are assumed: protection up to 30, 50, and
100 year return periods (denoted as FLOPRO30, FLOPRO50, and
FLOPRO100). It is assumed that within a flood protection scenario, the
level of protection remains fixed at that level over time. To highlight
the risk reducing effects that protection standards have, the results
when no protections standards are in place are also modeled (NOPRO).
It is assumed that the state maintains the protection levels by ac-
counting for changes in the hazard. As a simplifying assumption we
focus on hard infrastructure, such as dikes. While there are a range of
actions that could prevent, or limit, the extent of floods such as nature-
based solutions, for our purposes it is not important how a particular
reduction in hazard is achieved. Also note that our analysis does not
focus on the optimal choice of the collective flood protection level, but
on the design of risk transfer mechanisms once a given flood protection
standard has been decided upon.

The flood hazard information is combined with object-based ex-
posure information on public infrastructure. For each building,
openstreetmap.org provides information regarding building type, i.e.
kindergarten, school, hospital, etc. This information enables a cate-
gorization of six public building classes: education, health, culture,
miscellaneous, military, and sport fields and parks. Additionally, the
main lines of the Austrian railway system are included in the analysis
(Fig. 1).

To factor in the feedback between climate change and socio-
economic factors, shared socioeconomic pathways (SSPs) are used. The
value of the exposed infrastructure is assumed to increase at the same
rate as real GDP under the given SSP. Following Winsemius et al.
(2016), RCP 8.5 is combined with SSP5, i.e., a scenario with high mi-
tigation and low adaptation challenges. This scenario combination re-
presents a high end climate scenario for the development of flood risk,
which has been used in other studies (Alfieri et al., 2015; Winsemius
et al., 2016). Alfieri et al. (2015) argue that with the current rate of
global warming and the challenges of limiting global warming to 2 °C
increase by the end of the century, policymakers require assessments of
high end scenarios in order to better understand the potential climate
change impacts and plan accordingly following the precautionary
principle.

The vulnerability of the elements exposed to flooding is represented
by stage damage curves. Stage damage curves indicate what fraction of
the maximum value is at risk (measured in €/m2) if a building is
flooded, given particular inundation depths. The applied stage damage
curves and values at risk are based on de Moel and Aerts (2011) and de
Moel et al. (2014) and are explained in the Supplementary material
(S1). To reduce the vulnerability of buildings, flood-proofing measures
at the building level can be applied, which change the relevant stage
damage curve. We focus on dry flood-proofing measures as compared to
other measures dry flood-proofing is cheaper and easier to install (Aerts
et al., 2013). Moreover, dry flood-proofing does not require a large
scale intrusive retrofitting of public buildings which are actively pro-
viding needed public services. Dry flood-proofing is assumed to be ef-
fective until an inundation depth of 1m is reached, after which the
measure fails (de Moel et al., 2014).2 The benefits of dry flood-proofing
can be seen through the change in the EAD. The investment and
maintenance costs associated with dry flood-proofing per building type
are further described in the Supplementary material (S2). Finally, vul-
nerability is assumed to be static unless a property manager is actively
incentivized to alter his or her building's vulnerability. This is because
there is currently limited information on how the autonomous behavior
of stakeholders alters vulnerability or riverine flood inundation patterns
(Aerts et al., 2018).

With the flood return periods and modeled damages, exceedance
probability loss curves and the EAD can be derived (Ward et al., 2011).
The overall EAD is disaggregated according to Austria's 99 political
districts. It is assumed that damage to buildings that fall within the
classification of education, health, culture, miscellaneous, sport fields
and parks fall within the domain of the regional governments of the
individual political districts, whereas the federal government is re-
sponsible for damage to military and railway infrastructure.

Fig. 2 provides a summary overview of the input variables and
model chain used to derive the EAD.

2.2. Budgetary Burden and Insurance Model

The pressure on government budgets at both federal and political
district level can be measured as the expected expenditure on insurance
premiums plus the uncompensated reconstruction costs. The smaller
this amount is the less pressure is placed on budgets. The budget
pressure is shown in Eq. (2), in which π is the cost of gaining access to

Fig. 1. Public buildings and infrastructure in Austria. Green lines represent the main railway connections. Black dots show public buildings and infrastructure. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2 Additionally, we note that the potential for the dry flood proofing measures
to fail shows how it is still useful to maintain flood insurance coverage.
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financing mechanisms, FR shows the expected flood repair costs, which
is equal to the EAD, while the government can receive financial support
H, or indemnity payments I, net of any deductible D.

= +Burden FR H I D( ) (2)

In estimating the burden that flood risk places on government
budgets, the following three different insurance schemes are analyzed.

First, we consider the compensation system currently in place in
Austria, where flood risk is borne by the public sector.

In the second scheme, flood risk is transferred to a private insurer. It
is assumed that the governments purchase the offered insurance policy,
which provides suitable coverage. The advantage of insurance is that it
provides more certainty regarding annual expenses, as compensation is
no longer financed in an ad-hoc manner after a flood. Moreover, it is
assumed that there is a clearly defined riverine flood insurance policy,
which can be an extension of current insurance policies covering a set of
more frequent risks, i.e. fire. Generally, insurance premiums exceed the
expected value of risk due to loading factors (shown in Eqs. (5) and (6)),
which occur due to transaction costs, profit motivations, business costs,
uncertainty surcharges, etc. Moreover, it should be considered that
impacts can be correlated since several floods can occur in a single year
and a large number of claims can be made in a small area. Private in-
surers deal with this possibility of extremely high losses by purchasing
insurance coverage from reinsurers. Private reinsurers achieve a greater
degree of spatiotemporal diversification compared to primary insurers,
but still charge a premium surcharge for covering extreme risks due to
risk aversion. In contrast, a reinsurer financed by the public sector can
handle extreme damage through borrowing or taxation.

Therefore, in the third scheme, we examine a public-private in-
surance mechanism in which the federal government acts as a risk
neutral reinsurer. The main advantage of such a public-private ar-
rangement is a reduction in the reliance on risk-averse private re-
insurers. Alternatively, a public sector reinsurer can act - akin to

refocusing the role of the European Union Solidarity Fund as proposed
by Hochrainer-Stigler et al. (2010) - as a part of a public reinsurance
network for public infrastructure. We simplify the motives of individual
private insurers by noting the general interest in increasing collabora-
tion between the insurance industry and the public sector in covering
flood risk (European Commission, 2017; Flood Re, 2018; Golnaraghi
et al., 2017; Hochrainer-Stigler and Lorant, 2018; Surminski et al.,
2015a, 2015b; The Geneva Association, 2018).

2.2.1. Current Compensation System
Under the current compensation system, the budgetary burden on

the federal government's budget is FederaltPS for a given protection
standards PS at time t (Eq. (3)). The FR element for the federal gov-
ernment is the sum of the EAD to federally owned infrastructure and the
share τ of the expected compensation payments to the regional gov-
ernments i ( =

= FRi
i

i t
regional PS

1
99

,
, ). The prime purpose of the disaster fund

is not to provide compensation and as such the remaining elements π,
H, (I−D) are set equal to 0.

The budgetary burden for the political districts (Regionali, t
PS in Eq.

(4)) maintains the assumption that the π, and D elements are set equal
to 0, as the compensation is effectively free, complete, and not pre-
financed. However, it is now assumed that the H element is equal to
(1− τ)FRi, t

regional, PS, where τ is equal to 0.5, hence political districts
only have to cover half of their EAD, based on the current practice
(Austrian Ministry of Finance, 2012).

= +
=

=

Federal FR FRt
PS

t
federal PS

i

i

i t
regional PS,

1

99

,
,

(3)

=Regional FR(1 )i t
PS

i t
regional PS

, ,
,

(4)

2.2.2. Risk Transfer to Private Insurer
When the risk is transferred to a private insurer, the π element of the

Expected Annual Damage
(EAD, €/yr)

Combines exposure data with inundation maps and calculates flood damages per raster cell, per return period, 
per infrastructure class, based on stage damage curves and associated maximum value at risk.

Damage Model

Fig. 2. Schematic overview of input data and model chain used to derive the expected annual damage.
Adapted from de Moel et al. (2014).
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budgetary burden is the premium that insurers request from each
governmental body.

These premiums are calculated as πt
federal, PS and πi, t

regional, PS in Eqs.
(5) and (6) for the federal and regional governments, respectively.

= + + +EAD D c(1 )(( ) ( ))t
federal PS

t
federal PS

t federal t
L

federal t
CM, ,

, ,

(5)

= + + +EAD D c(1 )(( ) ( ))i t
egional PS

i t
PS

i t i t
L

i t
CM

,
r ,

, , , , (6)

The core element of the premiums is the EAD plus a surcharge to
represent the volatility in annual losses which reflects risk aversion by
reinsurers c. This surcharge is calculated following Paudel et al. (2013),
whereby it is the product of a risk aversion coefficient c, set equal to
0.55 as in Paudel et al. (2013), and the sum of the standard deviation of
losses i t

L
, for the estimated exceedance curve and the standard de-

viation of EADs across climate models i t
CM

, . On top of the core pre-
mium, insurers charge a further surcharge λ to cover administrative
costs and to generate profit. Data from the OECD insurance statistics
database shows that between 1996 and 2016, the ratio of gross oper-
ating costs to gross premiums in the non-life insurance sector was ~0.2.
On top of this ratio we add a profit and risk aversion factor of 0.1,
resulting in a total loading factor of 0.3, which matches Hudson et al.
(2016). As a simplifying assumption we model the insurance industry as
a single representative firm instead of multiple heterogeneous firms in a
competitive market where each must decide which risks to insure in
order to maximize its profitability. Future research could examine in-
surer behavior of multiple heterogeneous firms.

A deductible is present, as the use of deductibles are important
elements of insurance contracts (Paudel et al., 2015). Following the
results of Paudel et al. (2015) and Hudson et al. (2016) we set the
deductible at 15% of the loss suffered. In this scheme no other source
for financing reconstruction is possible. The burden simplifies to Eqs.
(7) and (8).

= +Federal D FRt
PS

t
feder l PS

t t
federal PSa , , (7)

= +Regional D FRi t
PS

i t
regional PS

i t i t
regional PS

, ,
,

, ,
,

(8)

Formal insurance mechanisms can also provide incentives for risk
reduction through premium discounts. It has been argued that this link
is not standard practice in Europe, due to transaction costs (Surminski
et al., 2015a, 2015b). However, transaction costs could be reduced if
flood coverage is bundled into pre-existing insurance policies, or a
certification process of risk reduction measures is employed. This could
be similar to how the National Flood Insurance Program uses property
level elevation certificates in order to provide discounts to policy-
holders with elevated buildings (Aerts et al., 2013).

Therefore, we also analyze the potential effects of successful disaster
risk reduction measures on flood risk (superscript DRR in Eq. (9)). We
assume that all regional government buildings can employ dry flood-
proofing and will receive premium discounts if dry flood-proofing is
employed, because the EAD is now lower. Other than this alteration, the
pressure on government budgets remains the same, except for the ad-
ditional one-time payment necessary to implement dry flood-proofing.
However, the property assigned to the federal government is usually
not suitable for dry flood-proofing3 and as such the federal burden re-
mains unchanged.

A regional government decides to employ a dry flood-proofing
measure (DFP in Eq. (9)) if the net present value of the reduction in
premiums, over the dry flood-proofing's 20 year lifespan (with

negligible maintenance costs), is larger than the upfront cost of em-
ploying the measure (see Eq. (9)). A discount rate r of 3.5% is used,
which is the European Union's recommended rate for Central European
projects (Pálinkó and Szabó, 2012).

=

+
+ + +

<

+
+ + +

DFP

if
r

EAD c

EAD cost

if
r

EAD c

EAD cost

0 1
1

(1 )( ( )

)

1 1
1

(1 )( ( )

)

i t b
PS

t

i t b
PS

i t
L

i t
CM

i t b
PS DRR

i t b

t

i t b
PS

i t
L

i t
CM

i t b
PS DRR

i t b

, ,

0

20

, , , ,

, ,
,

, ,

0

20

, , , ,

, ,
,

, , (9)

The decision to employ dry flood-proofing is done at the building
class level b, which means a regional government decides if it will
flood-proof some combination of building classes. While these calcu-
lations could also be done at the building level, we focus on the ag-
gregate building class level because a building level analysis is com-
putationally too demanding in a country level study.

2.2.3. Public-Private Insurance Mechanism
Several studies have argued that reinsurance premiums can be quite

volatile and high relative to the expected value of the reinsured loss
(Hofman and Brukoff, 2006; Kunreuther and Pauly, 2005; Paudel et al.,
2015). Therefore, we introduce a public-private insurance mechanism
in which the federal government, or a network of governments, act as a
risk neutral reinsurer for regional governments. Hence the c loading is
equal to zero because a public sector reinsurer is less risk averse and
less profit driven.

Under this arrangement: the budgetary burden for the federal gov-
ernment consists of a risk neutral premium to finance its own expected
losses for the π element; the FR element consists of the repair costs for
the federal government and the proportion of regional government
losses it provides reinsurance for; the I element is the indemnity pay-
ment received net of the insurance deductible; the H element is, again,
set equal to zero.

Additionally, the burden for the regional governments is different.
The π for the regional governments is presented as πt

regional, PS, PP, which
consists of the total premium charged for both the risk averse private
and risk neutral public reinsurance coverage, with and without disaster
risk reduction incentives. We assume that the federal government
provides quota-style reinsurance whereby the reinsurer compensates a
fixed proportion of losses (assumed to be 15% following Hudson et al.
(2016)). We assume that the federal government acts on a not-for-profit
basis and therefore, only a loading factor to meet the administrative
costs of providing such a service (λ=0.2) is included.

2.3. Volatility of Payments

The mentioned compensation arrangements offer varying levels of
financial certainty and predictability for the government actors. This is
because formal insurance coverage provides a greater degree of fi-
nancial certainty, as an uncertain loss is exchanged for a fixed loss in
the form of the premium.

The more certain and predictable an expenditure on flood recovery
is, the easier it is to be a fixed element of the public budget process. The
less certain budgetary allocations are, the less prepared the policymaker
is for financing flood recovery expenditures. Therefore, uncertainty can
be seen to be placing a greater burden on government budgets as the
balance of funds must be found at the appropriate date in an ad-hoc
manner, regardless of the government's current financial situation.

To evaluate this element of the various compensation arrangements,
the volatility of payments VoP is calculated in Eq. (10) for the federal
government and Eq. (11) for the average regional government.

3 Doll et al. (2014) conclude that the most relevant rail infrastructure adap-
tation measure is the regular inspection of embankments and vegetation con-
trol. This is not readily generalizable due to local specificities. Military areas are
extensive areas with a mixture of unidentifiable uses, which is therefore in-
feasible to protect with dry flood-proofing.
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In Eq. (10), ϖ1 represents the share of federal losses that a given
level of government is accountable for, while ϖ2 represents the share of
average regional government losses that the federal government fi-
nances. The denominator remains constant and represents the initial
volatility of payments for the Disaster Fund in 2020. The numerator will
change across the various structures. For example, in the case of the
Disaster Fund, ϖ1= 1 and ϖ2= 0.5, while in the case of a purely
private market ϖ1= 0.15 due to the supposed deductible and ϖ2= 0
due to the transfer of this responsibility to the private market. Eq. (11)
presents a similar metric for the average regional government, which
does not bear a share of the federal losses.

2.4. Overall Improvement

Both the budgetary pressure placed on governments and the po-
tential changes in volatility of payments present potential areas of
improvement or deterioration depending on the structure of the com-
pensation. Therefore, in order to judge the overall potential benefits of
each market structure, a multi-criteria analysis is used. This approach is
shown in Eqs. (12) and (13).

In Eq. (12), an overall multi-criteria scoreMCSt, s
w for compensation

arrangement s at time t for weighting scheme w is the weighted sum of
the score regarding the budgetary burden (St, s

BB with weight ω1) and
the volatility of payments (St, s

V with weight ω2) at time t for com-
pensation arrangement s. The individual score for the two criteria is
standardized in Eq. (13), such that the best performing compensation
arrangement receives a final score of one (and the worst a score of
zero). The monetary burden is displayed as an example in Eq. (13).

The values for St, s
BB are taken to be the total average monetary

burden across possible protection standards at time t. The values for St,

s
V are taken to be the average volatility of payments across the federal
and regional governments.
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The possible compensation arrangements are: Disaster Fund, Private
Insurance (no disaster risk reduction incentive), Public-Private
Insurance (no disaster risk reduction incentive), Private Insurance (with
disaster risk reduction incentive), and Public-Private Insurance (with
disaster risk reduction incentive). In the absence of specific weights for
the relative importance of the two scores, five different schemes are
used to represent various policymaker preferences.

3. Results

3.1. Expected Annual Flood Damage

Fig. 3 reveals that until 2080 the EAD to public infrastructure in-
creases across all projections. In particular, the MIROC-ESM-CHEM and
GFDL-ESM2M GCMs predict an increase in flood damage, whereas the
HadGEM2-ES and NorESM1-M GCMs predict dryer conditions. Gen-
erally, the projected EAD increases are driven by a combination of
climate change and socio-economic development. While inundation
patterns do vary across climate models and time, the majority of the
increase in risk originates from the assumed pattern of socio-economic
development.

We assume that protection standards against 30-year events are
uniformly in place (FLOPRO30 in Fig. 3). The risk model based on the
MIROC-ESM projections calculates an increase in EAD by 343%, while
with the NorESM1-M projections an increase of 12% is obtained. The
multi-model mean across the five climate models increases by 113%.
Including the protection standards envisaged by the Austrian national
flood risk management plan, i.e., uniform protection standards up to
100 year return periods (FLOPRO50 and FLOPRO100), clearly alle-
viates the increase in EAD between the reference period and 2080. The
risk reducing effects of structural protection standards can be seen
when a scenario without any flood protection in place is considered,
i.e., NOPRO in Fig. 3. Here, the increase of EAD until 2080 ranges
between 497% and 40%, again dependent on the GCM the flood risk
model is based on. Again, the MIROC-ESM model projections lead to the
highest damage projections and the NorESM1-M model projections
suggest a lower increase. The differences across the models directly
result from the projected inundation depths. While the MIROC-ESM-
CHEM model projects a rather wet future for Austria with high in-
undation depths, the NorESM1-M model projects drier conditions with
reduced inundation depths.

Applying dry flood-proofing measures to all public buildings, with
the exception of transport and military infrastructure, located within
100-year flood plains, reduces the EAD to public infrastructure by 25%
on average. The share in public flood risk represented by public
buildings alone can be reduced by 70% on average. Fig. 4(a)–(c) in-
dicates that considerable reductions can be achieved irrespective of the
considered climate model and flood protection standards in place.

Breaking down the EADs to the political district level shows that
around 60% of regional governments are affected by flood risk. This is
shown in Fig. S2 in the Supplementary material (S3).

3.2. Burden on Public Budgets

3.2.1. Current Compensation System
Table 1 displays the annual expected monetary burden on public

budgets under the current situation, i.e., the Disaster Fund. Under this
arrangement the budgetary burden placed on the federal government is
substantially larger than that for regional governments. The stake-
holders in the regional governments do not have strong incentives for
improving their risk management activities. Therefore, the budgetary
pressure grows with the overall risk.

3.2.2. Risk Transfer to Private Insurer
Table 2 highlights the burden on public budgets if the risk is

transferred to private sector insurers and reinsurers. The pressures on
budgets are the insurance premium and the expected size of the de-
ductible. Therefore, the monetary burden is larger than in the current
compensation system. This is due to the fact that the stakeholders are
each paying more than their EAD in terms of the total insurance pre-
mium and deductible. However, the presence of insurance incentives
for risk reduction has a noticeable impact on the total monetary burden,
causing it to fall by ~50% for regional governments.

3.2.3. Public-Private Insurance Mechanism
Table 3 presents the same general results as Table 2 with the ex-

ception that there is public-private collaboration between a federally
based reinsurer and private insurance. The most noticeable difference is
that the budgetary burden for the federal government is lower than
under the other arrangements. This is because the federal government
formally accepts a smaller proportion of the risk faced by political
districts, for which it is compensated. This is in addition to paying a risk
neutral premium to itself to pre-finance the expected flood losses. This
is a different process to the current Fund's arrangement, because in
effect, the compensation role of the Fund is placed in a separate body
that is dedicated to pre-financing such losses. The regional governments
remain worse off than when compensation is not provided by the
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current Disaster Fund. However, again, some of this can be mitigated
through the stimulated risk reduction.

3.3. Volatility of Payments

The metric for the volatility of payments is presented in Table 4 and
shows the potential development of the volatility of payments relative
to the status quo. The volatility of payments increases over time.
However, this increase in volatility can be mitigated by increasing the
formalized nature of the compensation arrangements. This is because
under the private insurance markets, the value is the smallest, as a large
amount of risk is transferred to the private insurance markets. A de-
velopment toward a public-private structure results in a higher volati-
lity of payments for the federal government, although it is smaller than
under an informal compensation arrangement.

3.4. Overall Improvement

The results in Table 5 highlight the compensation arrangements that
score highest for a given weighting scheme across the importance of the
overall level of premium payments and their annual volatility. Only the
results for 2020 are presented, as later periods are functionally iden-
tical.

The public-private as well as the private insurance arrangement
both with an active link to risk reduction incentives are determined to
make a suitable trade-off depending on which outcome is focused upon.
The stronger the focus is on lowering the budgetary burden, the more
likely the public-private structure is to score highest. A stronger focus
on the volatility of payments results in the private insurance arrange-
ment being more likely to score highest. This pattern occurs because
under a private insurance arrangement, the government, across levels

Fig. 3. Expected Annual Damage (EAD, in billion Euros) for the public infrastructure in Austria (incl. railways, parks, and military areas, beige) and for public
buildings only (green) for the reference period and projected increase in 2080. The projection of EADs is presented for each of the 5 climate models considered as well
as the resulting multi model mean. EADs are shown for different nationwide protection standards (x axis). FLOPRO30 corresponds to uniform protections standards
against 30 year events, whereas FLOPRO50 and FLOPRO100 correspond to flood protection against 50 year and 100 year events, respectively. NOPRO indicates a
scenario without any flood protection. Note that the y axis is drawn with logarithmic scale. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. Expected Annual Damage (EAD, in billion Euros) under the RCP 8.5 scenario for the public infrastructure in Austria (incl. railways, parks, and military areas)
and for public buildings only. Arrows indicate the potential reduction through dry flood-proofing measures under different flood protection standards (x axis).
FLOPRO30 corresponds to uniform protections standards against 30 year events, whereas FLOPRO50 and FLOPRO100 correspond to flood protection against 50 year
and 100 year events, respectively. NOPRO indicates a scenario without any flood protection. Results are shown for the multi model mean (a), the model with the
wettest (b) and the driest (c) projections. Note that the y axis is drawn with logarithmic scale.
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of governance, completely passes the volatility in losses to the private
sector. While in the public-private arrangement, the government must
retain some of this volatility in losses to act as the public reinsurer.
However, the public-private arrangement allows a greater role for less
risk averse insurers to support the private sector, thereby allowing the
direct budgetary burden to fall by reducing the premiums charged as
compared to the private insurance arrangements.

Overall, the results of Table 5 indicate the benefits of moving to-
ward a more strongly formalized insurance, in particular, a compen-
sation arrangement with stronger incentives for policyholder risk re-
duction. The multi-criteria analysis highlights that the increased
certainty is the key benefit.

4. Discussion

4.1. Discussion of Model Uncertainties

The results of the insurance model are based on the EAD calcula-
tions, which are derived by the flood risk model. Therein, various
models and input data are combined: inundation maps from climate
scenarios, building level exposure data, stage damage curves, and
maximum damage values. Eventually, uncertainties in each of these

input parameters have to be considered when interpreting the results.
First, the range in the projections presented in Fig. 3 is attributable

to the differences in the climate models that the GLOFIRS model is
forced with. These models only show low consistency regarding the
future change in flood hazard in Austria (Winsemius et al., 2016). While
the MIROC-ESM-CHEM GCM projects a considerable increase in flood
hazard, the NorESM1-M GCM projects only minor changes. Therefore,
we face a high degree of uncertainty regarding the future flood hazard
in Austria (Blöschl et al., 2011). Second, the GLOFRIS framework only
considers riverine floods for large rivers. Hence, damage caused by
small rivers, attributable to pluvial processes, are not represented
(Winsemius et al., 2013). The inclusion of such rivers would likely lead
to an increase in the EAD. Third, the used exposure data does not in-
clude all relevant infrastructure categories. While the damaging process
for railways is understood rather well (Kellermann et al., 2015), the
same does not apply to roads. Currently no generic structural damage
function is available in the scientific literature for the latter (Thieken
et al., 2008), thus flood risk posed by road infrastructure is not included
in the analysis. According to Bednar-Friedl et al. (2015), the current
expected annual precipitation related damage to the Austrian road

Table 1
Total expected annual budgetary burden on public budgets (in million Euros)
when losses are financed by a Disaster fund.

2020 2040 2060

FLOPRO30
Federal government 353 412 471
Regional government 76 84 91
Total budgetary burden 429 496 562

FLOPRO50
Federal government 193 224 256
Regional government 40 44 48
Total budgetary burden 233 268 304

FLOPRO100
Federal government 92 107 121
Regional government 19 20 22
Total budgetary burden 111 127 143

Table 2
Total expected annual budgetary burden on public budgets under private in-
surance mechanisms (in million Euros). Panel A shows the budgetary burden
without links to risk reduction. Panel B includes risk reduction measures.

Panel A: No risk reduction
incentive

Panel B: Risk reduction
incentive

2020 2040 2060 2020 2040 2060

FLOPRO30
Federal government 348 412 476 348 412 476
Regional

government
196 215 235 93 99 104

Total budgetary
burden

544 627 711 441 511 580

FLOPRO50
Federal government 191 226 260 191 226 260
Regional

government
105 115 125 57 60 63

Total budgetary
burden

296 341 385 248 286 323

FLOPRO100
Federal government 92 108 125 92 108 125
Regional

government
49 54 59 29 31 33

Total budgetary
burden

141 162 184 121 139 158

Table 3
Total expected annual budgetary burden on public budgets under public-private
insurance mechanisms (in million Euros). Panel A shows the budgetary burden
without links to risk reduction. Panel B includes risk reduction measures.

Panel A: No risk reduction
incentive

Panel B: Risk reduction
incentive

2020 2040 2060 2020 2040 2060

FLOPRO30
Federal government 325 384 444 325 384 444
Regional

government
192 212 231 91 97 102

Total budgetary
burden

517 596 675 416 481 546

FLOPRO50
Federal government 178 210 242 178 210 242
Regional

government
103 113 123 55 58 62

Total budgetary
burden

281 323 365 233 268 304

FLOPRO100
Federal government 86 101 116 86 101 116
Regional

government
48 53 57 28 30 32

Total budgetary
burden

134 154 173 114 131 148

Table 4
The values associated with the Volatility of Payments metric, on average across
the various protection standard scenarios, relative to the current status-quo
arrangement. The case without incentives for risk reduction is shown in Panel A
and the case with incentives for risk reduction in Panel B.

Panel A: No risk reduction
incentive

Panel B: Risk reduction
incentive

2020 2040 2060 2020 2040 2060

Federal government
Disaster Fund 1 1.2 1.39
Private Insurance 0.12 0.15 0.18 0.12 0.15 0.18
Public-Private

Insurance
0.88 1.07 1.25 0.87 1.05 1.23

Regional governments (on average)
Disaster Fund 1 1.09 1.18
Private Insurance 0.3 0.33 0.36 0.25 0.26 0.26
Public-Private

Insurance
0.3 0.33 0.36 0.25 0.26 0.26

C. Unterberger et al. Ecological Economics 156 (2019) 153–163

160



network amounts to €18 million, based on reported repair costs be-
tween 1981 and 2010. This damage is estimated to increase to €38
million for the period 2036–2065 (Bednar-Friedl et al., 2015). Com-
pared to our risk estimates, this number for mid-century damage is
small; hence omitting flood risk to road networks only slightly affects
the presented estimates for future flood risk. Fourth, the variety of
structural and content features across and within building classes makes
it difficult to represent all damage categories individually (de Moel and
Aerts, 2011; Merz and Thieken, 2009). The actual vulnerability of
public infrastructure may therefore differ from the one implied by the
assumed stage damage curves and associated maximum damage values
(Aerts et al., 2018; Koks et al., 2014). However, at least for the railway
infrastructure, the recent study by Kellermann et al. (2015) compared
the damage as calculated by means of applied stage damage curves with
actual flood damage to the Austrian railway system and found com-
parable results.

Additionally, there is no accurate information regarding flood pro-
tection levels across Austria (Schinko et al., 2017). As shown in Fig. 3,
the total EAD depends on the flood protection standards assumed to be
in place. We capture a large part of this uncertainty by assuming three
minimum uniform protection standards across the country that are in
line with the evolution of protection standards scheduled in the Aus-
trian national flood risk management plan, which is a movement from
FLOPRO30 toward FLOPRO100. In reality, however, some regions are
protected well above the 1 in a 100 year benchmark, e.g. the city of
Vienna.

Moreover, there is a degree of uncertainty over the costs of dry
flood-proofing in terms of applying values compiled in the U.S. to those
complied in Europe. To account for that we used an international
construction price index to correct for construction cost differences
between the U.S. and Austria (Consultants Compass International,
2009). We further investigate how sensitive our results are to this un-
certainty in costs by modeling the benefit-cost ratio of the dry flood-
proofing measures relative to investment costs (see S2). This shows how
much larger the upfront investment costs of the dry flood-proofing
measures could be and still be cost-effective. The ratios are large across
all building classes and protection standards. This indicates that the
investment costs would have to be substantially higher to alter the in-
vestment decision, which gives confidence in our results.

4.2. Discussion of Main Results

Worldwide, the cost of natural disasters has been steadily increasing
and is projected to further increase in the future (Alfieri et al., 2016;
Barthel and Neumayer, 2012; Swiss Re Institute, 2017). As a con-
sequence, governments' liabilities for disaster losses will accumulate
(see Section 3, see also Kousky and Kunreuther (2017)). We have shown
that flood damage to public infrastructure represents an additional
burden to the Austrian public budget. By 2040, it will range between
€127 million and €496 million, depending on the protection standards
in place (see Table 1). In 2015 the endowment of the Austrian disaster
fund amounted to €290 million. Schinko et al. (2017) estimate that by

2030 it will increase to €320 million and by 2050 it will stand at €370
million. Looking at the outcome under the highest level of assumed
flood protection (FLOPRO100), the fund could easily cover the addi-
tional costs. For lower protection standards, however, the fund's re-
sources become scarce. It is important to remember that our analysis
only considers the EAD to public buildings and infrastructure. Private
flood risk is not accounted for in the analysis, nor is the fund's role to be
the developer and maintainer of disaster prevention infrastructure.
Prettenthaler et al. (2015) analyze flood risk to Austrian private prop-
erty and conclude that by 2030 the EAD amounts to €280 million and
until 2050 a further increase to €430 million is projected. Combining
these estimates with the ones we presented in Table 1 highlights that
the fund's resources will be insufficient by 2030 (at the latest) irre-
spective of the protection standards assumed to be in place. Schinko
et al. (2017) present similar conclusions. Moreover, we note that our
estimated flood risk for public property is in line with those for private
property, which matches the roughly equal split of observed flood
losses between the public and private sectors (Sinabell and Url, 2006).

Contrasting the increase in EAD with the economic growth resulting
from the assumed socioeconomic development reveals that until 2080
the share of flood related losses remains constant (MIROC-ESM model
projections) or even declines slightly (all other projections incl. the
multi-model mean), respectively. This observation, however, must not
be interpreted as economic growth being an appropriate solution for the
problems that flood risk can cause. First, Hsiang and Jina (2014) show
that natural disasters have a long lasting negative growth effect.
Second, even if the share of risk relative to real GDP declines, this does
not mean that overall risk is sufficiently managed by the public sector.
An increase in flood risk is particularly relevant in times of demo-
graphic changes and poses significant challenges for public sector
health and pension systems.

A switch from the current ad-hoc governmental relief system toward
an insurance-based approach would significantly lower the overall
burden on the government, particularly if risk reduction incentives are
provided (see Table 5). There is the potential for differing levels of
government and private sector interaction depending on what is
prioritized in terms of the monetary burden or the volatility of pay-
ments.

Given the projected increase in both the monetary burden and the
potential volatility of payments, governments need to encourage in-
vestments in cost-effective risk reduction measures in the private as
well as in the public domain. Risk-based insurance premiums could
encourage investments in cost-effective risk reduction and thereby re-
duce the losses from natural hazards. This movement, however, is likely
to require collaboration between insurers and governmental actors.
This is because the development of fully risk reflective premiums at the
individual property level may be expensive for a single actor, while
collective action may reduce these costs. For the private sector this has
already been proposed (Hudson et al., 2016; Michel-Kerjan and
Kunreuther, 2011). Additionally, in the public sector, economic in-
centives can help to increase adaptation efforts of local governments.

We have demonstrated that there is a strong potential benefit from

Table 5
The multi-criteria analysis weighting factors and the highest scoring structure out of those studied. The possible compensation arrangements are: Disaster Fund,
Private Insurance (no risk reduction incentive), Public-Private Insurance (no risk reduction incentive), Private Insurance (with risk reduction incentive), and Public-
Private Insurance (with risk reduction incentive).

Evaluation elements Highest scoring structure

Premium burden (ω1) Volatility of payments (ω2)

Weighting 1 1 0 Public-Private Insurance (with risk reduction incentive)
Weighting 2 0.75 0.25 Public-Private Insurance (with risk reduction incentive)
Weighting 3 0.5 0.5 Private Insurance (with risk reduction incentive)
Weighting 4 0.25 0.75 Private Insurance (with risk reduction incentive)
Weighting 5 0 1 Private Insurance (with risk reduction incentive)
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an insurance design that incentivizes the implementation of additional
building level flood risk reduction measures, and thereby reduces the
burden from floods on both the regional and the federal governments'
budgets. At the same time, the formalized insurance coverage helps to
achieve more financial certainty for public budgets than the current
arrangement does (Kousky and Kunreuther, 2017).

5. Conclusion

The large number of recent extreme weather events and the occa-
sionally devastating damage they caused underscore the imperative of
reducing the economic as well as societal risks of natural disasters. It is
important to improve preparation for these disasters and to adapt to the
changing risks. This includes, among other things, building more wisely
and adjusting incentives to the effect that those who make decisions
regarding infrastructure development also bear the risk in case disasters
strike and cause damage. Doing so not only reduces the ad-hoc burden
on public budgets, but also makes contingent liabilities explicit.

By means of a two-staged model framework we show how the
switch from a risk transfer mechanism based on ad-hoc compensation
toward a formal insurance arrangement increases the certainty of what
governments must pay to finance flood recovery costs. Additionally, the
proposed compensation arrangement provides incentives for risk re-
duction measures at the political district level, while simultaneously
charging premiums to the federal as well as regional governments that
accurately reflect their respective levels of flood risk. This allows to
better budget flood losses ex-ante, and thereby reduces the need for ad-
hoc ex-post funding. Overall, this leads to a higher degree of pre-
paredness and higher resilience of public budgets as well as public in-
frastructure.

Generally, the design of natural disaster insurance systems can be
considered as a public policy choice (Surminski, 2018). Therefore, a
range of stakeholders need to be included in this decision process so
that the systems put in place suitably reflect the needs of those involved
in integrated (flood) risk management (Bubeck et al., 2016). Recently, a
range of different points of views and debates between the insurance
industry, academics, and various levels of governance were published
on natural disaster insurance, which mainly focused on insurance for
private agents (European Commission, 2017; Flood Re, 2018;
Golnaraghi et al., 2017; Hochrainer-Stigler and Lorant, 2018; Insurance
Europe, 2018; Surminski et al., 2015a, 2015b; The Geneva Association,
2018). Our results can stimulate a wider discussion between relevant
stakeholders, and future research, on how to better manage the threat
posed by natural disasters to the public sector, which has so far received
less attention. Moreover, our results highlight the potential benefits of
further public measures to limit flood risk, while further maintaining
measures to support flood losses when the public infrastructure mea-
sures fail.

The results of this study have the following three main implications
for future research. First, a better understanding of the disaster pre-
paredness of public buildings and infrastructure can improve flood risk
estimates. Second, while this paper focuses on direct flood damage,
there are also indirect economic impacts from flood events, such as
business interruption, which may have implications for the fiscal po-
sition of governments that future research can examine. Third, gov-
ernments' assets are exposed to more than just riverine flooding, and
the introduced modeling framework could be applied or extended to
other extreme weather events.

Declarations of Interest

None.

Acknowledgements

This work was funded by the Austrian Science Fund (FWF) under

research grant W 1256-G15 (Doctoral Programme Climate Change –
Uncertainties, Thresholds and Coping Strategies). W.J. Wouter Botzen
received funding from the Netherlands Organisation for Scientific
Research (NWO). The authors thank Hans de Moel, Toon Haer, Philip
Ward, and Elco Koks for their useful suggestions about the flood risk
analysis.

Appendix A. Supplementary Data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ecolecon.2018.09.019.

References

Aerts, J.C.J.H., Botzen, W.J.W., de Moel, H., Bowman, M., 2013. Cost estimates for flood
resilience and protection strategies in New York City. Ann. N. Y. Acad. Sci. 1294,
1–104. https://doi.org/10.1111/nyas.12200.

Aerts, J.C.J.H., Botzen, W.J.W., Clarke, K.C., Cutter, S.L., Hall, J.W., Merz, B., Michel-
Kerjan, E., Mysiak, J., Surminski, S., Kunreuther, H., 2018. Integrating human be-
haviour dynamics into flood disaster risk assessment. Nat. Clim. Chang. 8, 193–199.
https://doi.org/10.1038/s41558-018-0085-1.

Alfieri, L., Feyen, L., Dottori, F., Bianchi, A., 2015. Ensemble flood risk assessment in
Europe under high end climate scenarios. Glob. Environ. Chang. 35, 199–212.
https://doi.org/10.1016/j.gloenvcha.2015.09.004.

Alfieri, L., Feyen, L., Baldassarre, G.D., 2016. Increasing flood risk under climate change:
a pan-European assessment of the benefits of four adaptation strategies. Clim. Chang.
136, 507–521. https://doi.org/10.1007/s10584-016-1641-1.

Alfieri, L., Dottori, F., Betts, R., Salamon, P., Feyen, L., 2018. Multi-model projections of
river flood risk in Europe under global warming. Climate 6, 6. https://doi.org/10.
3390/cli6010006.

Austrian Ministry of Finance, 1996. Bundesgesetz über Maßnahmen zur Vorbeugung und
Beseitigung von Katastrophenschäden (Katastrophenfondsgesetz 1996 - KatFG 1996).

Austrian Ministry of Finance, 2012. Der Katastrophenfonds in Österreich. (Vienna).
Austrian Ministry of Finance, 2018. Katastrophenfondsgesetz 1996 - 12. Bericht des

Bundesministeriums für Finanzen. Katastrophenfondsbericht, Vienna.
Barthel, F., Neumayer, E., 2012. A trend analysis of normalized insured damage from

natural disasters. Clim. Chang. 113, 215–237. https://doi.org/10.1007/s10584-011-
0331-2.

Bednar-Friedl, B., Wolkinger, B., König, M., Bachner, G., Formayer, H., Offenthaler, I.,
Leitner, M., 2015. Chapter 15 - transport. In: Economic Evaluation of Climate Change
Impatcs. Springer Climate Springer International Publishing, Heidelberg, New York,
Dordrecht, London, pp. 279–301.

Blöschl, G., Viglione, A., Merz, R., Parajka, J., Salinas, J.L., Schöner, W., 2011.
Auswirkungen des Klimawandels auf Hochwasser und Niederwasser. Österr. Wasser-
Abfallwirtsch. 63, 21–30. https://doi.org/10.1007/s00506-010-0269-z.

Botzen, W.J.W., van den Bergh, J.C.J.M., 2008. Insurance against climate change and
flooding in the Netherlands: present, future, and comparison with other countries.
Risk Anal. 28, 413–426. https://doi.org/10.1111/j.1539-6924.2008.01035.x.

Botzen, W.J.W., Aerts, J.C.J.H., van den Bergh, J.C.J.M., 2009. Willingness of home-
owners to mitigate climate risk through insurance. Ecol. Econ. 68, 2265–2277.
https://doi.org/10.1016/j.ecolecon.2009.02.019.

Bubeck, P., Aerts, J.C.J.H., de Moel, H., Kreibich, H., 2016. Preface: flood-risk analysis
and integrated management. Nat. Hazards Earth Syst. Sci. 16, 1005–1010. https://
doi.org/10.5194/nhess-16-1005-2016.

Cevik, S., Huang, G., 2018. How to manage the fiscal costs of natural disasters. Int. Monet.
Fund, Fiscal Affairs Department, how-to notes. https://www.imf.org/en/
Publications/Fiscal-Affairs-Department-How-To-Notes/Issues/2018/06/11/How-to-
Manage-the-Fiscal-Costs-of-Natural-Disasters-45941.

Consultants Compass International, 2009. The 2009 Global Construction Cost and
Reference Yearbook. Compass International Inc., Morrisville, Pennsylvania.

Crichton, D., 2008. Role of insurance in reducing flood risk. Geneva Pap. Risk Insur.
Issues Pract. 33, 117–132. https://doi.org/10.1057/palgrave.gpp.2510151.

de Moel, H., Aerts, J.C.J.H., 2011. Effect of uncertainty in land use, damage models and
inundation depth on flood damage estimate. Nat. Hazards Earth Syst. Sci. 58,
407–425. https://doi.org/10.1007/s11069-010-9675-6.

de Moel, H., van Vliet, M., Aerts, J.C.J.H., 2014. Evaluating the effect of flood damage-
reducing measures: a case study of the unembanked area of Rotterdam, the
Netherlands. Reg. Environ. Chang. 14, 895–908. https://doi.org/10.1007/s10113-
013-0420-z.

Doll, C., Trinks, C., Sedlacek, N., Pelikan, V., Comes, T., Schultmann, F., 2014. Adapting
rail and road networks to weather extremes: case studies for southern Germany and
Austria. Nat. Hazards 72, 63–85. https://doi.org/10.1007/s11069-013-0969-3.

European Commission, 2017. In: Le Den, X., Persson, M., Benoist, A., Hudson, P., de
Ruiter, M., de Ruig, L., Kuik, O., Botzen, W.J.W. (Eds.), Insurance of Weather and
Climate-related Disaster Risk: Inventory and Analysis of Mechanisms to Support
Damage Prevention in the EU. Publications Office of the European Union,
Luxembourg.

European Environment Agency, 2017. Economic Losses from Climate Related Extremes.
EEA Indicator Assessment, Copenhagen. https://www.eea.europa.eu/data-and-
maps/indicators/direct-losses-from-weather-disasters-3/assessment-1.

Flood Re, 2018. Incentivising Household Action on Flooding and Options for Using

C. Unterberger et al. Ecological Economics 156 (2019) 153–163

162

https://doi.org/10.1016/j.ecolecon.2018.09.019
https://doi.org/10.1016/j.ecolecon.2018.09.019
https://doi.org/10.1111/nyas.12200
https://doi.org/10.1038/s41558-018-0085-1
https://doi.org/10.1016/j.gloenvcha.2015.09.004
https://doi.org/10.1007/s10584-016-1641-1
https://doi.org/10.3390/cli6010006
https://doi.org/10.3390/cli6010006
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0030
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0030
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0040
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0045
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0045
https://doi.org/10.1007/s10584-011-0331-2
https://doi.org/10.1007/s10584-011-0331-2
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0055
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0055
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0055
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0055
https://doi.org/10.1007/s00506-010-0269-z
https://doi.org/10.1111/j.1539-6924.2008.01035.x
https://doi.org/10.1016/j.ecolecon.2009.02.019
https://doi.org/10.5194/nhess-16-1005-2016
https://doi.org/10.5194/nhess-16-1005-2016
https://www.imf.org/en/Publications/Fiscal-Affairs-Department-How-To-Notes/Issues/2018/06/11/How-to-Manage-the-Fiscal-Costs-of-Natural-Disasters-45941
https://www.imf.org/en/Publications/Fiscal-Affairs-Department-How-To-Notes/Issues/2018/06/11/How-to-Manage-the-Fiscal-Costs-of-Natural-Disasters-45941
https://www.imf.org/en/Publications/Fiscal-Affairs-Department-How-To-Notes/Issues/2018/06/11/How-to-Manage-the-Fiscal-Costs-of-Natural-Disasters-45941
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0085
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0085
https://doi.org/10.1057/palgrave.gpp.2510151
https://doi.org/10.1007/s11069-010-9675-6
https://doi.org/10.1007/s10113-013-0420-z
https://doi.org/10.1007/s10113-013-0420-z
https://doi.org/10.1007/s11069-013-0969-3
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0110
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0110
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0110
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0110
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0110
https://www.eea.europa.eu/data-and-maps/indicators/direct-losses-from-weather-disasters-3/assessment-1
https://www.eea.europa.eu/data-and-maps/indicators/direct-losses-from-weather-disasters-3/assessment-1
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0120


Incentives to Increase the Take Up of Flood Resilience and Resistance Measures.
Flood Re, London.

Frieler, K., Betts, R., Burke, J., Burke, E., Ciais, P., Denvil, S., Deryng, D., Ebi, K., Eddy, T.,
Emanuel, K., Elliot, J., Galbraith, E., Gosling, S.N., Halladay, K., Hattermann, F.,
Hickler, T., Hinkel, J., Huber, V., Jones, C.D., Krysanova, V., Lange, S., Lotze, H.K.,
Lotze-Campen, H., Mengel, M., Mouratiadou, I., Schmied, H.M., Ostberg, S., Piontek,
F., Popp, A., Reyer, C.P.O., Schewe, J., Stevanovic, M., Suzuki, T., Thonicke, K., Tian,
H., Tittensor, D.P., Vautard, R., van Vliet, M.T.H., Warszawski, L., Zhao, F., 2016.
Assessing the impacts of 1.5°C global warming – simulation protocol of the Inter-
Sectoral Impact Model Intercomparison Project (ISIMIP2b). Geosci. Model Dev.
https://doi.org/10.5194/gmd-2016-229.

Golnaraghi, M., Surminski, S., Schanz, K., 2017. An Intergrated Appraoch to Managing
Extreme Events and Climate Risks. The Geneva Association, Zurich.

Gruber, M., 2008. Alternative solutions for public and private catastrophe funding in
Austria. Nat. Hazards Earth Syst. Sci. 8, 603–616. https://doi.org/10.5194/nhess-8-
603-2008.

Hochrainer-Stigler, S., Lorant, A., 2018. Evaluating partnerships to enhance disaster risk
management using multi-criteria analysis: an application at the Pan-European level.
Environ. Manag. 61, 24–33. https://doi.org/10.1007/s00267-017-0959-4.

Hochrainer-Stigler, S., Linnerooth-Bayer, J., Mechler, R., 2010. The European Union
Solidarity Fund: its legitimacy, viability and efficiency. Mitig. Adapt. Strateg. Glob.
Chang. 15, 797–810. https://doi.org/10.1007/s11027-009-9209-2.

Hofman, D., Brukoff, P., 2006. Insuring public finances against natural disasters - a survey
of options and recent initiatives. In: SSRN Scholarly Paper No. ID 934458. Social
Science Research Network, Rochester, NY.

Holub, M., Fuchs, S., 2009. Mitigating mountain hazards in Austria – legislation, risk
transfer, and awareness building. Nat. Hazards Earth Syst. Sci. 9, 523–537. https://
doi.org/10.5194/nhess-9-523-2009.

Hsiang, S.M., Jina, A.S., 2014. The causal effect of environmental catastrophe on long-run
economic growth: evidence from 6,700 cyclones. In: Working Paper No. 20352.
National Bureau of Economic Research. https://doi.org/10.3386/w20352.

Hudson, P., Botzen, W.J.W., Kreibich, H., Bubeck, P., Aerts, J.C.J.H., 2014. Evaluating the
effectiveness of flood damage mitigation measures by the application of propensity
score matching. Nat. Hazards Earth Syst. Sci. 14, 1731–1747. https://doi.org/10.
5194/nhess-14-1731-2014.

Hudson, P., Botzen, W.J.W., Feyen, L., Aerts, J.C.J.H., 2016. Incentivising flood risk
adaptation through risk based insurance premiums: trade-offs between affordability
and risk reduction. Ecol. Econ. 125, 1–13. https://doi.org/10.1016/j.ecolecon.2016.
01.015.

Hudson, P., Botzen, W.J.W., Czajkowski, J., Kreibich, H., 2017. Moral hazard in natural
disaster insurance markets: empirical evidence from Germany and the United States.
Land Econ. 93, 179–208. https://doi.org/10.3368/le.93.2.179.

Insurance Europe, 2018. Response to the European Commission's Consultation on the
Evaluation of the EU's Strategy on Adaptation to Climate Change. Insurance Europe,
Brussels.

Kellermann, P., Schöbel, A., Kundela, G., Thieken, A.H., 2015. Estimating flood damage
to railway infrastructure – the case study of the March River flood in 2006 at the
Austrian Northern Railway. Nat. Hazards Earth Syst. Sci. 15, 2485–2496. https://doi.
org/10.5194/nhess-15-2485-2015.

Koks, E.E., de Moel, H., Aerts, J.C.J.H., Bouwer, L.M., 2014. Effect of spatial adaptation
measures on flood risk: study of coastal floods in Belgium. Reg. Environ. Chang. 14,
413–425. https://doi.org/10.1007/s10113-013-0514-7.

Kousky, C., Kunreuther, H., 2017. Defining the roles of the public and private sector in
risk communication, risk reduction, and risk transfer. In: SSRN Scholarly Paper No. ID
3029630. Social Science Research Network, Rochester, NY.

Kreibich, H., Thieken, A.H., Petrow, T., Müller, M., Merz, B., 2005. Flood loss reduction of
private households due to building precautionary measures – lessons learned from
the Elbe flood in August 200. Nat. Hazards Earth Syst. Sci. 5, 117–126. https://doi.
org/10.5194/nhess-5-117-2005.

Kunreuther, H., 1996. Mitigating disaster losses through insurance. J. Risk Uncertain. 12,
171–187. https://doi.org/10.1007/BF00055792.

Kunreuther, H., Pauly, M.V., 2005. Insurance decision-making and market behavior.
Found. Trends Microecon. 1, 63–127. https://doi.org/10.1561/0700000002.

Merz, B., Thieken, A.H., 2009. Flood risk curves and uncertainty bounds. Nat. Hazards
Earth Syst. Sci. 51, 437–458. https://doi.org/10.1007/s11069-009-9452-6.

Michel-Kerjan, E., Kunreuther, H., 2011. Redesigning flood insurance. Science 333,
408–409. https://doi.org/10.1126/science.1202616.

Osberghaus, D., 2015. The determinants of private flood mitigation measures in Germany
— evidence from a nationwide survey. Ecol. Econ. 110, 36–50. https://doi.org/10.
1016/j.ecolecon.2014.12.010.

Pálinkó, É., Szabó, M., 2012. Application of social discount rate in public projects. Publ.
Finance Q. 57, 184–199.

Paudel, Y., Botzen, W.J.W., Aerts, J.C.J.H., 2013. Estimation of insurance premiums for
coverage against natural disaster risk: an application of Bayesian Inference. Nat.
Hazards Earth Syst. Sci. 13, 737–754. https://doi.org/10.5194/nhess-13-737-2013.

Paudel, Y., Botzen, W.J.W., Aerts, J.C.J.H., Dijkstra, T.K., 2015. Risk allocation in a
public–private catastrophe insurance system: an actuarial analysis of deductibles,
stop-loss, and premiums. J. Flood Risk Manage. 8, 116–134. https://doi.org/10.
1111/jfr3.12082.

Poussin, J.K., Botzen, W.J.W., Aerts, J.C.J.H., 2015. Effectiveness of flood damage miti-
gation measures: empirical evidence from French flood disasters. Glob. Environ.
Chang. 31, 74–84. https://doi.org/10.1016/j.gloenvcha.2014.12.007.

Prettenthaler, F., Kortasch, D., Hochrainer-Stigler, S., Mechler, R., Urban, H., Steininger,
K., 2015. Chapter 18 - catastrophe management: riverine flooding. In: Economic
Evaluation of Climate Change Impatcs. Springer Climate Springer International
Publishing, Heidelberg, New York, Dordrecht, London, pp. 349–366.

Rojas, R., Feyen, L., Watkiss, P., 2013. Climate change and river floods in the European
Union: socio-economic consequences and the costs and benefits of adaptation. Glob.
Environ. Chang. 23, 1737–1751. https://doi.org/10.1016/j.gloenvcha.2013.08.006.

Schinko, T., Mechler, R., Hochrainer-Stigler, S., 2017. A methodological framework to
operationalize climate risk management: managing sovereign climate-related ex-
treme event risk in Austria. Mitig. Adapt. Strateg. Glob. Chang. 22, 1063–1086.
https://doi.org/10.1007/s11027-016-9713-0.

Schwarze, R., Schwindt, M., Weck-Hannemann, H., Raschky, P., Zahn, F., Wagner, G.G.,
2011. Natural hazard insurance in Europe: tailored responses to climate change are
needed. Environ. Policy Gov. 21, 14–30. https://doi.org/10.1002/eet.554.

Sinabell, F., Url, T., 2006. Versicherungen als effizientes Mittel zur Risikotragung von
Naturgefahren. Oesterreichisches Inst. Für Wirtsch. 1–74.

Steininger, K.W., Steinreiber, C., Ritz, C. (Eds.), 2005. Extreme Wetterereignisse und ihre
wirtschaftlichen Folgen: Anpassung, Auswege und politische Forderungen be-
troffener Wirtschaftsbranchen. Springer-Verlag, Berlin Heidelberg.

Economic evaluation of climate change impacts: development of a cross-sectoral frame-
work and results for Austria. In: Steininger, K.W., König, M., Bednar-Friedl, B.,
Kranzl, L., Loibl, W., Prettenthaler, F. (Eds.), Springer Climate. Springer International
Publishing, Heidelberg, New York, Dordrecht, London.

Surminski, S., 2018. Fit for purpose and fit for the future? An evaluation of the UK's new
flood reinsurance pool. Risk Manag. Insur. Rev. 21, 33–72. https://doi.org/10.1111/
rmir.12093.

Surminski, S., Hudson, P., 2017. Investigating the risk reduction potential of disaster
insurance across Europe. Geneva Pap. Risk Insur. Issues Pract. 42, 247–274. https://
doi.org/10.1057/s41288-016-0039-7.

Surminski, S., Aerts, J.C.J.H., Botzen, W.J.W., Hudson, P., Mysiak, J., Pérez-Blanco, C.D.,
2015a. Reflections on the current debate on how to link flood insurance and disaster
risk reduction in the European Union. Nat. Hazards 79, 1451–1479. https://doi.org/
10.1007/s11069-015-1832-5.

Surminski, S., Hudson, P., Aerts, J.C.J.H., Botzen, W.J.W., Colaço, M.C., Crick, F.,
Eldridge, J., Lorant, A., Macedo, A., Mechler, R., Neto, C., Nicolai, R., Pérez-Blanco,
D., Rego, F., 2015b. Novel and improved insurance instruments for risk reduction
(no. 188). In: GRI Woerking Papers. Grantham Research Institute on Climate Change
and the Environment, London.

Swiss Re Institute, 2017. Sigma 2/2017: Natural Catastrophes and Man-made Disasters in
2016: A Year of Widespread Damages. Swiss Re, Zurich.

The Austrian Federal Ministry of Agriculture, Forestry, Environment and Water
Management, 2016. Nationaler Hochwasserrisikomanagementplan RMP 2015.
Austrian National Flood Risk Management Plan, Vienna.

The Geneva Association, 2018. Climate Change and the Insurance Industry: Taking Action
as Risk Managers and Investors Perspectives From C-level Executives in the Insurance
Industry. The Geneva Association, Zurich.

Thieken, A.H., Ackermann, V., Elmer, F., Kreibich, H., Kuhlmann, B., Kunert, U.,
Maiwald, H., Merz, B., Müller, M., Piroth, K., Schwarz, J., Schwarze, R., Seifert, I.,
Seifert, J., 2008. Methods for the evaluation of direct and indirect flood losses. In:
Proc. 4th Int. Symp. Flood Def. ISDF 6–8 May 2008 Toronto, Canada.

Unterberger, C., 2018. How flood damages to public infrastructure affect municipal
budget indicators. Econ. Disasters Clim. Change 2, 5–20. https://doi.org/10.1007/
s41885-017-0015-0.

Ward, P.J., de Moel, H., Aerts, J.C.J.H., 2011. How are flood risk estimates affected by the
choice of return-periods? Nat. Hazards Earth Syst. Sci. 11, 3181–3195. https://doi.
org/10.5194/nhess-11-3181-2011.

Ward, P.J., Jongman, B., Weiland, F.S., Bouwman, A., van Beek, R., Bierkens, M.F.P.,
Ligtvoet, W., Winsemius, H.C., 2013. Assessing flood risk at the global scale: model
setup, results, and sensitivity. Environ. Res. Lett. 8, 044019. https://doi.org/10.
1088/1748-9326/8/4/044019.

Ward, P.J., Jongman, B., Aerts, J.C.J.H., Bates, P.D., Botzen, W.J.W., Loaiza, A.D.,
Hallegatte, S., Kind, J.M., Kwadijk, J., Scussolini, P., Winsemius, H.C., 2017. A global
framework for future costs and benefits of river-flood protection in urban areas. Nat.
Clim. Chang. 7, 642–646. https://doi.org/10.1038/nclimate3350.

Weedon, G.P., Gomes, S., Viterbo, P., Shuttleworth, W.J., Blyth, E., Österle, H., Adam,
J.C., Bellouin, N., Boucher, O., Best, M., 2011. Creation of the WATCH forcing data
and its use to assess global and regional reference crop evaporation over land during
the twentieth century. J. Hydrometeorol. 12, 823–848. https://doi.org/10.1175/
2011JHM1369.1.

Winsemius, H., van Beek, L.P.H., Jongman, B., Ward, P.J., Bouwman, A., 2013. A fra-
mework for global river flood risk assessments. Hydrol. Earth Syst. Sci. 17,
1871–1892. https://doi.org/10.5194/hess-17-1871-2013.

Winsemius, H.C., Aerts, J.C.J.H., van Beek, L.P.H., Bierkens, M.F.P., Bouwman, A.,
Jongman, B., Kwadijk, J.C.J., Ligtvoet, W., Lucas, P.L., van Vuuren, D.P., Ward, P.J.,
2016. Global drivers of future river flood risk. Nat. Clim. Chang. 6, 381–385. https://
doi.org/10.1038/nclimate2893.

C. Unterberger et al. Ecological Economics 156 (2019) 153–163

163

http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0120
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0120
https://doi.org/10.5194/gmd-2016-229
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0130
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0130
https://doi.org/10.5194/nhess-8-603-2008
https://doi.org/10.5194/nhess-8-603-2008
https://doi.org/10.1007/s00267-017-0959-4
https://doi.org/10.1007/s11027-009-9209-2
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0150
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0150
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0150
https://doi.org/10.5194/nhess-9-523-2009
https://doi.org/10.5194/nhess-9-523-2009
https://doi.org/10.3386/w20352
https://doi.org/10.5194/nhess-14-1731-2014
https://doi.org/10.5194/nhess-14-1731-2014
https://doi.org/10.1016/j.ecolecon.2016.01.015
https://doi.org/10.1016/j.ecolecon.2016.01.015
https://doi.org/10.3368/le.93.2.179
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0180
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0180
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0180
https://doi.org/10.5194/nhess-15-2485-2015
https://doi.org/10.5194/nhess-15-2485-2015
https://doi.org/10.1007/s10113-013-0514-7
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0195
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0195
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0195
https://doi.org/10.5194/nhess-5-117-2005
https://doi.org/10.5194/nhess-5-117-2005
https://doi.org/10.1007/BF00055792
https://doi.org/10.1561/0700000002
https://doi.org/10.1007/s11069-009-9452-6
https://doi.org/10.1126/science.1202616
https://doi.org/10.1016/j.ecolecon.2014.12.010
https://doi.org/10.1016/j.ecolecon.2014.12.010
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0230
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0230
https://doi.org/10.5194/nhess-13-737-2013
https://doi.org/10.1111/jfr3.12082
https://doi.org/10.1111/jfr3.12082
https://doi.org/10.1016/j.gloenvcha.2014.12.007
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0250
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0250
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0250
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0250
https://doi.org/10.1016/j.gloenvcha.2013.08.006
https://doi.org/10.1007/s11027-016-9713-0
https://doi.org/10.1002/eet.554
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0270
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0270
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0275
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0275
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0275
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0280
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0280
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0280
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0280
https://doi.org/10.1111/rmir.12093
https://doi.org/10.1111/rmir.12093
https://doi.org/10.1057/s41288-016-0039-7
https://doi.org/10.1057/s41288-016-0039-7
https://doi.org/10.1007/s11069-015-1832-5
https://doi.org/10.1007/s11069-015-1832-5
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0300
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0300
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0300
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0300
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0300
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0305
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0305
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0310
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0310
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0310
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0315
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0315
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0315
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0320
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0320
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0320
http://refhub.elsevier.com/S0921-8009(17)31789-5/rf0320
https://doi.org/10.1007/s41885-017-0015-0
https://doi.org/10.1007/s41885-017-0015-0
https://doi.org/10.5194/nhess-11-3181-2011
https://doi.org/10.5194/nhess-11-3181-2011
https://doi.org/10.1088/1748-9326/8/4/044019
https://doi.org/10.1088/1748-9326/8/4/044019
https://doi.org/10.1038/nclimate3350
https://doi.org/10.1175/2011JHM1369.1
https://doi.org/10.1175/2011JHM1369.1
https://doi.org/10.5194/hess-17-1871-2013
https://doi.org/10.1038/nclimate2893
https://doi.org/10.1038/nclimate2893

	Title
	Abstract
	Introduction
	Methods: Flood Risk and Insurance Model
	Flood Risk Model
	Budgetary Burden and Insurance Model
	Current Compensation System
	Risk Transfer to Private Insurer
	Public-Private Insurance Mechanism

	Volatility of Payments
	Overall Improvement

	Results
	Expected Annual Flood Damage
	Burden on Public Budgets
	Current Compensation System
	Risk Transfer to Private Insurer
	Public-Private Insurance Mechanism

	Volatility of Payments
	Overall Improvement

	Discussion
	Discussion of Model Uncertainties
	Discussion of Main Results

	Conclusion
	References



