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Abstract

Climate change is advancing, sea levels are rising, and peak river discharges are increasing.
Accelerated sea level rise (SLR) may pose a significant threat to the long-term habitability
of the Netherlands. In the short term, further reinforcement of flood defenses is required.
However, the key long-term question is which adaptation strategy will most effectively
manage flood risk in the Netherlands. As part of the SLR Knowledge Programme, research
was conducted on various long-term strategies, focusing on the feasibility of three ap-
proaches: Protect, Advance, and Accommodate. The Protect and Advance strategies aim
to reduce flood risk primarily through the prevention of flooding. The Accommodate
strategy, particularly in its more extreme form, emphasizes Managed Retreat, following
the precautionary principle, or seeks to mitigate flood consequences rather than invest in
Prevention. This study examined the economic implications of two opposing cornerstone
strategies, Protect and Managed Retreat, as well as hybrid strategies that integrate elements
of both, across different sea level rise scenarios. Additionally, the study includes a forward-
looking assessment of the potential impacts on the financial sector, with particular attention
to catastrophe insurance and capital requirements aimed at mitigating default risk. The
findings indicate that a Managed Retreat strategy represents a last-resort option and cannot
be implemented effectively without concurrent protective measures. Furthermore, the
annual flood risk is only marginally reduced under the Accommodate strategy, even when
combined with protective interventions, while its associated costs significantly exceed
those of the Protect strategy. A combined approach integrating protection with localized
Accommodate measures that support multi-functional land use, such as nature-based
solutions and water storage, appears to offer a more promising strategy, if these values
cover the costs. The results can be used to evaluate the effectiveness of possible adaptation
strategies to sea level rise.

Keywords: climate adaptation; adaptation strategies; flood risk; long-term planning

1. Introduction

Currently, over 50% of the Netherlands is flood-prone [1] during storm surges of
extreme river discharges, though such an area would not flood simultaneously. Climate
change is accelerating, sea levels are rising, and river discharge volumes may increase,
although the rate and magnitude remain uncertain [2]. Because of global warming, the
projected sea level rise (SLR) at the end of this century may range from 0.28 to 0.73 cm in
the low scenario and 0.59-1.24 in the high scenario [3], relative to 1995, depending on the
CO, emission scenario. Also, after 2100, a further increase in SLR is foreseen.

Water 2025, 17, 3486

https:/ /doi.org/10.3390/ w17243486


https://doi.org/10.3390/w17243486
https://doi.org/10.3390/w17243486
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://doi.org/10.3390/w17243486
https://www.mdpi.com/article/10.3390/w17243486?type=check_update&version=3

Water 2025, 17, 3486

20f19

In the Dutch SLR Knowledge Programme, even greater sea level rises are anticipated
because of the instability of the Antarctic land ice [4]. Different scenarios are considered,
as described in Table 1. Research has been conducted into various long-term solutions
for the Netherlands in response to rising sea levels and increasing river discharges due
to climate change. To assess the implications of adaptation strategies, a range of various
possible interventions have been explored, including the sustainability and stretchability of
the current strategy [5] and long-term strategies as Protect, Advance and Accommodate [6].

Table 1. Sea level rise in m relative to 1995 for four different scenarios.

Sea Level Rise Year 2050 Year 2100 Year 2200
Very Extreme 0.50 2.00 5.37
Extreme 0.25 1.00 3.00
Moderate 0.25 0.75 2.00
Mild 0.25 0.50 1.00

While the extent of climate change is inherently uncertain, the decision to implement a
long-term solution is not, as such decisions have immediate and lasting impacts on spatial
planning and associated costs. All adaptation strategies imply a spatial footprint and
influence risk, and therefore all have societal and financial consequences. Ref. [6] introduces
the development of these strategies. The economic costs to implement these strategies and
the remaining annual flood risk (defined as the probability of a flood event multiplied
by the consequences). The impact on financial institutions, such as banks and insurances
companies, has not been determined, and a better understanding is required [7]. Financial
institutions integrate flood risk into reporting and regulatory frameworks like the European
Central Bank’s (ECB) guidelines on climate-related and environmental risk [8]; climate
stress-testing protocols [9]; EU regulations for the Corporate Sustainability Reporting
Directive [10]; and Environmental, Social, and Governance (ESG) ratings [11]. The European
Insurance and Occupational Pensions Authority [12] uses the 200-year return period loss
or the total insured value as a solvency benchmark.

This study aims to assess the economic implications of long-term strategies and their
impact on the insurability of long-term investment decisions. It also seeks to reflect on these
long-term strategies and explore additional approaches that combine flood prevention
measures with efforts to reduce flood consequences over time. The economic implications
and associated annual flood risk are analyzed using a representative case study.

2. Long-Term Strategies

In most delta regions, various protection measures are already in place, often in
combination with land use policies. These areas have evolved based on historical decisions,
including land reclamation and past flood events. Accelerating SLR may necessitate a
reassessment of current flood risk management strategies, as both costs and risks are
expected to increase, and critical tipping points may be reached.

The IPCC [13] identified three categories of responses to sea level rise and climate
change: Retreat, Accommodate, and Protect. Retreat and Accommodate involve policy
shifts in which no measures are implemented to prevent flooding. Under the Retreat
strategy, coastal zones are gradually abandoned, allowing ecosystems to migrate inland.
The Accommodate strategy entails continued habitation in flood-prone areas, while re-
ducing flood consequences through measures such as elevating buildings and providing
emergency shelters. The Protect strategy aims to reduce the probability of flooding by
implementing hard infrastructure (e.g., levees and storm surge barriers) and soft measures
(e.g., dunes, mangroves, and nature-based solutions).
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The SLR Knowledge Programme for sea level rise defined, using IPCC scenarios,
four possible measures for the Netherlands [14,15]:

1. Protect Open: A strategy based on protection with an open or closable (using storm
surge barriers) connection between sea and rivers.

2. Protect Closed: A strategy based on protection with a closed (using sluices and pumps)
connection between sea and rivers.

3. Advanced: Measures located seaward of the present coastline that aim to maintain
the current safety against both coastal and fluvial flooding.

4. Accommodate: Adapt land use to increasing salinization, waterlogging, and floods,
e.g., by using flood-proof buildings, salt-tolerant crops, and intensifying new invest-
ments on higher ground. The latter part can be considered as ‘Managed Retreat’

measures. This strategy combines the Retreat and Accommodate strategy of the IPCC

described in 1992 [13].

Considering either the precautionary principle or a risk-based approach (as currently
applied in the Netherlands [16]), two contrasting policy cornerstones can be distinguished:
Managed Retreat and Prevention.

The precautionary principle states that if a policy or action poses a potential risk
to public health or the environment, such as levee reinforcements and lack of scientific
consensus (e.g., regarding the pace and extent of climate change), the policy or action should
be avoided [17]. The Managed Retreat variant is explicitly grounded in the precautionary
principle because of the uncertainty of climate change. It entails a phased relocation of
populations from vulnerable areas to safer regions over an extended time horizon, without
further investments in flood protection. The Knowledge Programme suggests a Retreat
timeline of approximately 100 years without levee upgrades [6].

In contrast, a risk-based approach allows for the implementation of measures to reduce
either the probability or the consequences of flooding. This approach is also referred to
as multi-layered safety [18] or multiple lines of defense [19,20]. Strategies such as Protect
Open, Protect Closed, Advance, and the Living with Water variant of Accommodate fall
under this framework. The recent literature [21] reclassifies Accommodate measures to
classes linked to the precautionary principle as well as classes for a risk-based approach.
Multiple variants of Prevention strategies can been developed, combining engineered flood
defenses, hydraulic infrastructure, and nature-based solutions.

The Dutch flood risk management system is built on the principle of acceptable risk
and multiple layer safety. For the basic level of protection, legally established safety
standards that describe failure probabilities for levees are defined, combined with periodic
evaluations that take climate change into account and offer reinforcements if needed.
In high-value areas, preventive measures have proven to be the most cost-effective [16].
This strategy prioritizes continuous reinforcement of flood defenses but also attention for
emergency management and land use planning.

Under extreme sea level rise scenarios, flood frequencies may exceed critical thresholds.
If levees are not upgraded under a Retreat strategy, the likelihood of multiple floods per
year increases significantly, resulting in substantial damage and potential loss of life. During
the Managed Retreat period, increasing flood frequency can undermine the feasibility of
recovery and reconstruction, as affected populations may eventually be forced to relocate
regardless of policy.

Moreover, the present value of flood risk management measures is sensitive to the
timing of investments and the applied discount rate. A longer transition period allows for
cost distribution over time, potentially improving economic feasibility.
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This study further develops and evaluates alternative long-term strategies that inte-
grate elements of Protect and Accommodate, using various implementation timelines and
expanding on the two strategic cornerstones (Table 2).

Table 2. Long-term strategies.

Strategy Type

Long-Term Strategy

Cornerstones of a strategy

1. Managed Retreat over a period of 100 years, without investments in levee
reinforcements [22].
2. Prevention by hard and soft measures over time to keep the current probability of

flooding given sea level rise.

Additional Retreat strategies with
timelines and preventive measures

as variables.

3.  Immediate Managed Retreat (2025): A direct and full relocation from vulnerable areas
starting in 2025, without further investments in flood protection.

4. Scheduled Managed Retreat (Year X): A direct and full relocation commencing in a
predefined future year (e.g., 2075), aligned with the anticipated lifetime of the
levee reinforcements.

5. Managed Retreat with Flood Probability Threshold: Similar to Strategy 1, but a direct
and full relocation is dependent on the annual flood probability exceeding a critical
threshold (e.g., 1/10 per year).

6.  Managed Retreat with Preventive Measures: A combination of Strategy 1 with flood
Prevention measures to maintain current flood probability levels throughout the
transition period.

7. Post-Flood Retreat: Based on Strategy 2 (prevention), this approach postpones
Managed Retreat until after a significant flood event, at which point full Retreat
is implemented.

Additional Accommodate
strategies and preventive
measures as variables

8. Spatial Reallocation of New Developments: New spatial planning restricts future
developments to areas outside flood-prone zones. Existing flood-prone areas remain
protected through conventional flood defenses.

9.  Building-Level Adaptation Measures: Structural adaptations as elevating buildings or
implementing flood-resilient design are applied to reduce the consequences of
potential flooding. The broader area continues to be protected against flooding.

10.  Localized Retreat to Support Flood Prevention: Selective withdrawal from specific areas
enables the integration of flood protection and additional flood storage capacity,
nature-based solutions and the embedding of flood defenses within landscape.

3. Method

To quantify flood risk in the selected case study area, realistic parameter values and
models currently used in flood risk assessments were applied. The analysis was deliberately
simplified to avoid unnecessary complexity while preserving the representativeness of the
results. The failure probability of the flood defenses is equal to the probability of flooding
P; .. The total economic value of the area was estimated based on the number of residential
dwellings, where the average value per-dwelling value also implicitly includes the value of
land and commercial assets. Furthermore, it is assumed that the economic growth rate in
the project area mirrors the national average for the Netherlands.

Flood damage in year ¢, denoted as C, is described by Formula (1). It is calculated as
the product of the number of flooded dwellings in year #(1;), the reconstruction cost per
dwelling, and the water depth (d). The reconstruction cost is modeled as a factor (f1) of
the market value of a dwelling (V}, in EUR) in year t. The damage function (f;) reflects the
relationship between damage and water depth (d). For simplicity, the estimated dwelling
value is taken to be higher than the pure residential market value, as it includes land and
business asset components.
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Ci=m X f1 X Vi X fo 1)

The market value of properties increases over time according to a constant annual
economic growth rate (g), as defined in Formula (2).

Vi=Vox (1+9)7t 2)

The risk (R¢,), as defined in Formula (3), represents the expected annual flood damage
in year t, conditional on a given climate scenario c. It is calculated as the product of the
annual probability of flooding (P ) and the associated flood damage (C;). However, due to
climate change, the expected damage is also projected to increase over time. We considered
that after a flood, the area will be rebuild in the original state.

Specifically, the rise in sea level (Z; ), which varies by year t and climate scenario c is
assumed to result in greater flood depths. Sea level rise leads to higher damage levels. The
resulting increase in damage is expressed through a scaling factor (f3), which is derived
based on the so-called decimation depth (Hp). Factor f3 can be determined using current
flood simulation models and established damage functions, while the decimation depth
Hp can be derived from water level statistics.

=1 ©)
D

Ric = CiPic(1 + f3

The investment costs (I; ¢ .) depend on the type of measure implemented (k), the year
of implementation (¢), and the climate scenario (c).

For investments in dike reinforcements (k = 1), the annual costs (see Formula (4)) are
determined by the length of the dike to be reinforced (L) and the cost per kilometer of
reinforcement. These costs consist of a fixed component () per reinforcement cycle and a
variable component (b), which depends on the expected magnitude of the reinforcement
effort. The latter is based on the projected increase in sea level over a 50-year design
horizon, i.e., the difference between sea level in year ¢ + 50 and year H(Z 450, — Z:). In
addition, dike reinforcement costs increase over time due to rising prices and material
scarcity, captured by a cost escalation factor (k).

ILitc=L(a+ b<Zt+50,c —Zy)(1+ h)t 4)

For the buyout of dwellings under the accommodation strategy (k = 2), the annual
costs (see Formula (5)) are determined by the number of dwellings to be purchased in year
i equal to the difference between the housing stock in year i and year i + 1 multiplied by a
compensation factor (f4) and the market value of a dwelling in that year (V;).

L= (n;—nit1)fVi )

The present value of all costs over the full evaluation period (T) denoted as PV 1,
is calculated by discounting the annual expected risk (R) and investment costs (I; ;)
and I, ) using a discount rate (D). The choice of discount rate reflects either an ethical or
economic perspective, and low, medium, and high discount rate values (j) are considered
in the analysis.

_ Rie Iltc I
PVre=Yis (1+D)) + L (1+D)) L (1+D))t ©
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4. Case Study: Long-Term Strategies for the Netherlands
4.1. Introduction to Long-Term Strategies

In this study, we focus on the primary flood defenses in the Dutch Delta. Approxi-
mately thirteen centuries ago, inhabitants of the region that is now the Netherlands began
constructing levees to protect against flooding. Today, the Netherlands is considered one of
the safest deltas in the world. The last major flood caused by the failure of primary flood
defenses occurred in 1953, when multiple levee breaches resulted in approximately 5% of
the country being inundated. The current approach in the Netherlands can be described as
combination of ‘Protect Open’ (as the Delta works) and ‘Protect Closed’ (as the lake IJssel)
and is based on Prevention.

The current flood risk management approach is based on protection (safety standards
that describe the acceptable failure probability of levee are set by law). The safety standards
that have been in effect since 2017 are based on a minimization framework that balances
the costs of levee reinforcement against expected flood risk [23]. Every 12 years, all primary
defenses are re-evaluated based on updated estimates of hydraulic loads, which incorporate
observed and projected climate change. When reinforcements are implemented, they are
designed to remain effective for a forward-looking period of 50 years, using the climate
scenario that is valid at the time of assessment. In addition to Prevention, land use planning
is also promoted and emergency plans are implemented and regularly tested. All levees
have to meet the safety standards by 2050.

To illustrate the impact and fundamental characteristics of long-term adaptation
strategies, a highly simplified case study area was used to analyze the corner strategies,
Protect and Accommodate and Retreat, and the eight additional strategies. Although a full
Retreat out of the flood prone area of the Netherlands is already thought to be unrealistic the
hybrid strategy for Accommodate as proposed [22] protects the Randstad area as economic
center, Retreat and Accommodate is foreseen for the Low-Lying Netherlands and the Delta
and River Region.

The case study area is based on the region of North Holland, located north of the
North Sea Canal, excluding the island of Texel. The area of the case study is part of the
area identified as ‘Low-Lying Netherlands’ in the strategy, Hybrid Accommodate (see
Figure 1), alongside parts of Fryslan, Groningen, and Flevoland. The size of the case
study area is approximately 5% of the Netherlands. It is assumed that the levees are
reinforced in 2025, anticipating a lifetime of 50 years based on the moderate climate
scenario. This means that a new levee reinforcement is foreseen in 2075, assuming a
moderate climate scenario. The long-term strategies, as defined in Section 2, are further
specified in Table 3.

Table 3. Long-term strategies for the case study area.

Long-Term Strategy Specification of Long-Term Strategy

1. Managed Retreat in 100 years In a period of 100 years, starting in 2075 as the end of the expected lifetime

2. Prevention

of the levees reinforced in 2025. No further levee reinforcements after 2025.

Each levee is reinforced anticipating a technical lifetime of 50 years given
the climate scenario.

3. Immediate Managed Retreat Full Retreat in 2025.

4. Scheduled Managed Retreat year X

Full Retreat in 2075, the end of the expected lifetime of the levee
reinforcements made in 2025.
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Table 3. Cont.

Long-Term Strategy Specification of Long-Term Strategy
5. Managed Retreat with Flood As strategy 1 but a direct Managed Retreat will occur in case a flood
Probability probability > 1/10 per year.
6. ﬁanaged Retreat with Preventive  Combination of strategy 1 and 2. Prevention measures stop after 2175.
easures
Strategy 2, but no recovery after a flood except direct Retreat. The year of
7. Post-Flood Retreat the flood is uncertain.

A reduction in the number of houses by 0.25% per year is foreseen,
) _ starting in 2025, considering that not all renovations make some people
8. Spatial Reallocation of New move. One percent of all buildings are renovated per year, but this

Developments includes also small renovations [24]; however, large-scale renovation,
defined as more than 25% of the building [25] envelop, is limited [26].
9.  Building-Level Adaptation The total consequences of a flood are assumed to be reduced by 50%
Measures. because of all measures.

10. Localized Retreat to Support Flood Managed Retreat is foreseen for 5% of the area to create room for storage
Prevention of water and levee reinforcement in combination with other transitions.

[ Transition areas

Estimation of 1/100.000 per year flood depth in 2100 3
[ INowater 1
[Jo-o2m ‘
[Jo2-05m
[os-1m
B i-15m
B i5-2m
| R
-3

A
Legend /
Randstad
North Holland
i
J \

N
A 0 15 30 60 KM
I Y I |

Esri Nederland, Community Maps Contributors.

Figure 1. Transition area in hybrid strategy of Knowledge Programme sea level rise: the Randstad
and case study area.
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4.2. Data

The failure probability of the flood defenses is equal to the probability of flooding
Py, in line with current Dutch safety standards, and was set at 1/3000 per year. Each
subsequent reinforcement is scheduled 50 years after the previous one, aligned with the
corresponding climate scenario. When levees are not reinforced (Accommodate strategy),
the failure probability increases over time. For each 0.5m of sea level rise (equal to the
current difference between the water level equal to the safety standards and a water level
which has a frequency that is 10 times lower), the failure probability is assumed to increase
by a factor of 10 (see Figure 2).

The total economic value of the area was estimated based on 400,000 residential
dwellings, where the average per-dwelling value also implicitly includes the value of land
and commercial assets.

It is assumed that relocation under the Accommodate strategy occurs linearly over a
100-year period, meaning that an equal number of dwellings is relocated each year. This
relocation process is set to commence in 2075, which corresponds with the anticipated
timing of the next major flood defense reinforcement effort based on projections for moder-
ate sea level rise, as used for the levee reinforcement in 2025 (designed to meet the safety
standard in 2075). Furthermore, it is assumed that the economic growth rate in the project
area mirrors the national average for the Netherlands. All other parameters are described
in Table 4.

Costs related to social support programs to prevent or reduce socio-economic im-
balance and maintain public services have not been included in the analysis. Likewise,
potential second-order effects on regional economic development have not been accounted
for. In the protection strategy, it is assumed that areas that are already well-protected will
not necessarily experience additional spatial or economic development, in part due to very
low flood probability, the low risk awareness and the perceived adequacy of existing flood
protection. Costs associated with climate-adaptive construction for new buildings, such as
those resulting from stricter building regulations or elevated design requirements, are also
not included in the current cost assessment.

Safety Standard ——Retreat - Mild ——Retreat - Moderate
——Retreat - extreme ——Retreat - very extreme - - -Prevention - Mild
- - -Prevention - Moderate - - -Prevention - Extreme - - -Prevention - Very Extreme
1x10'
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1x10°
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Figure 2. Expected failure probability for climate scenarios with and without levee reinforcements.
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Table 4. Parameters for case study.

Parameter Value Background
" 400,000 units Represents 5% of the Dutch housing stock, roughly proportional to the
! surface area of the study region. In the Netherlands are 8 million houses [27]
Reconstruction costs are assumed to be lower than market value; the
f1 0.9 . .. . o
average profit margin is estimated at 10%.
Damage fraction based on the standard damage function of SSM2023 for
f 0.38 single-family homes [28]. At 2 m water depth, the damage factor is 0.38
2 ’ based on the function of a single-family home. The maximum potential
damage is EUR 225 billion.
v, EUR 600,000 euro Average home valug att=1is EUR 432,00Q [29]; this has been increased to
include the proportional value of commercial assets.
t t =1 for 2025.
Future costs of reinforcement depend on many factors. Innovation may
0.015 reduce costs, while new standards, increased land use, and material scarcity
g ’ may raise them. For simplicity, it is assumed that future costs grow in line
with economic growth.
The annual probability of dike failure is based on the current safety
Py 1/3000 per year ati=1 standard. The dikes are assumed to be reinforced in 2025 based on the
moderate climate scenario, with a 50-year design horizon.
J; 02 Damage increases by 20% with a 0.5 m rise in sea level, based on SSM2023
3 ’ data [28] for single-family homes at 2 m flood depth.
Zic In meters Sea level rise in meters, depending on year i and climate scenario c.
A sea level rise of 0.5 m increases the flood probability by a factor of 10 if
Hp 0.5m dikes are not reinforced, based on the concept of decimation height and
assuming flood probability is primarily driven by dike height.
k = 1 Dike reinforcement . .
k k = 2 Property buyout Denotes the type of intervention.
Total length of primary flood defenses considered in the case study. The
L 185 km . . .
national total is approximately 3700 km.
Fixed cost component per kilometer of dike reinforcement, based on the
a EUR 7.5 million/km current estimates of the National Levee Reinforcement Program of ~EUR
15 million/km (50% fixed, 50% variable).
b EUR 7.5 million/0.37 m per km Vi.il'lable cost per additional dike height (37 cm) under the moderate
climate scenario.
f 1.25 Compensation factor for property buyout, consistent with past programs
4 ’ (e.g., Room for the River), and compliant with EU state aid rules.
Annual cost escalation factor (1.5%), reflecting price increases for housing
h 0.015 and reinforcement. In the accommodation strategy, economic growth in the
region is assumed to continue and shift spatially as homes are relocated.
T 150 Evaluation period: 2025-2175.
Discount rates:
-Low (0.5%): ethically motivated (e.g., in the Stern Review [30]),
j =1:0.005 emphasizing intergenerational equity.
D; j=2:0.0225 -Medium (2.25%): as prescribed for climate policy evaluations [31], aligned
j=3:0.045 with economic models such as advocated by Nordhaus [32].
-High (4.5%): representing a scenario with stronger preference for present
value (2x medium rate).
5. Results

This section first presents the results for the two cornerstone strategies: Protect and
Accommodate/Retreat. The second part discusses the outcomes of the additional, com-
bined strategies.
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To contextualize the magnitude of the associated costs, all values are expressed as a
percentage of the present value of the Gross Regional Income (GRI) of the study area over
the period until 2175. Since the study area represents approximately 5% of the national
territory, it is assumed that its population generates 5% of the Netherlands” Gross National
Income (GNI), which currently amounts to approximately EUR 1000 billion per year [33]. It
is further assumed that the selected long-term flood adaptation strategy does not influence
the long-term growth trajectory of the GRI. For strategies that are implemented before 2175,
the year of completion is used as the reference point for evaluating costs.

5.1. Cornerstone of Strategies ‘Prevention” and ‘Managed Retreat

The total costs are the sum of the investment costs and annual risk (Table 5). The
present value of these costs until the year 2175 are presented in Table 3 for the medium,
low and high discount rate.

Table 5. Present value for investment costs, annual risk and total costs for corners ‘Prevention” and
‘Managed Retreat’ in EUR billion for different climate scenarios and discount rates.

Climat.e Medium Discount Rate = Low Discount Rate = High Discount Rate
Scenario
Investment costs
Mild 2.6 7.6 1.7
) Moderate 3.7 10 2
Prevention Extreme 49 16.2 2.4
Very Extreme 7.5 234 3.5
Mild 147.9 846.5 23.9
Managed Moderate 147.9 846.5 23.9
Retreat Extreme 147.9 846.5 23.9
Very Extreme 147.9 846.5 23.9
Annual risk
Mild 14 7.2 04
. Moderate 1.1 49 0.3
Prevention Extreme 0.9 45 0.3
Very Extreme 0.8 4.2 0.3
Mild 0.9 3.1 0.3
Managed Moderate 9.5 69 1.1
Retreat Extreme 101 922 74
Very Extreme 300,646 3,279,240 15,359
Total costs (and the % of the GRI)
Mild 4.1 (0.09%) 14.8 (0.08%) 2 (0.12%)
. Moderate 4.8 (0.10%) 14.9 (0.08%) 2.3 (0.14%)
Prevention Extreme 5.8 (0.13%) 20.7 (0.12%) 2.6 (0.15%)
Very Extreme 8.3 (0.18%) 27.6 (0.16%) 3.7 (0.22%)
Mild 148.8 (3.3%) 849.6 (4.8%) 24.2 (1.5%)
Managed Moderate 157.4 (3.5%) 915.2 (5.2%) 25 (1.5%)
Retreat Extreme 248.5 (5.5%) 1768.3 (10%) 31.3 (1.9%)
Very Extreme 300,794 (6625%) 3,280,086 (18680%) 15,382.6 (920%)

The costs for the Prevention and Managed Retreat strategy are presented in Figure 3.
For the Prevention strategy, investment costs are primarily associated with levee reinforce-
ments based on a 50 year horizon. The timing of these reinforcements depends on the
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rate of sea level rise. If sea levels rise more rapidly than projected under the moderate
scenario, reinforcements will be required earlier and height will be higher; conversely, if
sea level rise progresses more slowly, the existing flood defenses will remain adequate for a
longer period.

Assuming that the dike system is reinforced in 2025 with a design life of 50 years
based on a moderate climate scenario, subsequent reinforcements would be required by
2100 under the mild scenario, by 2067 under the extreme scenario, and by 2055 under the
very extreme scenario. It is important to note that higher rates of sea level acceleration will
also result in greater required reinforcement volumes and costs.

For the Managed Retreat strategy, investment costs are driven by the relocation of
approximately 4000 buildings per year over a 100-year period. These costs are assumed
to be constant across all sea level rise scenarios, as the relocation timeline is not linked to
the actual rate of sea level rise. However, the total cost of Managed Retreat is significantly
higher than that of the Protect strategy.

B Prevention Managed Retreat
30,000
25,000
20,000
15,000
10,000

5000

Investment Costs in Million Euro

o |
2025 2050 2075 2100 2125 2150 2175
Year

Figure 3. Investments costs per year for Prevention and Managed Retreat in case of extreme sea level rise.

Flood risk is determined by both the annual probability of a flood event and its associ-
ated consequences. Figure 2 illustrates the evolution of flood defense failure probabilities
under different sea level rise scenarios for the Prevention and Managed Retreat strategies.

A key observation from Figure 2 is that, under extreme SLR scenarios, the probability
of flooding under the Managed Retreat strategy increases to frequencies exceeding one
event per year. While the Managed Retreat strategy results in a gradual reduction in
potential flood consequences due to the phased relocation of residents, the overall risk
is not proportionally reduced. After 50 years, approximately half of the dwellings in the
flood-prone area will have been relocated, which significantly lowers exposure. However,
total flood risk remains high, as climate change leads to greater flood depths and thus
higher damage potential. In addition, property values are projected to increase over time
due to economic growth, further amplifying potential losses (see Figure 4).

Under (very) extreme sea level rise scenarios, the total costs associated with the
Managed Retreat strategy become prohibitively high, primarily due to the substantial
increase in flood probability when flood defenses are not reinforced. In its current form,
the Managed Retreat strategy appears unrealistic under extreme SLR.

Moreover, this analysis does not account for additional societal costs related to social
cohesion and livability, such as demographic shifts, declining public services, and stranded
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assets. These unquantified impacts may further undermine the feasibility and acceptability
of the strategy.

[OJPrevention Managed Retreat
10.0000

9.0000
8.0000
7.0000
6.0000
5.0000
4.0000
3.0000
2.0000
1.0000

2025 2050 2075 2100 2125 2150 2175

Year

Annualrisk in Million Euro

Figure 4. Annual risk for Prevention and Managed Retreat per year in case of extreme sea level rise.

5.2. Additional Strategies

The present value of the total costs, annual risk and investments until the year 2175
are presented in Table 6 for a medium discount rate. The low and high discount rate are
not taken into account because the results of the cornerstone strategies already show that
the impact of the strategy outweighs the impact of the discount rate.

The results show that, for strategies without investments in preventive measures, the
present value of flood risk increases substantially and is several times higher compared to
strategies that include flood Prevention.

In all cases, the total costs associated with Managed Retreat exceed the combined costs
of risk and investment in levee reinforcements. Among all Retreat-based strategies, total
costs are lowest when levee reinforcements are included. This indicates that the cost of
preventive measures is significantly lower than the cumulative annual risk in the absence
of such measures.

The Spatial Reallocation of New Developments and Building-Level Adaptation Mea-
sures strategies do not result in significantly lower total costs compared to the Prevention
strategy, mainly due to the relatively low annual risk in the protected area. However, it
is important to note that the costs of spatial planning and building adaptation measures
have not been included in this analysis. Inclusion of these costs would increase the total
present value.

To reduce flood damage by 50% for flood depths exceeding sometimes multiple meters
building adaptation measures have to be applied. In total, there are 400,000 residential
structures and also commercial structures. If the average cost per building exceeds EUR
19,000, the present value of this strategy surpasses that of levee reinforcements under
the very extreme climate scenario and a medium discount rate. For the extreme climate
scenario, this cost threshold is EUR 12,500 per building.

The costs associated with the Post-Flood Retreat strategy are not included in the
comparative analysis due to the uncertainty surrounding the timing of the flood event. As
an indication, the present value of Retreat costs amounts to approximately EUR 72 billion
if a flood occurs in 2100, EUR 7 billion if a flood occurs in 2500, and EUR 56 if the event
occurs once every 3000 years corresponding to the current statutory safety standard.
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Table 6. Present value for investment costs, annual risk and total costs for additional strategies in
EUR billion for different climate scenarios and medium discount rate.

Climate Investment Annual % of GRI of
Long-Term Strategy Scenario Costs Risk Total Cost Total Costs

Mild 300 0 300 600%

Immediate Managed Retreat (note that the % of Moderate 300 0 300 600%

GRlI is based on the GRI of 2025) Extreme 300 0 300 600%

Very extreme 300 0 300 600%

Mild 208 0.4 208 9.8%

Scheduled Managed Retreat year 2075 (note that Moderate 208 0.5 209 9.9%

the % of GRI is based on the GRI until 2075) Extreme 208 0.6 309 9.9%

Very extreme 211 3.2 214 10.1%

M 4R h Flood Probability ( Mild 148 0.9 149 3.3%

anaged Retreat with Flood Probability (note %
that the % of GRT s based on the GRTin which " 0derate 148 % 198 3:5%

the ﬂOOd probability > 10 py) Extreme 150 34 284 4.1%

Very extreme 179 48 227 5.0%

Mild 151 0.9 152 3.3%

Managed Retreat with Preventive Measures. BRI 152 . 153 S0

Extreme 153 0.6 154 3.4%

Very extreme 155 0.5 156 3.4%

Mild 2.6 1.4 4 0.1%

Post—quod Retreat (pote the present value of Moderate 37 11 5 0.1%
Retreat is not taken into account because the .
moment of flooding is not known). e 49 0.9 6 0.1%
Very extreme 7.5 0.8 8 0.2%

Mild 2.6 1.2 4 0.1%

Spatial Reallocation of New Developments Wigelgts 37 i > Uil
Extreme 49 0.8 6 0.1%

Very extreme 7.5 0.7 8 0.2%

o ) Mild 2.6 0.7 3 0.1%
Bulldmg—Leyel Adaptation Mea§ures (note all Moderate 37 0.55 4 0.1%
costs for a direct 50% reduction in the .
consequences are not taken into account) Extreme 49 0.45 5 0.1%
Very extreme 75 0.4 8 0.2%

Mild 11 0.7 12 0.3%

Localized Retreat to Support Flood Prevention BRI 13 b 14 Ui
Extreme 14 0.45 15 0.3%

Very extreme 16 0.4 17 0.4%

6. Discussion

In the literature, there is a debate about potential adaptation strategies for sea level
rise [34,35]. The literature states that management Retreat is in the long term the only
possible solution in the face of ongoing climate change [21]. However, this moment might
be far in the future. The question therefore remains: which choices can be made in the
next decades of this century? This creates the opportunity to avoid costly measures, while
the effectiveness of mitigation measures and future mitigation policy is uncertain. Ref. [7]
describes the need for quantitative analyses for the Netherlands and a dialog to develop
an adaptation discourse. This research describes a method to develop a first order of a
quantitative assessment of different adaptation strategies.

The costs associated with the Managed Retreat strategy (defined as the relocation of
residential areas over a 100-year period without further investment in flood defenses) are
extremely high, both in absolute terms and relative to the Prevention strategy. These cost
differentials become even more pronounced under accelerating sea level rise scenarios.
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Under Managed Retreat, flood probabilities increase significantly in extreme sea
level rise scenarios, raising serious doubts about the feasibility of completing the planned
transition period. The increasing flood risk with an accelerating SLR poses a threat to the
successful implementation of the strategy. Additionally, the rising frequency of flood events
would have negative impacts on ecosystems and agricultural land.

The variant that combines Managed Retreat with Prevention yields the lowest total
costs among the Retreat-based strategies, yet its costs remain at least 60 times higher than
those of Prevention alone. Both the implementation costs and the residual annual risk costs
are consistently and substantially higher for Retreat strategies compared to Prevention.
While the relative cost gap narrows when higher discount rates are applied, doing so
is conceptually inconsistent with the low (ethically motivated) discount rates typically
advocated in the context of climate change mitigation [30]. Applying a higher discount
rate as proposed by Nordhaus [32] reduces the present value of future damages, but this
conflicts with the long-term, intergenerational objectives that underlie climate adaptation
and sustainability policy.

From an economic perspective, Managed Retreat should therefore be regarded as a
last-resort option. Managed Retreat is applicable only when Prevention becomes technically
or financially infeasible or unwanted. The results also indicate that preventive measures
must be maintained throughout the Retreat transition period. Failing to do so would
initiate a high-risk transition phase. This underscores the need for regular reassessment of
preventive strategies under evolving sea level rise projections.

For the current set of scenarios of SLR; however, there is no evidence to suggest that
Prevention is no longer feasible. Notably, for less developed areas, the Managed Retreat
costs might be less, so other outcomes can be possible.

6.1. Financial Market and Insurance

The cost of insuring assets and the capital requirements for banks and insurers are di-
rectly influenced by the magnitude and development of underlying risks. Under European
Union regulation, Solvency Il requires insurers to maintain sufficient capital to withstand a
1-in-200-year loss event [15]. Similar capital adequacy requirements apply to banks under
relevant financial regulations.

Under Prevention strategies, flood risk remains broadly comparable to current levels,
implying a limited impact on insurance premiums and capital buffers because of the
low frequency. In contrast, under Managed Retreat strategies without accompanying
preventive measures, flood risk increases significantly during the transition period when
flood defenses are no longer reinforced. As a result, both insurance premiums and capital
requirements are expected to rise accordingly.

Accommodate strategies that are combined with Prevention have a marginally positive
impact on capital assessments, due to reduced exposure and moderated risk profiles. The
Spatial Reallocation of New Developments strategy for new developments leads to a small
reduction in the number of properties located in flood-prone areas. Likewise, Building-
Level Adaptation Measures strategies reduce flood-related consequences by up to a factor
of two through resilient construction measures. However, the investment costs required to
achieve this reduction in consequences have not been included in the current analysis.

In the strategy, Localized Retreat to Support Flood Prevention, where 5% of the area is
relocated to support preventive measures, exposure is reduced proportionally, assuming
the relocated assets move to non-flood-prone areas. The Post-Flood strategy may introduce
additional uncertainty for the investment climate. In particular, the potential for a future
withdrawal from a region may deter long-term investment, as investors may favor locations
perceived as less exposed or less uncertain.
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For insurers and financial institutions, decisions related to Prevention are critical in
managing exposure and ensuring regulatory compliance. Table 7 presents the projected
flood probabilities without reinforcement measures under various sea level rise scenarios.
While probabilities vary depending on the climate change trajectory, investment horizons
of 30 years mean these differences may soon become relevant to underwriting and capital
planning. Notably, under the Protect strategy, the maximum flood probability remains at
1/3000 per year.

To illustrate the evolution of yearly insurance costs for a property, the actuarially fair
premium (equal to the annual risk) was estimated for the years 2100 and 2150. Under the
Prevention strategy, premiums range from tens to several hundred euros per dwelling in
2100, and from hundreds to several hundred euros per dwelling in 2150. These values
vary primarily due to (1) changing flood probabilities between reinforcement rounds and
(2) increasing potential damage due to climate change. Note that the risk can also be
reduced by more extreme safety standards.

Table 7. Projected failure probabilities (1/n per year) for flood defenses without reinforcement, under
various sea level rise scenarios.

1/1000 1/200 1/50 1/10
Mild 2148 >2175 >2175 >2175
Moderate 2099 2131 2557 2567
Extreme 2083 2106 2125 2134
Very Extreme 2063 2074 2084 2089

Under the Managed Retreat strategy without Prevention, yearly insurance costs range
from tens to over EUR 100,000 per dwelling per year in 2100, and from tens of thousands
to far beyond current market values per dwelling in 2150, depending on the sea level rise
trajectory. Once the probability of occurrence becomes too high, insurance may no longer
be feasible. If flood events occur more frequently than recovery can be completed, areas
can also not recover. At such potential risk levels, it becomes questionable whether banks
would be willing to issue mortgages or provide financing for investments.

While post-disaster recovery can be rapid in some cases, the term “rapid” has to
be considered relative to the frequency of flooding. Following the tsunami in Japan, for
example, the affected region took approximately 10 years to restore protection capacity [36].
Therefore, it can be questioned if investments will be made after a flood during the transition
period of Managed Retreat.

6.2. Societal Costs

Under the protection strategy, no substantial positive or negative effects on overall
welfare are expected because of the low flood probability. Reference [37] suggests that flood
protection can stimulate further spatial and economic development, potentially increase
long-term exposure, and thus risk an effect known as maladaptation. However, in the
Dutch context, protection levels are already extremely high, with a large portion of the pop-
ulation already living and working in delta regions. Combined with relatively low public
awareness of water risks, the likelihood of significant maladaptation is considered limited.

In the Managed Retreat strategy, all developments (and in the Spatial Reallocation of
New Developments strategies, only new developments) are expected to shift outside the
project area. The number of dwellings within the area is assumed to decline gradually over a
100-year transition period, resulting in a fundamentally different spatial and demographic
structure thereafter. This transition opens opportunities for industrial development in
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more strategic locations and the emergence of new urban centers outside the current
flood-prone area.

However, there is a significant risk of social stratification. Those with sufficient
resources may relocate early, while others may be left behind. Regional prosperity in the
project area is likely to decline initially. Past experience from depopulating regions and
stranded assets [38] shows that public services tend to deteriorate. Health outcomes are
also generally worse in these areas, largely due to lower socioeconomic status and selective
out-migration. Public services such as schools, banking, retail will come under pressure
and require active government support. Disparities in welfare may emerge between those
who relocate early and those who remain [39].

Large-scale investments, including those related to the energy transition, may also
be jeopardized. Investors and businesses may be unwilling to commit to a region facing
long-term depopulation and uncertainty. The risk of growing socioeconomic inequality
between the retreating region and the rest of the country is considerable.

Empirical studies [40-42] on current housing markets in flood-prone areas have shown
that flood risk is considered in the pricing of houses, the impact is a few % of the house
price. However, a causal link has not been definitively established. Research on public
awareness shows that the Dutch public is not aware of flood risk [43]. Only in recent years
is the awareness of flood risk rising, but it is not taken into account by most buyers [44].

The literature shows that housing prices can temporarily drop by up to 10% following a
flood event, but these effects tend to dissipate within 9 to 12 years [45]. This recovery period
is relatively short compared to the expected return period of flood events under current
safety standards. These impacts on house prices are given in the current Prevention strategy.

Under a Retreat strategy, the housing market in the project area may collapse, as
demand plummets and residents are no longer free to choose where they live. Government
intervention may be needed either by guaranteeing compensation for homeowners (as the
state will eventually purchase these homes), or by purchasing and renting out all properties
immediately. Whether this can be financed is a major question.

Elsewhere in the Netherlands, housing demand will rise, putting upward pressure on
prices, especially as all accommodation zones are removed from the future housing stock.
Although relocating 4000 homes per year seems technically feasible, the strategy must be
scaled across multiple regions, not just the study area. Moreover, suitable land for new
development is more limited under this strategy. Wealthier residents may choose to leave
early and absorb financial losses, further widening socioeconomic disparities.

These impacts may be mitigated through compensatory measures, but this would
significantly increase total costs. Key questions remain about the extent to which this
transition can be effectively managed and whether a 100-year transition period is realistic
or whether a more rapid, event-driven transition (e.g., post-disaster) may ultimately prove
more feasible.

To guide this process effectively, better insight is needed into the potential conse-
quences in terms of broad societal well-being, and how these impacts can be influenced or
mitigated over time.

6.3. Total Costs

The costs associated with the Prevention strategy are broadly in line with current
national expenditures under the Dutch Flood Protection Program (HWBP), which total
approximately EUR 1 billion per year [46]. These costs are considered manageable, related
to the GRI of approximately EUR 1000 billion per year [27]. In contrast, the costs of the
Managed Retreat strategy are significantly higher.
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Under very extreme sea level rise scenarios, the costs of Managed Retreat strategy
exceed those of protection by a factor of more than 1000, regardless of the discount rate
applied. In all other scenarios, the costs of Managed Retreat are at least ten times higher
than those of protection over the entire period. This comparison excludes the potential costs
of social support programs during the transition period, and it assumes that the economic
development of the region is not negatively affected by the relocation strategy.

To place these costs in perspective: in 2024, the Dutch Government allocated more
than EUR 80 billion in support measures related to the COVID-19 pandemic [47]. In 2023,
the Dutch national debt stood at 46.5% of GNI, well below the European threshold of 60%,
and the 2023 Budget Memorandum projected a public deficit of 3% of GNI, equivalent to
about EUR 30 billion [48]. The costs for Managed Retreat, which represents only a fraction
of the areas for which these strategies apply, are far greater. Direct Managed Retreat is
hardly possible because the costs cannot be spread over many years because all people
have to be compensated directly. The costs of reconstruction after a flood are far less than
Retreat because the reconstruction costs are less than the market values of properties and
the damage after a flood is a fraction of the maximum damage because of the water depth.

It should also be noted that the study area represents one of several comparable low-
lying regions in the Netherlands. Therefore, implementing the Retreat or accommodation
strategy at scale would be even more challenging particularly considering that additional
costs such as demolition, social transition programs, and broader economic impacts have
not been included in this analysis but are expected to increase the costs of management
Retreat and Accommodate.

7. Concluding Remarks and Recommendation

This study shows the first estimation of the costs for potential adaptation strategies
for the Netherlands. This study also shows a simplified method to assess the costs of
adaptation strategies which can be applied in other delta areas worldwide.

From a financial and economic perspective in Dutch delta, Prevention remains the
most attractive strategy to cope with sea level rise, as long as levee reinforcements remains
feasible. From an economic perspective, Managed Retreat should therefore be regarded
as a last-resort option. Strategies centered around large-scale relocation of people from
flood-prone areas—even when combined with dike reinforcements—are financially and
economically highly costly, and they tend to exacerbate challenges related to maintaining
liveability in such areas. Managed Retreat is applicable only when prevention becomes
technically or financially infeasible or unwanted, also from societal perspective. In case
of a Retreat strategy, the results also indicate that preventive measures must be main-
tained throughout the Retreat transition period. Failing to do so would initiate a high-risk
transition phase.

The strategies that focus on Accommodate (in combination with Prevention), by
allocating new developments outside the flood zone and building codes, hardly reduce the
annual risk but hold significant social or technical costs.

Localized Retreat to Support Flood Prevention (storage of water, nature-based so-
lutions, integration in urban planning), as part of a Prevention strategy which requires
more room, can be justified from a risk management perspective and integration with
other challenges.

If protective infrastructure is not properly maintained, the consequences for the finan-
cial sector could be severe, due to increased capital requirements and elevated exposure
to risk. This could lead to a withdrawal of financial actors, such as banks and insurance
companies, and render insurance coverage for investments virtually unattainable.
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It is recommended to conduct further research into the interaction between realistic
long-term climate adaptation strategies based on Prevention in combination with local
accommodation, insurability, investment conditions and the social impact. The method in
this paper can be used for a first assessment to reduce the number of potential strategies
for more detailed analyses. Additionally, it is recommended to explore, from a risk-based
perspective, where spatial measures can effectively contribute to risk reduction, and how
the associated land use can be aligned with other societal objectives and, for example nature
development. Finally, greater insight is needed into how financial arrangements, such as
pricing, requirements to obtain a loan or insurance, and permits for reconstruction, can sup-
port current risk management efforts and risk awareness, through improved coordination
between government, the financial sector, citizens, and businesses.
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