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Building materials and emissions from
rebuilding under increasing climate-driven
flood hazards

Xiaoyang Zhong 1,2,3 , Tomer Fishman 3, Timothy Tiggeloven 4,5,
Yoav Peled6, Yi Jin7, Philip J. Ward 5,8 & Paul Behrens 3,9

Floods threaten lives and infrastructure, while recovery and reconstruction
require materials whose production generates greenhouse gas emissions.
These material needs and emissions remain insufficiently quantified. Here we
assess the impacts of riverine and coastal flooding onbuildingmaterials across
Europe under climate change and land subsidence. Baseline annual replace-
ment demand is about 30 million tonnes of materials, generating about 9
million tonnes of carbon dioxide equivalent emissions. With flood protection
maintained but not upgraded, both could increasemore than tenfold by 2080
under a moderate emissions scenario, driven by coastal flooding. Impacts
could be about 22% higher under a high emissions scenario. Cumulative
replacement emissions over 2024–2080 under the moderate scenario could
reach 4.0 billion tonnes of carbon dioxide equivalent, exceeding ten times
Europe’s annual building material production emissions in 2020. Increasing
both mitigation and adaptation efforts is essential to reduce material losses,
further emissions and human suffering.

Natural hazards present major risks to buildings and infrastructure
globally. For instance, the 2022 deadly flooding in Pakistan destroyed
more than 1.2 million houses, thousands of kilometres of road and
hundreds of bridges1. Hurricane Maria left 400,000 houses damaged
in Puerto Rico—one-third of the island’s homes, many of which were
informal and highly vulnerable structures2. The 2021 European floods
damaged tens of thousands of homes across Germany, Belgium and
the Netherlands3, while the 2024 floods extended widespread
destruction to Spain, Austria, Bosnia and beyond4. At least 642,000
homes have been damaged or destroyed in West and Central Africa
due to flooding in 20245. Meanwhile, over half of the building stock in
the United States (US) is estimated to be at risk of potentially cata-
strophic natural hazards (i.e. earthquakes, floods, hurricanes,

tornadoes and wildfires), with 1.5 million buildings located in hotspots
of two or more hazards6.

Floods represent the most prevalent and costly natural hazards
globally7, accounting for nearly half of the reported disasters in the
past two decades8 and over 70% of modelled hazard-related damages
to transport infrastructures (among earthquakes, cyclones and
floods)9. Global flooding is expected to intensify with climatic and
land-use change (e.g. vegetation clearing and subsidence)10–12, posing
an increasing threat to buildings. In Europe, flood trends showmarked
regional heterogeneity, with some regions experiencing increased
flood frequency while others see reductions due to changes in pre-
cipitation seasonality and snowmelt timing13,14. Flood impacts on
buildings and materials may be particularly severe in regions where
financial constraints limit flood protection, adaptation and
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recovery15,16. For example, in the UK, flooding risks are correlated with
deprivation17 and the lowest income earners often have very low rates
of flood insurance18.

These combined trendsmay cause substantial material losses due
to post-flooding repairs and rebuilding. This results in furthermaterial-
related environmental impacts, such as greenhouse gas (GHG) emis-
sions, which further threaten national and global climate targets. Pre-
vious studies have explored flood risks on population7,11,12,15,16,19 and the
economy11,19–26. However, the physical building material requirements
and embodied emissions associated with flood repair and recon-
struction remain largely unquantified. This is in large part due to the
limited availability of spatially explicit information on the composition
and mass of building stocks and materials27,28. Recent advances in
computational, digital and earth observation technologies now facil-
itate more precise and extensive mapping, opening new possibilities
for such assessments29,30.

Here, we estimate European building materials at risk of flooding
hazards and GHG emissions from replacing damaged or destroyed
buildings under climate change, land-use change and flood protection
scenarios. We use two spatially explicit datasets: (1) a buildingmaterial
stocks map including six material types for residential and non-
residential buildings29; and (2) inundationmaps of riverine and coastal
floods for different returnperiods,modelled for a baseline of 2010 and
future climate change and land subsidence under moderate and high
emissions pathways, represented by Representative Concentration
Pathways (RCPs) 4.5 and 8.5, respectively, through 2080 (see 'Meth-
ods' formoredetails).We analyse the exposure of buildingmaterials to
riverine and coastal flooding events, i.e. materials located in areas with
inundation depth greater than 0. We then estimate the expected
annual damage (EAD) of buildingmaterials by considering a range of 9
return periods (2, 5, 10, 25, 50, 100, 250, 500 and 1000 years) and
damage probabilities given by a depth–damage function (see 'Meth-
ods' for more). We calculate the embodied GHG emissions of building
materials for repairing and rebuilding using a life cycle assessment
approach. Given the limited availability of information on flood pro-
tection measures at large spatial scales, we calculate current exposure
and EAD based on the implementation of estimated subnational flood
protection standards from a global database31. We then assess how
material damage and embodied emissions change under future sce-
narios if flood protection infrastructure remains at their current
heights.

Results
Building material exposure is concentrated in Western and
Southern Europe
With current flood protection measures, ~9.5 Gt of building materials
(9.4% of the total European building material stock) are exposed to
100-year return period riverine (9.4 Gt) or coastal (1.2 Gt) flooding
events (Fig. 1). Italy, France, the Netherlands and Germany see sig-
nificant exposure (each representing more than 1 Gt and over 10% of
the European total), followed by Turkey, Spain and the UK. These
nations have accumulated a large quantity of building stocks in coastal
areas, large river basins or lowland areas. Bymass, concrete is themost
exposed to 100-year return period floods, accounting for ~80% of the
total, followed by wood and steel, each accounting for nearly 8%.

The current EAD to building materials from riverine and coastal
floods is ~29 Mt, with nearly 90% of the damage attributed to riverine
flooding. France (4 Mt), Spain (3.8Mt), Turkey (2.7Mt) and Italy
(2.5Mt) are the most affected, each seeing estimated replacement
equivalent demand exceeding 2Mt. Replacing these materials using
current manufacturing methods would result in GHG emissions of
around 9Mt CO2eq across Europe, including 1.3Mt CO2eq for France,
1.2Mt CO2eq for Spain and 0.8Mt CO2eq for both Turkey and Italy.

Future flood damages are increasingly driven by coastal hazards
Climatic and land use conditions are likely to significantly shape the
EAD in the coming decades. To explore the future exposure to flood-
ing, we evaluate EAD impacts in a situation where protectionmeasures
aremaintained but not increased (dyke heights are kept constant over
time). Under RCP 4.5 and RCP 8.5 scenarios, combined with land
subsidence, EAD from flooding is projected to rise nearly 8-fold in
2050 (for both RCPs) and more than 10- and 13-fold, respectively, by
2080 (Fig. 2). These changes result from a combination of declining
riverine flooding damages (27% and 28% lower by 2080 under RCP4.5
and RCP8.5) and a sharp rise in coastal flooding damages, which are
projected to increase nearly 100-fold and 124-fold, respectively, by
2080 (Fig. 2).

Regional damage trajectories diverge across Europe
Regional trends vary significantly (Fig. 3 and Supplementary Figs. 9,
10). In some parts of Europe, such as Greece, Spain and Turkey, the
EAD from riverine flooding is projected to decline by more than half
due to drying effects EAD by 2080 under RCP4.5. In contrast, several
central and eastern European countries such as Estonia, Slovenia,
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Fig. 1 | . Current building materials at risk of 100-year return period for riverine (a)
and coastal (b) flooding events under current climatic conditions (reference year
2010). The combined riverine & coastal impacts are shown in (c). Spatial units are

shown at the state and province level (GADM, 2024). Source data are provided as a
Source Data file.
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Hungary, Croatia, Lithuania, Austria and Belgium see over twice the
riverine flooding by 2080 in the same scenario. Coastal flooding
damages, however, are expected to increase across almost all coun-
tries by 2080 under the same scenario. The Netherlands leads in
absolute EAD increases (+270Mt), followed by Germany, Belgium,
Italy, France and the United Kingdom, all seeing increases of over
10Mt. In relative terms, Belgium, Estonia, Lithuania, Germany and
Croatia all see over 400-fold increases under RCP4.5 by 2080. Under
RCP4.5, cumulative replacement material demand from riverine and
coastal flooding in Europe is projected to reach 12.3 Gt over
2024–2080, with associated embodied emissions of approximately
4.0 GtCO₂eq. This is equivalent to approximately 12 times the annual
emissions from building material production in Europe in 202032.

To assess the plausibility of our risk estimates, we compared
modelled outputs against the observed July 2021 floods in Germany
and Belgium—a 100–200 year return period event causing ~€33 billion
in losses in Germany and ~€2.5 billion in Belgium3,33. Our model esti-
mates a historical riverine EAD of ~1607 kt yr⁻¹ for Germany and
~70 kt yr⁻¹ for Belgium; at the 100-year return period, ~1021Mt of
building materials are exposed to riverine flooding in Germany, con-
sistent with the scale of an event affecting tens of thousands of
buildings across multiple federal states. Spatially, the model correctly
identifies Rhineland-Palatinate and North Rhine-Westphalia as the
highest-risk states in Germany, and assigns higher riverine EAD to
Wallonia (~40 kt yr⁻¹) than Flanders (~29 kt yr⁻¹) in Belgium—both
consistent with observed damage geography. An additional illustrative
comparisonbetweenCEMSmapped flood evidence and theAqueduct/
GLOFRIS historical 100-year riverine hazard extent is provided in
Supplementary Fig. 8. Full validation details, including a comparison
with prior validation of the underlying flood hazard maps25,34, are
provided in Supplementary Discussion 2.

Discussion
Overall, flood protection standards will need upgrading in many
regions, especially in those having a low level of current protection
(such as North Macedonia and Romania) and those that have higher
protection standards but see intensifyingflooding hazards (such as the
Netherlands and Belgium)35. The Netherlands has some of the best
flood protection systems in the world that have largely reduced the
risks, yet the floods of 2021 and 2024 have still resulted in material
damage in the country36. Local geographic and socio-economic

conditions need to be considered when implementing resource- and
cost-effective flood protection measures that could range from hard
physical barriers to nature-based solutions such as wetland restoration
and flood detention ponds37–39.

We find coastal flood damage increasing up to 100-fold under
RCP4.5-2080 and 124-fold under RCP8.5-2080 relative to the historical
baseline. This contrast between historical and future damage is pri-
marily driven by projected sea-level rise (SLR). Under the historical
climate, coastal flood protection standards (derived from FLOPROS)
are largely adequate, resulting in low residual EAD (~2.9Mt yr−1). Under
future scenarios, SLR progressively lowers the effective return period
of coastal flood events: a flood that currently occurs once every 100
years may occur annually by mid-century in low-lying coastal areas,
rapidly overwhelming existing protection infrastructure. The coastal
flood maps used here26 incorporate projected SLR from the Coupled
Model Intercomparison Project Phase 5 (CMIP5) ensemble under
RCP4.5 and RCP8.5, combined with dynamic storm surge modelling.
Land subsidence, which further amplifies relative SLR in many Eur-
opean coastal regions, is also included. In contrast, riverine EAD shows
amoremodest and non-monotonic response to climate change: under
RCP4.5-2050, European total riverine EAD decreases by ~40% relative
to the historical baseline before partially recovering by 2080 (−27%).
This counterintuitive pattern reflects the regionally heterogeneous
response of river floods to climate change documented in the
literature14: while some regions (e.g. southern and eastern Europe)
experience increased flood frequency, others (e.g. northern and wes-
tern Europe) see reduced flooding due to changes in precipitation
seasonality and snowmelt timing. At the European aggregate level,
these opposing regional trends partially cancel out, masking the
increases that occur in specific sub-regions. It is also worth noting that
a decline in aggregate riverine EAD does not necessarily mean indivi-
dual flood events become less severe; precipitation may shift toward
fewer but more intense episodes, with implications for infrastructure
design and emergency preparedness.

In addition to strengthening flood protection measures, increas-
ing flood hazards call for a systematic transformation in the built
environment. Future urban planning and real estate investment deci-
sions need to consider hazard hotspots and climate outcomes,
avoiding urban planning failures such as building cities and homes in
flood-prone areas as seen around the world in the past decades6,40–42.
Incorporating flood zoning strategies43 can help identify these
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Fig. 2 | Expected annual replacement material demand and associated embo-
died emissions from flooding across Europe. a Expected annual damage (EAD),
expressed as replacement material demand, from riverine and coastal flooding.
b Associated embodied greenhouse gas (GHG) emissions from producing repla-
cement materials. Results are shown for baseline conditions and future scenarios

under Representative Concentration Pathways (RCPs) 4.5 and 8.5, with existing
flood protection maintained but not upgraded. Material demand is expressed in
million tonnes (Mt), and emissions in million tonnes of carbon dioxide equivalent
(Mt CO₂eq). Source data are provided as a Source Data file.
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hotspots, guide land use decisions, and ensure that high-risk areas are
avoided for future developments.

The next generation of engineers will also need to build resilience
into buildings during construction44. For example, structures designed
to allow water entry and exit45, foundations with higher depth and
corrosion resistance46, and waterproof materials47 may help buildings
survive flooding. Flood zoning data can inform site-specific designs,
ensuring that structures in moderately risky zones are adapted to
withstand flooding. Finally, flood-prone regions will need to develop
waste management protocols to inventory and dispose of construc-
tion materials post-disaster48,49. Dedicated efforts are needed to
reduce harm and pollution, accelerate reconstruction and rehabilita-
tion, andmake sure the right type of impactedmaterials can be sorted
and recovered49,50.

The framework we present can be used to map flooding impacts
on building material stocks and embodied emissions on multiple
scales. Analysing impacts in other regions of the world that currently
do not have equivalent flood protection measures as Europe is
essential. Future trends in building material stocks over time can be
incorporated; this may include socioeconomic changes, which is
especially important for rapidly developing countries where most
homes are to be built by 2080. Another area for future work would be
to estimate the net emission savings from flood protection measures.
For example, the embodied emissions and materials of flooding pro-
tection infrastructure such as dikes could be assessed.

The embodied GHG emissions from flood-damaged building
materials represent a growing but largely overlooked pressure on cli-
mate mitigation efforts. Under the historical climate, flood-related
embodied emissions across Europe amount to ~9.2MtCO₂eq yr⁻¹.
Under RCP4.5-2080, this rises to ~102 MtCO₂eq yr⁻¹—equivalent to
approximately 2.8% of total EU GHG emissions in 2022
(~3600MtCO₂eq yr⁻¹). Under RCP8.5-2080, annual flood-related
emissions reach ~125MtCO₂eq yr⁻¹, a 13.6-fold increase relative to
the historical baseline. Cumulatively over 2024–2080, flood-related
embodied emissions are projected to reach 4.0GtCO₂eq under RCP4.5
and 4.5GtCO₂eq under RCP8.5, equivalent to approximately 23% and
26%, respectively, of the EU’s estimated remaining carbon budget
consistent with limiting warming to 1.5 °C. As such, these figures show
that flood risk is not only a physical and economic challenge but also a
threat to Europe’s decarbonisation trajectory. Achieving the EU’s cli-
mate neutrality goal by 2050will require accounting for the emissions
embodied in flood-driven reconstruction, alongside efforts to reduce
operational building emissions. Flood protection investment and cli-
mate adaptation should therefore be recognised as integral compo-
nents of emissions reduction strategy, not merely as separate
resilience measures.

Data collection andmethodological improvements are critical for
advancing flood risk analysis. It is important to update and refine the
data on flood protection measures. Currently, many studies either
entirely overlook thesemeasures15,51 or base their estimates on indirect
indicators such as income levels9,31. The development of flood risk
assessment will also need to extend the depth–damage functions to
not only consider monetary values but also incorporate physical
material stocks, tailoring evaluations to reflect specific country and
material characteristics more accurately. Finally, it is essential that
future cost-benefit analyses of flood protection include the benefits of
avoided GHG emissions, given the pressing need to manage our lim-
ited global emissions budget.

There are several limitations of this work. First, the flood hazard
data used here have a spatial resolution of ~1 km (30″), which limits
precision at the scale of individual settlements, particularly in narrow
river valleys and small countries. Many European towns have urban
footprints smaller than2 km indiameter and are therefore represented
by only one or two grid cells, or none at all; such settlements may be
missed entirely. Our results are therefore most reliable when

interpreted at the national or regional scale rather than for individual
settlements.We alsonote that the FLOPROSprotection standards used
here are assigned at the sub-national administrative level and do not
capture within-region variation in flood protection between urban
centers and surrounding suburban or rural areas, where buildingsmay
be more susceptible to flood damage. Higher-resolution flood pro-
ducts (e.g. at 100m resolution) are increasingly available for Europe
and would improve local accuracy, though continental-scale coverage
at such resolution remains limited.

Second, our validation is based on spatial consistency and order-
of-magnitude plausibility rather than pixel-level accuracy (see Sup-
plementary Discussion 2): we compare the geographic distribution of
modelled risk against observed damage patterns from the July 2021
floods, and find broad agreement at the regional level (e.g. Rhineland-
Palatinate and Wallonia identified as high-risk areas). The additional
CEMS comparison provides an independent illustration of the spatial
correspondence between flood evidence mapped during the 2021
event and the historical 100-year hazard map used in this analysis.
Because the twodatasets represent anevent-specificobservation and a
probabilistic hazard layer, respectively, the comparison is not inter-
preted as a formal event-specific validation. A more direct pixel-level
evaluation of the damage estimates would require spatially explicit
post-event observations of building damage and material loss,
potentially derived from high-resolution satellite imagery combined
with detailed building information. Suchobservations would provide a
valuable event-specific reference for assessing the spatial distribution
and order-of-magnitude plausibility of the estimated impacts, while
complementing the EAD estimates, which represent probability-
weighted annual averages across multiple return periods13,14,52.

Future scenarios hold the spatial distribution and composition of
the building-material stock layer constant and should therefore be
interpreted as hazard-driven counterfactuals rather than complete
projections of future flood impacts. Urban expansion and continued
construction in flood-prone areas could increase future exposure,
while zoning, managed retreat, building adaptation and changes in
construction practices could reduce or redistribute it. Coupling the
framework with spatially explicit dynamic building-stock scenarios
would allow future changes in exposure and material composition to
be represented. Similarly, the emissions calculations retain present-
day material production intensities. Decarbonisation of electricity,
cement, steel and other material supply chains would reduce the
emissions associated with a given quantity of replacement material.
Consequently, the projected material demand reflects the assumed
evolution of hazard under fixed exposure, while the long-term emis-
sions estimates are conditional on current production emission
factors.

Another important source of uncertainty concerns the translation
from building-level monetary damage to material replacement. The
applied functions distinguish residential, commercial and industrial
buildings but do not represent differences in the flood vulnerability of
individual materials and components. Structural concrete and steel
may remain largely inplace after inundation,whereas timber elements,
insulation, plasterboard, interior finishes and building services may
require more extensive replacement. The model may therefore over-
estimate replacement of some structural materials while under-
representing damage to more vulnerable components that are not
separately resolved in thematerial stock dataset. Developingmaterial-
and component-specific vulnerability functions linked to building
typology, construction system and flood duration would substantially
improve future estimates.

Finally, the reconstruction pathway represented in this study is
intentionally linear, translating replacement equivalent damage into
an equal mass of newly produced material. Actual recovery may
combine partial repair, refurbishment, selective component replace-
ment, direct reuse, recycling and substitution with lower carbon
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materials. These pathways could reduce virgin material demand and
embodied emissions, although their feasibility may be constrained by
contamination, mixed debris, structural safety requirements, limited
temporary storage and the urgency of post-disaster reconstruction.
Our results should therefore be interpreted as gross replacement
equivalent demand before circular recovery rather than realised pro-
duction under a specific reconstruction strategy. Post-disaster sorting
and storage capacity, pre-established recovery protocols and pro-
curement systems for secondary materials could make circular
reconstruction an important component of both climate adaptation
and emissions mitigation.

Methods
We develop GloBUME-Flood53, a spatial assessment framework com-
bining buildingmaterial stocks, probabilistic riverine and coastal flood
depth maps, and subnational flood protection standards to estimate
material exposure, replacement equivalent material demand and
associated cradle-to-gate GHG emissions. The spatial and computa-
tional workflow is summarised in Supplementary Figs. 1 and 2. We
outline each database and model used further below.

Flood mapping for different climate scenarios
We use riverine and coastal flood maps from the Aqueduct Floods
Hazard dataset (updated October 20, 2020)34,54. The dataset provides
information on the extent and depth of riverine and coastal floods,
gridded to 30″ (roughly 1 km at the equator). The maps are developed
using the GLOFRIS flood hazard modelling approach, originally
developed for river floods by (43) and Ward et al.55 and extended for
future flooding (Ward et al.25; Winsemius et al.56) and coastal flooding
(Tiggeloven et al.26). It provides probabilistic flood-hazard layers for
baseline conditions (2010) and future projected climate conditions in
2030, 2050 and 2080, based on averages over 40-year windows cen-
tered around these years. These simulations include several return
periods (2, 5, 10, 25, 50, 100, 250, 500 and 1000 years). Future climate
conditions are projected based onRCP 4.5 andRCP 8.5. Future riverine
flood hazards are distinguished by five global climate models (GCM):
HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, GFDL-ESM2M and
NorESM1-M. Land subsidence is included. Thedataset represents some
of the best open-source information on the impact of future climate
changes on riverine and coastal flood hazards on a global level25,57.
Representative national maps of the historical riverine and coastal
flood depth inputs are provided for Belgium and Germany in Supple-
mentary Fig. 7.

Building material stocks
Material stocks of buildings used in this study are derived from ref. 29.
The material dataset provides the mass of six types of building mate-
rials (concrete, steel, aluminium, copper, glass, wood; distinguishedby
residential and non-residential uses) located in each Nighttime Light
Cell (NLC) across Europe. NLCs are distinctly shaped cells of variable
sizes that capture individual human settlements by identifying isolated
patches of light, surrounded by areas with no or less nighttime lights.
These NLCs are thus data-driven spatial units of human activity,
independent of formal administrative boundaries. The smallest NLC is
composed of a single pixel of 0.1 km. Building material stocks are held
at their current spatial distribution and quantities in all future sce-
narios. Future changes in modelled impacts therefore isolate changes
in flood hazard and effective protection rather than changes in
socioeconomic exposure. Representative spatial distributions of con-
crete, steel, wood, aluminium, copper and glass stocks are shown for
Belgium and Germany in Supplementary Fig. 6.

Calculation of material exposure
Here, material exposure is calculated as the mass of material stocks
impacted by floods, that is, materials located in a flooding area where

inundation depth exceeds 0m. First, we calculate the gridded inun-
dated areas that intersect with building material stocks. To prevent
double counting, overlapping pixels from riverine and coastal floods
are counted as a single event. All spatial datasets were standardised to
the WGS84 geographic coordinate system (EPSG:4326) prior to over-
lay analysis. The building material polygons (NLCs) were reprojected
to WGS84 where necessary, and the flood raster point grids were
confirmed to share the same coordinate reference system before
intersection. Material quantities were then allocated to flood pixels
proportionally based on the area of overlap between each polygon
and pixel.

Calculation of maximum potential material damages
A fraction of materials exposed to flood hazards may be damaged.
Maximum potential material damages in floods can be evaluated by
combining impacted material mass and inundation depth values that
are further translated into a damage percentage via the flood
depth–damage functions (see Supplementary Figs. 1 and 2 for sche-
matic diagrams). The flood depth–damage functions in this analysis
are derived from ref. 58, a globally consistent database depicting
fractionalmonetarydamage function ofwater depth across continents
and building classes (residential, commercial and industrial buildings).
A further disaggregation between the material stock data (residential
and non-residential) and the depth–damage function classes (resi-
dential, commercial and industrial) is necessary. Following the
literature54, we assume that non-residential building material stocks
consist of 60% commercial and 40% industrial building materials. We
acknowledge that applying standard depth–damage functions to
estimate material replacement at shallow flood depths (e.g. <0.5m)
may overestimate damage, as minor inundation does not necessarily
require full material replacement. The functions used here assign zero
damage below 0.5m inundation depth, providing a minimum thresh-
old. Nevertheless, the assumption that damaged materials are fully
replaced on a one-to-one basis may not hold for all flood depths and
building types. This represents a conservative upper-bound estimate
of material demand and associated emissions; actual reconstruction
may involve partial repairs rather than full replacement, particularly
for shallow floods.

The depth–damage functions distinguish building use but not
material type. We therefore apply the same building-class damage
fraction to each material within the corresponding residential or non-
residential stock and interpret the resulting mass as replacement-
equivalent material demand. This is a modelled proxy rather than a
direct observation of material-specific physical damage.

Calculation of expected annual material damages
Different return periods (2, 5, 10, 25, 50, 100, 250 and 1000 years) of
flood hazards represent different annual average exceedance prob-
abilities (i.e. 1/return periods). Each impact indicator (e.g. material
exposure, maximum potential material damage) is calculated per
return period (probability). By considering the material damage of
flooding over the full range of probabilities, flood risk can be further
measured as the expected average annual damage (EAD) of building
materials from flood hazards59. EAD is calculated using the damage-
probability curve, where the flood probabilities (i.e. 1/return periods)
are plotted on the x-axis, and the maximum material damages on the
y-axis (Supplementary Fig. 3). The area or the integral under the curve
is the EAD (before incorporating flood protections; see the following
paragraph). Future EADs are calculated for each of the five GCMs, and
the reported values in this study are the average. EAD is computed
using the trapezoidal rule, withweightsw₁ = (p₁ − p₂)/2 for the shortest
return period, wᵢ = (pᵢ ₋ ₁ − pᵢ ₊ ₁)/2 for interior points (i = 2,…,8), and
w₉ = (p₈ − p₉)/2 + p₉ for the longest return period, where the final term
assumes flood depth remains constant beyond the 1-in-1000-year
event. Throughout this study, material damage refers to estimated
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replacement demand derived using the depth–damage functions
rather than directly observed physical damage to material stocks.

We independently calculate damages from riverine and coastal
flooding events and then combine these figures to estimate the overall
damages. However, the combined total is not entirely accurate, as it
does not reflect the dynamic interactions between these flood types,
where one type can exacerbate or mitigate the effects of another60.
Future improvements could involve the use of more sophisticated
models or data to better simulate the complex interactions between
these flood types.

Material damage from flood hazards can be reduced with infra-
structure such as dikes. We account for flood protection standards by
introducing a verticalfloodprotection line54 to the damage-probability
curve, which truncates the overall area under the curve into two areas
showing the protected/avoided (i.e. the area to the left of the flood
protection line) and the unprotected/expected (i.e. the area to the
right of the flood protection line) damages. That is, the represented
damage to the right of the flood protection line is assumed as avoided
(and set to zero). Current flood protection standards are derived from
the model layer of the FLOPROS database for river and for coastal26,31

both of whichprovide state-level flood protection estimates across the
globe, expressed as return periods in years (e.g. 100 years). More
recent Europe-specific datasets61 infer empirical protection levels from
historical flood occurrence and impact data, which are valuable for
analysing observed flood impacts and vulnerability. However, these
empirical protectionmetrics reflect the combined effects of structural
protection, exposure, vulnerability and reporting patterns, rather than
the physical design standard of flood defences alone. We therefore
retain FLOPROS as the protection input for this analysis. We then
estimate future protection standards for current dike heights under
different climate change and land subsidence scenarios, assessing how
risks evolve when existing dikes and infrastructure are physically
maintained. Futureprotection standards in the scenarioofmaintaining
dike heights, but not upgrading, are derived by mapping future (cli-
mate-driven, no socioeconomic) risk with current risks associatedwith
return periods between 2 and 1000, linearly interpolated.

Calculation of material-related emissions
Material-related GHG emissions are calculated by multiplying esti-
mated material damage, interpreted here as replacement-equivalent
material demand, by the material-specific GHG emission factors (i.e.
emissions per kg of materials production). To estimate the corre-
sponding requirement for newmaterial production, we assume a one-
to-one replacement ratio between the replacement-equivalent mate-
rial demand and themass of newmaterials produced. That is, the same
mass and categories of buildingmaterials are assumed to be produced
to restore the affected building stock. This assumption represents a
transparent, like-for-like reconstruction benchmark and does not
account for partial repair, refurbishment, direct reuse, recycled
material inputs or material substitution. The estimates therefore
represent gross replacement requirements under this benchmark
before potential reductions from material recovery and alternative
reconstruction pathways. Cumulative material demand and embodied
emissions over 2024–2080 were calculated by piecewise linear inter-
polation of the annual values between the baseline, 2050 and 2080,
followed by integration over the study period. The GHG emission
factors for eachmaterial are derived from the Ecoinvent 3.6 database62,
employing the global warmingpotential (with a 100-year timehorizon)
approach, and the ‘cradle-to-gate’ material production system
boundary (referring to only the production of materials, from raw
material extraction to the manufacturing of finished products).
Transportation, on-site construction, and other pre-use phase activ-
ities are not included in this analysis due to their relatively small con-
tributions and inconsistent data availability63. Material production
emission factors are held constant across all years and scenarios to

isolate the effect of changing flood hazard. Future emission estimates
therefore represent the emissions associated with replacement under
present-day production intensities rather than forecasts of future
material production systems. See detailed emissions factors in Sup-
plementary Table 4.

Uncertainty analysis
Wequantified uncertainty from two distinct sources: (1) climatemodel
(GCM) ensemble spread in future flood projections, and (2) sensitivity
to the choice of depth–damage functions. For the first source, each
future riverine scenario was driven by five GCM members (HadGEM2-
ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, GFDL-ESM2M and NorESM1-
M); we report the ensemble mean alongside the 5th–95th percentile
range (p05–p95) across members for each country-material combi-
nation (Supplementary Fig. 4). For the historical baseline, a single cli-
mate forcing is available, and ensemble statistics are not applicable.
For coastal flooding, the flood model applies a single sea-level rise
projection per scenario, sowithin-scenarioGCMspread is zero; coastal
uncertainty is instead characterised by the difference between RCP4.5
and RCP8.5 projections. To summarise spatial heterogeneity in GCM
uncertainty, we computed the coefficient of variation (CV = σ/μ) per
country by aggregating ensemble standard deviations across material
types in quadrature and dividing by the summed ensemble mean. For
the second source, we compared our baseline JRC depth–damage
curves58 with an alternative set from the Rhine Atlas developed by the
International Commission for the Protection of the Rhine (ICPR)64. The
ICPR curves assign lower damage fractions at shallow inundation
depths (<2m) and converge with the Huizinga curves at deeper inun-
dation (>4m). EU-total EAD and embodied GHG emissions under the
ICPR curves are around 10% lower than the JRC baseline for future
scenarios, and approximately 20% lower for the historical baseline
where shallow riverfloodsdominate. Thesedifferences donot alter the
main conclusions of the study. Results of this sensitivity analysis are
presented in Supplementary Fig. 5.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The input datasets used in this study are publicly available from the
original sources cited in theMethods and Supplementary Information.
Thederivedmodel outputs underlying the reported results and figures
are available in the Zenodo archive53 at: https://doi.org/10.5281/
zenodo.23094216. Source data are provided with this paper.

Code availability
The Python code used for spatial preprocessing, model calculations,
analysis, and figure generation is archived on Zenodo53 at: https://doi.
org/10.5281/zenodo.23094216.
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