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in business and society to tackle their most
important challenges and capture their greatest
opportunities. BCG was the pioneer in business
strategy when it was founded in 1963. Today,

we work closely with clients to embrace a
transformational approach aimed at benefiting all
stakeholders—empowering organizations to grow,
build sustainable competitive advantage, and
drive positive societal impact.

Our diverse, global teams bring deep industry and
functional expertise and a range of perspectives
that question the status quo and spark change.
BCG delivers solutions through leading-edge
management consulting, technology and design,
and corporate and digital ventures. We work in a
uniquely collaborative model across the firm and
throughout all levels of the client organization,
fueled by the goal of helping our clients thrive and
enabling them to make the world a better place.

Founded in 1899, NABU (Nature And
Biodiversity Conservation Union) is one of the
oldest and largest environmental associations in
Germany. The association encompasses about
960,000 members and sponsors. NABU’s most
important tasks are the preservation of habitat
and biodiversity, the sustainability of agriculture,
forestry and water management, and last but not
least, climate protection. The communication of
nature experiences and the promotion of natural
history knowledge are among NABU’s central
concerns. About 70,000 volunteers play an active
role in practical nature conservation work, with
great success: this is something that is unique

to NABU. These active NABU members look
after more than 110,000 hectares of valuable
protected reserves in Germany. NABU also has
volunteer groups working on an international
level to conserve nature and combat poverty in
Africa, Eurasia, and the Caucasus. This work is
supported by professionals at our regional offices
and at our national headquarters in Berlin, who
take care of public relations, project development
and management, and political lobbying. NABU is
part of BirdLife International.
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1. Foreword

Water is a vital foundation for societies, economies, and
ecosystems. Yet across the world, water systems are coming
under increasing pressure. Climate change, population
growth, and land-use dynamics are altering natural water
cycles and intensifying both scarcity and excess. Managing
this finite resource sustainably has become one of the cen-
tral environmental and economic challenges of our time.

Germany is not exempt from these developments. Although
the country has long been considered water-abundant,
recent years have shown growing regional disparities in
water availability and a continual decline in water storage.
Since the early 2000s, the country has seen an estimated
cumulative decline of roughly 60 billion m3. Periods of
drought, declining groundwater levels, and water quality
concerns highlight that even well-developed water systems
face mounting stress. Forests, agriculture, industry, and
urban areas are all affected in different ways, making inte-
grated and forward-looking management more important
than ever.

This report, a collaboration between the Nature and Biodi-
versity Conservation Union (NABU) and Boston Consulting
Group (BCG), aims to provide a comprehensive view of
Germany’s current and future water challenges. It com-
bines hydrological analysis, economic modeling, and eco-
logical perspectives to explore pathways toward a resilient
and sustainable water system.

If we want to build true water resilience, we must funda-
mentally rethink our view and management of water—tak-
ing a long-term perspective that focuses on regenerating
and reactivating natural water cycles. Drawing from exist-
ing research and practical experience, the study outlines
solution approaches that connect natural processes with
technological innovation to not only optimize the use of
existing water but also expand total water availability.

We hope that this report contributes to a broader under-
standing of the interconnections within Germany’s water
landscape and offers guidance for joint action. Achieving
water resilience will require coordination between policy-
makers, the private sector, and civil society, as well as a
shared commitment to long-term planning and invest-
ment.

By bringing together science, policy, and practice, we can
strengthen the foundation for sustainable water manage-
ment—in Germany and beyond.

Ingo Ammermann
General Manager
The Nature And Biodiversity Conservation Union (NABU)

Torsten Kurth
Managing Director and Senior Partner
Boston Consulting Group
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2. Executive Summary

Water sustains life, regulates climate, supports ecosystems,
and underpins every aspect of society. Yet this apparent
abundance is an illusion that has masked the fragility of
our hydrological systems. Less than one percent of Earth’s
freshwater is directly available for human use. Decades of
deforestation, soil sealing, and unsustainable land use
have disrupted the small water cycles that keep landscapes
cool, moist, and fertile. Water scarcity is therefore not only
a climatic issue but a systemic land- and ecosystem chal-
lenge.

Globally, land use and land use changes, shifting rainfall,
groundwater depletion, and contamination are intensifying
scarcity. Germany, long considered “water-secure,” is now
experiencing these trends firsthand. Rainfall is less predict-
able, drought and floods occur more often. Wastewater
discharge and conventional agricultural practices degrade
water quality. At the same time aging and disparate infra-
structure constrains access. An estimated water storage
loss of roughly 60 billion m3 over the last two decades—
about the volume of Lake Constance—reveals a clear
imbalance and quantitative deficit between water supply
and demand: Germany is losing more water than its sys-
tems can naturally restore.

The consequences are both visible and hidden. Annual
damages from floods, droughts, and pollution could reach
around €10 billion—15 billion. The slow depletion of
groundwater, growing local imbalances between supply
and demand, and rising competition for scarce resources
could add at least €10 billion and up to roughly €25 billion,
based on more extreme assumptions, in annual damages
by 2050. The cost of inaction could therefore amount to at
least €20 billion—25 billion per year, or at least €500 bil-
lion-625 billion by 2050—a significant burden on Germa-
ny’s economy, environment, and resilience.

This study examines how Germany can restore its water
balance through two complementary pathways: expanding
the total water available and optimizing usage of existing
water.

Expansion aims to increase the total amount of water
retained and available in the landscape through both
natural and technological means. Key levers include Re-
generative Agriculture that rebuilds soil health and the soil
carbon sponge—the soil’s carbon-rich structure that en-
hances water retention, nutrient cycling, and resilience;
Forest Management that facilitates the transformation of

coniferous stands into more climate- resilient mixed-decid-
uous forest ecosystems; Dynamic Drainage that allows for
adaptive landscape water management in the face of more
frequent phases of water excess and scarcity; Other Land-
scape-Level Methods that retain water via wetlands and
floodplains; Sponge Cities that unseal and re-green urban
areas; and Technical Supply Expansion such as desalina-
tion or inter-basin transfer to diversify sources.

Optimization ensures that the available water is used
smarter and more circularly through Gray Water Reuse
and Water Use Optimization across agriculture, industry,
and households. Together, these approaches balance natu-
ral restoration with technological innovation.

Our analysis shows that Regenerative Agriculture, Forest
Management, and Dynamic Drainage have the largest
combined impact, adding roughly 7 billion-7.5 billion m? of
additional water annually through improved infiltration,
soil-moisture retention and groundwater recharge—
enough to close Germany’s current water-storage gap over
time. Implemented at scale, they can transform depleted
soils and forests into functioning water sponges that re-
duce runoff, stabilize microclimates, sustain ecosystems,
and rebuild resilience from the ground up.

Achieving this transformation requires a shift in how water
is governed, financed, and valued. Water’s benefits are
long-term and diffuse, while its costs are local and immedi-
ate, creating a funding gap. Those best positioned to re-
store water availability, such as farmers and forest owners,
often lack incentives and capital, while those most depen-
dent on water security, including industries and utilities,
rarely co-invest in maintaining it.

Closing this gap calls for financial and policy mechanisms
that treat water as a strategic resource. Redirecting infra-
structure funds toward water resilience, harmonizing pric-
ing and incentives, and creating water or nature credits
that reward measurable improvements in retention, re-
charge, and quality will be key.

Building water resilience requires a coordinated effort
across all sectors—public institutions, businesses, land
managers, and financial actors working together to invest
in long-term stability. Only through this shared responsibili-
ty can water security become the foundation of Germany’s
climate adaptation, ecological renewal, and economic
resilience.






3. Understanding Water—
A most precious resource

Water is Everywhere and Part of Everything. \Water is
fundamental to life across all ecosystems. Contrary to
common belief, the hydrosphere is not only essential for
freshwater and marine ecosystems but equally vital for
terrestrial ones, sustaining soils, vegetation, and the condi-
tions that make life on land possible. (See Figure 1.) About

two-thirds of our planet’s surface is covered by it,* two-
thirds of the food we produce depends on it,? and roughly
two-thirds of the human body consists of it.? It connects
every aspect of our lives from agriculture and energy to
industry and health.

1USGS (2019): How Much Water is There on Earth? | U.S. Geological Surve:

2EFSA (2010): Scientific Opinion on Dietary Reference Values for water
3USGS (2019): The Water in You: Water and the Human Body | U.S. Geological Surve

Figure 1: Water management is a key issue across the hydrosphere,

biosphere, and atmosphere
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At first glance, this abundance seems reassuring. With so
much water on Earth and within us, it is easy to assume
there will always be enough. But that assumption does not
hold up under closer examination.

The Illusion of Abundance. The Earth—our blue planet—
holds around 1.4 quintillion m3 of water or a sphere rough-

ly 1,385 km in diameter4: an almost unimaginable volume.

Yet only about 2.5% of this is freshwater (a sphere about
273 km in diameter), and less than 1% of that freshwater
(a sphere about 56 km in diameter) is directly available to

4USGS (2019): How Much Water is There on Earth? | U.S. Geological Survey
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humans. 45 Put differently, the entire share of usable fresh-
water available to all people on Earth would form a sphere
small enough to fit over Luxembourg. (See Figure 2.)

In other words, while water appears to be everywhere, the
portion available to sustain humanity is extremely limited.
Most water is locked in oceans, ice, or deep underground.
The share that flows through rivers, lakes, and shallow
aquifers—the water we depend on daily—represents less
than a drop in the planetary bucket. Water may seem
abundant, but in practical terms it is a scarce resource.

$USGS (2019): Where is Earth’s Water? | U.S. Geological Survey



https://www.usgs.gov/water-science-school/science/how-much-water-there-earth
https://www.usgs.gov/water-science-school/science/where-earths-water#overview
https://www.usgs.gov/water-science-school/science/how-much-water-there-earth
https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2010.1459
https://www.usgs.gov/water-science-school/science/water-you-water-and-human-body

Figure 2: The illusion of earth as a blue planet and the abundance
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Understanding How Water Flows—and in Which “Colors.”
The available water is never static; it is constantly cycling
through the environment, sometimes stored where we can
access it and sometimes locked away in forms or places we
cannot use.

This movement happens through two interconnected
systems. (See Figure 3.) The large water cycle operates on
a global scale, transporting water between oceans, atmo-
sphere, and continents. It redistributes moisture across the
planet but is slow to respond to local shortages. The small
water cycles, by contrast, comprise countless loops that
work locally: Roughly two-thirds of continental rainfall
evaporates from land and vegetation, condenses in the
atmosphere, and falls again nearby.® Each local cycle is
shaped by its landscape and climate conditions but inter-
acts with adjacent ones, together forming a dynamic net-
work that underpins regional hydrology. Their functioning
depends strongly on land use and land cover, as well as on
the soil’s capacity to act as a carbon sponge—the porous,
carbon-rich structure of healthy soils that stores rainfall,
supports microbial life, and releases moisture back to the
atmosphere through plants.”#° When intact, this living

5Seneviratne et al.(2010): Investigating soil moisture—climate inter-

actions in a changing climate: A review - ScienceDirect

7Jehne (2019): https://nzbiocharltd.co.nz/resources/Regener-
ate-Earth-Paper-Walter-lehne%20%281%29.pdf

8 Jehne (2014): https://irp-cdn.multiscreensite.com/d6b81fb6/files/uploaded/2017%20
-%20Regenerating%20Earth%27s%20S0il%20Carbon%20Sponge.pdf

9Jehne: https://vernoux.org/agriculture_regenerative/Jehne-Restoring_water_cycles_to
naturally cool climates and reverse global warming.pdf

sponge enables infiltration, retention—1 gram of soil
carbon can store 8 grams of water—and the slow release
of water, allowing vegetation to return moisture to the
atmosphere through evaporation and transpiration. This
process is essential for sustaining continental rainfall.®
Greener landscapes promote this feedback and strengthen
local moisture recycling.'* These processes increase energy
capture through photosynthesis, improve carbon sequestra-
tion and nutrient cycling, and stabilize microclimates by
enhancing the system’s capacity to dissipate energy gradi-
ents rather than heating the surface, which are all key
aspects of a functional thermodynamic balance.*

Land management practices that minimize runoff and
maximize infiltration not only prevent erosion and nutrient
loss but also sustain the upward flow of water that main-
tains regional precipitation: Moist soils enable vegetation
to capture energy and CO; (roughly 120 GT C per year’) for
photosynthesis and later evaporation as well as transpira-
tion, thus acting as a land cooler and effective CO, sink,®
while supporting the moisture recycling and feedback loop.

1°Alpha Lo (2024): Map of the small water cycle - by Alpha Lo
1 Adhikari, Ibisch et al. (2025): Working landscapes under climate change
need to be green, moist and cool - a case study of Germany



https://www.sciencedirect.com/science/article/abs/pii/S0012825210000139
https://www.sciencedirect.com/science/article/abs/pii/S0012825210000139
https://nzbiocharltd.co.nz/resources/Regenerate-Earth-Paper-Walter-Jehne %281%29.pdf
https://nzbiocharltd.co.nz/resources/Regenerate-Earth-Paper-Walter-Jehne %281%29.pdf
https://irp-cdn.multiscreensite.com/d6b81fb6/files/uploaded/2017 - Regenerating Earth%27s Soil Carbon Sponge.pdf
https://irp-cdn.multiscreensite.com/d6b81fb6/files/uploaded/2017 - Regenerating Earth%27s Soil Carbon Sponge.pdf
https://vernoux.org/agriculture_regenerative/Jehne-Restoring_water_cycles_to_naturally_cool_climates_and_reverse_global_warming.pdf
https://vernoux.org/agriculture_regenerative/Jehne-Restoring_water_cycles_to_naturally_cool_climates_and_reverse_global_warming.pdf
https://climatewaterproject.substack.com/p/map-of-the-small-water-cycle
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872

Degrading this soil carbon sponge collapses this mecha-
nism:*» 13 4 When this balance is disturbed, runoff increas-
es, evapotranspiration declines, and precipitation weakens.
Dry soils force plants to close their stomata to conserve
water, halting photosynthesis and evapotranspiration as
well as reducing carbon uptake.* The land consequently
loses its cooling and carbon-absorbing function, triggering
a chain reaction of weather variability and extremes, such
as heat accumulation, drought, and ultimately land degra-
dation. This land-atmosphere coupling is especially pro-
nounced in transitional zones between humid and arid
climates such as Central Europe, where the loss of soil
moisture sharply increases the likelihood and intensity of
extreme temperatures.®®

Intact small water cycles thus underpin the broader precip-
itation land-climate dynamic: Green, permeable land-
scapes recycle moisture, sustain rainfall, and buffer heat.
Degraded or sealed surfaces, on the other hand, break the

2Jehne (2019): https://nzbiocharltd.co.nz/resources/Regener-
ate-Earth-Paper-Walter-Jehne%20%281%29.pdf

13 Jehne (2014): https://irp-cdn.multiscreensite.com/d6b81fb6/files/uploaded/2017%20
-%20Regenerating%20Earth%27s%20S0il%20Carbon%20Sponge.pdf

Jehne: https://vernoux.org/agriculture _regenerative/Jehne-Restoring_water_cy-

cles to naturally cool climates and reverse global warming.pdf

15Seneviratne et al.(2010): Investigating soil moisture—climate inter-

actions in a changing climate: A review - ScienceDirect

cycle, amplifying warming and undermining ecological
resilience. They are not only essential for the functioning of
moisture feedback and ecological stability. As emphasized
in the New Water Paradigm,?® these local cycles are not
isolated—they collectively sustain the large, planetary
water cycle that connects land and ocean. The link be-
tween them is captured by the biotic pump principle:
through evapotranspiration and condensation, vegetation
generates pressure gradients that draw moist air inland,
maintaining rainfall far from the coast. When countless
small cycles function, they stabilize precipitation patterns,
groundwater levels, and atmospheric moisture flows.
Around 95% of the Earth’s heat fluxes are controlled by
water—through evaporation, condensation, and cloud
formation—rather than by CO,. Hydrological processes are
thus the planet’s dominant climate regulator.*> When they
collapse, the entire hydrological balance shifts, contribut-
ing to both continental drying and rising sea levels. Ensur-
ing small local water cycles function is therefore not only
local resilience action, but also global stabilization in
practice.

B Kravcik et al. (2007): https://www.waterholistic.com/wp-content/uploads/2024/04/
white-paper-nwp_water_for_climate_healing_white_paper_web_2023_final.pdf

Figure 3: Water flows across different cycles and in different colors

e
Large water cycle

Small water cycle

Sources: Water Footprint Network, BCG & NABU analysis
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Large water cycle transports water between
oceans, atmosphere & continents.

Small water cycles transport rain from land
& vegetation via atmosphere to local ground.
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0
. Green water

Water that is stored in soil and plants —
evaporated, transpired or used directly
by forests, plants or livestock

0
‘ Gray water

Water that has been used in households
with some contamination (from showers,
sinks and laundry, excl. toilets) but reusable
after treatment

0
‘ Blue water

Freshwater from surface or groundwater
sources, such as rivers, lakes, reservoirs and
aquifers used for irrigation, industry and in
domestic & municipal contexts
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https://www.waterholistic.com/wp-content/uploads/2024/04/white-paper-nwp_water_for_climate_healing_white_paper_web_2023_final.pdf

While conventional wisdom assumes that water deserves
attention mainly in summer, these cycles operate year-
round with water availability depending on the balance
between seasons: What falls and infiltrates in winter deter-
mines what remains available in summer. Neglecting one
season disrupts the next, weakening the balance and
resilience of the entire system.

Within these cycles, water exists in different functional
manifestations or “colors,”*” each representing a specific
system and location: (See Figure 3.)

o Green water is the moisture stored in soil and plants—
the foundation of rainfed agriculture and natural vegeta-
tion.®®

« Blue water refers to visible freshwater in rivers, lakes,
and aquifers—the part we can withdraw for irrigation,
industrial processes, or domestic use.

o Gray water is water that has already been used and
carries impurities but can be treated and reintroduced
into the cycle.

Together, these cycles and colors describe how water tran-
sitions through the ecosystem—from clouds to soil, from
surface to groundwater, and from clean to used. Managing
water therefore means managing these transitions and
respecting the interdependence between natural systems
and human use.

7 Water Footprint Network (2011): Glossary — Water Footprint Network, NABU & BCG analysis
BA study by Wang-Erlandsson et al. (2022) (https://www.nature.com/articles/s43017-022-
00287-8) indicates that the green water planetary boundary is already transgressed.

Balancing Demand and Supply. Given natural systems and
human use influence the flow of water, water systems are
shaped by two sides of the equation: supply and demand.

On the supply side, the key factors are quantity, quality, and
accessibility, each influenced by geography, climate, and
infrastructure. Land use factors in as well. Here, not only the
type of surface cover (e.g., forest, vegetated land, bare soil, or
sealed surfaces) but also the quality of underlying soil and
surface management (e.g., regenerative or conservation
agriculture versus conventional practices) critically deter-
mines how water moves, is stored, and is filtered, hence
reflecting on quantity, quality, and availability.

On the demand side, the main users are industry, house-
holds, and agriculture, all of which depend on water of
different colors in specific ways and at different times.

Neither side alone determines whether a region experienc-
es water abundance or stress. While conventional thinking
often assumes that managing consumption and improving
efficiency alone can solve water scarcity, these measures
only address one part of the equation. Cutting abstraction
can relieve pressure in the short term, but it does not
tackle the structural imbalances between renewable water
resources, storage capacity, and use. It is the interaction
between demand and supply—how much water is avail-
able, how it is distributed, and how it is used—that shapes
local and global realities. When this balance shifts, chal-
lenges can emerge: reduced groundwater recharge, declin-
ing water quality, seasonal shortages, or regional conflicts
between competing users.

Figure 4: Clearing the waters around common myths

e

Myths

Water is only essential for
freshwater & maritime ecosystems

Water on earth exists in abundance,
there will always be enough

If at all, we only need to care
about water in summer

Managing use and efficiency
solves water scarcity

Water is only a nature
protection issue

Germany does not have any
water-related issues

Sources: BCG & NABU analysis

Reality

The hydrosphere influences the functioning of
freshwater, marine & terrestrial ecosystems alike

The entire share of usable freshwater available to
all people fits the size of Luxembourg

All seasons contribute to groundwater recharge,
storage & balance

Addressing structural challenges requires solutions
that look at the total water balance

The availability of water affects all sectors, making
it a core economic & societal concern

Local & seasonal shortage, quality issues, and
flood risk are becoming more frequent & severe


https://www.waterfootprint.org/water-footprint-2/glossary/
https://www.nature.com/articles/s43017-022-00287-8
https://www.nature.com/articles/s43017-022-00287-8

4. Water Challenges—Too little, too
much, too dirty

Introducing the BCG Water Risk Matrix. Water risks emerge
when the balance between water supply and demand is
disrupted. This imbalance is shaped by multiple, interlinked
drivers® that also have a direct effect on water. Water use
patterns, from intensive agriculture to industrial and house-
hold consumption, place growing pressure on available
resources. Also, climate change alters rainfall patterns and
accelerates evapotranspiration. Yet evidence increasingly
shows that land use patterns more directly explain water
extremes and challenges.?® The type of surface cover and
the way land is managed determine how water moves
through the system. Vegetation, soil structure, and permea-
bility regulate infiltration, storage, and evaporation: Where
land is deforested, wetlands drained, soils sealed or com-
pacted, or cropland left bare for long periods, the ability of
the land and soil to act as a (carbon) sponge?*2*%—absorb-

IPBES (2019): Global Assessment Report on Biodiversity and Eco-

system Services | IPBES secretariat, NABU & BCG analysis

20 Auerswald et al. (2024): EGUsphere - HESS Opinion: Floods and droughts — Land use, soil man-
agement, and landscape hydrology are more significant drivers than increasing temperatures

2 Jehne (2019): https://nzbiocharltd.co.nz/resources/Regener-
ate-Earth-Paper-Walter-]ehne%20%281%29.pdf

22 Jehne (2014): https://irp-cdn.multiscreensite.com/d6b81fb6/files/uploaded/2017%20
-%20Regenerating%?20Earth%275%20S0il%20Carbon%20Sponge.pdf

2 Jehne: https://vernoux.org/agriculture regenerative/|ehne-Restoring water cy-

cles to_naturally cool climates_and_reverse global warming.pdf

ing, storing, and recycling water—is reduced. These altered
surface conditions have, among other things, influenced
the observable global warming?! as well as water cycle
disruptions. This is because they weaken infiltration,
evapotranspiration, and groundwater recharge, breaking
the feedback loops that sustain rainfall and moderate
temperature. In contrast, vegetated, permeable, and
well-managed landscapes—through regenerative or con-
servation agriculture, reforestation, or wetland resto-
ration—can act as sponges, maintaining soil moisture,
recycling it to the atmosphere, and buffering heat, keeping
the small water cycles intact. Pollution from agricultural
runoff and industrial discharge diminishes water quality,
while aging infrastructure limits the ability to distribute
water reliably where and when it is needed. Together, these
factors define whether regions experience abundance or
scarcity, stability or stress.

To understand and address these risks systematically,
BCG’s Water Risk Matrix provides a structured lens to
assess where and how challenges occur. (See Figure 5.) The
framework evaluates water challenges across three key
dimensions of water supply:


https://www.ipbes.net/global-assessment
https://www.ipbes.net/global-assessment
https://egusphere.copernicus.org/preprints/2024/egusphere-2024-1702/
https://egusphere.copernicus.org/preprints/2024/egusphere-2024-1702/
https://nzbiocharltd.co.nz/resources/Regenerate-Earth-Paper-Walter-Jehne%20%281%29.pdf
https://nzbiocharltd.co.nz/resources/Regenerate-Earth-Paper-Walter-Jehne%20%281%29.pdf
https://irp-cdn.multiscreensite.com/d6b81fb6/files/uploaded/2017%20-%20Regenerating%20Earth%27s%20Soil%20Carbon%20Sponge.pdf
https://irp-cdn.multiscreensite.com/d6b81fb6/files/uploaded/2017%20-%20Regenerating%20Earth%27s%20Soil%20Carbon%20Sponge.pdf
https://vernoux.org/agriculture_regenerative/Jehne-Restoring_water_cycles_to_naturally_cool_climates_and_reverse_global_warming.pdf
https://vernoux.org/agriculture_regenerative/Jehne-Restoring_water_cycles_to_naturally_cool_climates_and_reverse_global_warming.pdf

e Quantity captures situations where there is too little or
too much water, from prolonged droughts to floods.

o Quality refers to the condition of available water, wheth-
er it is clean enough for ecosystems, agriculture, or
consumption.

 Accessibility considers whether water is available
where and when it is needed, accounting for infrastruc-
ture, distribution, and governance.

Figure 5: BCG’s Water Risk Matrix: Three types of challenges

Quantity Droughts
Always too little Sometime
X Waterborne

Quality diseases

Too dirty
Accessi-
bility

Never

XX = water crises
Source: BCG analysis

While these dimensions are distinct, they are not entirely
independent. Challenges in one area often coexist with or
influence those in another. For example, too little water
can limit accessibility, damaged infrastructure can cause
contamination and thus the usable quantity of water, while
reduced water volumes can concentrate pollutants.

The framework goes beyond categorizing challenges by
type. It also examines their environmental, economic, and
social impact. Contrary to common perception, water
challenges are not merely an environmental concern. They
touch every part of modern life, influencing agricultural
productivity, industrial operations, energy systems, and
public life and health.

By applying this matrix, water challenges can be catego-
rized and compared consistently across contexts. It helps
identify not only what kind of challenge exists but also how
it impacts people, economies, and the environment, posi-
tioning water as a central pillar of both ecological and
economic resilience.
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4.1 Water Challenges in a Global Context

Water Challenges in a Global Context. Water-related chal-
lenges arise on all continents, in both advanced and devel-
oping economies.? (See Figure 6.) Their specific drivers vary
depending on local water availability, climatic and tempera-
ture conditions, infrastructure quality, and the effectiveness
of water governance. However, the resulting pressures on
ecosystems, economies, and societies can be observed
worldwide. Land-use change further amplifies these pres-
sures: Since the emergence of human civilization, roughly
half of the planet’s plant biomass has been lost.?> This
large-scale depletion has not only released vast amounts of
biogenic carbon but also reduced Earth’s capability to regen-
erate. It has degraded the soil’s ability to function as a living

24 JBA (2024): Weltweite Temperaturen und Extremwetterereignisse seit 2010 | Umweltbundesamt
2 Greenpeace (2018): How much of Earth’s biomass is affect-
ed by humans? - Greenpeace International
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carbon sponge? 2728 reducing its ability to store water and
sustain microbial life as well as halving the Earth’s photo-
synthetic capacity?®—the foundation of net primary produc-
tion on which water and carbon cycles depend.

% Jehne (2019): https://nzbiocharltd.co.nz/resources/Regener-
ate-Earth-Paper-Walter-|Jehne%20%281%29.pdf

7 Jehne (2014): https://irp-cdn.multiscreensite.com/d6b81fb6/files/uploaded/2017%20
-%?20Regenerating%?20Earth%27s%20S0il%20Carbon%20Sponge.pdf

% Jehne: https://vernoux.org/agriculture regenerative/|ehne-Restoring water cy-
cles_to_naturally cool_climates_and_reverse_global warming.pdf

% CLEAR Center (2020): The Biogenic Carbon Cycle and Cattle | CLEAR Center

Quantity-related challenges show that both scarcity and
excess can disrupt water systems. In southeastern Europe,
regions such as Romania and Bulgaria are experiencing
prolonged droughts driven by arid climates and limited
rainfall.*® These conditions increasingly strain agriculture
and ecosystems, a challenge further reinforced by conven-
tional farming practices that deplete soil moisture and
Water Europe (2025): Exposure of European ecosystems to drought | WISE

Freshwater; Serban, Maftei (2025): Spatiotemporal Drought Analysis Us-
ing the Composite Drought Index (CDI) over Dobrogea, Romania

Figure 6: Examples of water challenges around the world
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weaken the land’s natural water retention capacity. In other
areas, droughts have escalated into humanitarian crises: in
Southern Africa, one of the most extreme droughts in 2024
affected millions of people through crop failures and hun-
ger, with the region facing the risk of a full-scale humanitar-
ian catastrophe.® Temporary water shortages can also
emerge when rivers or reservoirs fall below operational
levels, as seen in France in 2022, where drought forced
nuclear power plants to scale back production.?? At the
other end of the spectrum, extreme rainfall can be equally
damaging: Floods in Pakistan submerged vast areas and

3 Aljazeera (2024): Worst drought in century devastates South-
ern Africa, millions at risk | Climate News | Al Jazeera

32 Reuters (2022): Europe’s drought and heatwave threaten crops, energy production
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displaced millions,* while low-lying countries like the Neth-
erlands must continuously manage high groundwater
levels and flood risks through complex water management
systems.?* These examples underline that water quantity
challenges are not confined to dry regions; they also affect
areas with abundant rainfall or advanced infrastructure.

Quality-related challenges reveal how pollution and runoff
can compromise even seemingly sufficient water resources.
Across the Gulf of Mexico, excess nutrients from agricultur-
al runoff have created one of the world’s largest hypoxic

3 UNICEF (2023): One year on from catastrophic floods, mil-

lions of children in Pakistan still need urgent support

3 Government of the Netherlands: Delta Programme: flood safety, freshwa-
ter and spatial adaptation | Delta Programme | Government.nl
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zones, depleting oxygen and harming marine ecosystems.*
Around Lake Victoria in Africa, agricultural effluents and
sewage have led to recurring algal blooms, threatening
biodiversity and local fisheries.*® A similar crisis has unfold-
ed in Spain’s Mar Menor lagoon, where intensive vegetable
cultivation in the surrounding Campo de Cartagena has
caused massive nitrate inflows, turning the lagoon into a
“green soup” of algae and triggering repeated fish die-offs
and ecosystem collapse.?” Likewise, in major Asian river
basins such as the Mekong® and Yamuna®, industrial
discharge, plastic waste, untreated sewage, and agricultural
runoff have severely degraded surface water quality. Com-
parable eutrophication pressures are also visible in the
Baltic Sea, where a combination of natural factors such as
shallowness and restricted water exchange, together with
nutrient inputs from a densely populated drainage basin,
has led to recurring algal blooms and oxygen-depleted
“dead zones.* Despite significant reductions in nitrogen
and phosphorus loads since the 1980s, internal nutrient
recycling and climate-driven warming continue to sustain
eutrophic conditions. Together, these cases show how
insufficient wastewater treatment and diffuse pollution
sources are eroding water quality globally, turning what
appears to be plentiful water into a resource unfit for use.

Accessibility-related challenges demonstrate that water
availability alone does not guarantee access. In Cape Town,
limited infrastructure and mismanagement led to severe
supply restrictions despite physical reserves in dams.* In
Mexico City, aquifers remain a potential source of water, yet
leaky infrastructure, low recycling rates, and uneven distribu-
tion leave large parts of the population underserved.*
Across Southern Europe, water infrastructure constraints are
also evident; for example, in Spain, bottled water extraction
has strained local sources** and in Southern France, in 2022
villages such as Seillans had to rely on water being delivered
by truck after natural springs ran dry amid extreme drought
and record temperatures.* In Johannesburg, the use of
prepaid water meters has restricted access for low-income
residents, highlighting the social dimension of accessibility.*
These examples make clear that ensuring access to water
depends as much on governance and investment as on
natural availability.

These cases illustrate that water challenges are not limited
to a single geography or income level. They arise in both
water-scarce and water-rich regions, with problems in quanti-

35 NOAA (2024): Gulf of Mexico ‘dead zone’ larger than average, scien-

tists find | National Oceanic and Atmospheric Administration

% Nagi et al. (2022): A century of human-induced environmental changes and the combined
roles of nutrients and land use in Lake Victoria catchment on eutrophication - ScienceDirect
¥ Deutsche Umwelthilfe (2023): Factsheet Mar_Menor_final.pdf

*Mekong River Commission (2023): State of the Basin Report 2023 — Mekong River Commission
*India Express (2025): CPCB report: Yamuna stretch in Delhi contin-

ues to be among most polluted | Delhi News - The Indian Express

‘0 Race for the Baltic (2025): State of the Baltic Sea

41 City of Cape Town (2020): capetown.gov.za/Family and home/green-
er-living/water-wise-in-the-home/water-restrictions-explained

4 CNN (2024): Mexico City may be just months away from running of out water | CNN
4The Guardian (2024): ‘It’s not drought - it’s looting’: the Spanish villages where peo-

ple are forced to buy back their own drinking water | Water | The Guardian

“Reuters (2022): As southern France battles drought, wa-

ter comes by truck to some villages | Reuters

45 Law Library (2009): Mazibuko and Others v City of Johannesburg

and Others [2009] ZACC 28 (8 October 2009) - LawLibrar
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ty, quality, and accessibility often reinforcing one another.
Whether it is too little, too much, too dirty, or too inaccessi-
ble, managing water sustainably requires understanding
these challenges as part of a single, interconnected system.

4.2 Water Challenges in the German Context

From Perceived Security to Emerging Stress. For decades,
the common belief has been that Germany does not face
any serious water problems. The country has long been
considered water-rich, with reliable rainfall, dense river
networks, and advanced infrastructure.*®“7 Yet, this conven-
tional wisdom no longer holds true.*

According to a leading hydrologist, Germany is among the
countries experiencing the largest groundwater losses
worldwide,*® while in recent years, patterns of water avail-
ability have changed noticeably. Rainfall has become less
predictable, summers drier, and extreme weather events
are more frequent.*® Additionally, land use has emerged as
one of the most direct drivers of these losses, with defor-
estation, soil sealing, drainage and compaction reducing
infiltration, evaporation, and groundwater recharge. Local-
ized shortages*® and pollution incidents® are no longer
isolated occurrences, and conflicts over water use are
emerging in areas that historically had few concerns.

These developments show that Germany’s water reality is
changing. The long-held perception of abundant and reli-
able water no longer reflects the situation on the ground.
What was once viewed as a stable resource is increasingly
revealing signs of stress, both regionally and over time.

Drivers Across Quantity, Quality, and Accessibility. Apply-
ing the BCG Water Risk Matrix reveals that Germany
faces drivers of stress across all three challenge dimen-
sions: quantity, quality, and accessibility. (See Figure 7.)

QUANTITY DRIVERS

o Less reliable and stable precipitation. Germany’s overall
precipitation levels are projected to increase somewhat
under climate change scenarios, but distribution will
become far less stable.*? Seasonal models show that
while winters may become wetter, summer precipitation
is expected to decline sharply by the end of the century,
particularly under high-emission (RCP 8.5) pathways.>*>?
This imbalance will heighten seasonal water stress: Soils
will dry out faster in summer, while higher winter rainfall
increases runoff and flood potential instead of replenish-
ing groundwater.

“ZDFheute (2025): Warum Wasser in Deutschland immer kostbarer wird | ZDFheute

47SZ7 (2025): Grundwasserstand sinkt in Deutschland - SZ.de

8 Fokus (2025): Forscherin schlagt Alarm: , Deutschland war re-

ich an Wasser, aber das andert sich* - FOCUS online

“9DVGW (2022): auswirkung-klimawandel-wasserdargebot-zukunft-wasser-factsheet.pdf

S0 UBA (2025): Trockenheit in Deutschland — Fragen und Antworten | Umweltbundesamt

$1UBA (2024): Die Wasserrahmenrichtlinie - Gewasser in Deutschland 2021 | Umweltbundesamt
52DVGW (2022): auswirkung-klimawandel-wasserdargebot-zukunft-wasser-factsheet.pdf

5 UBA (2017): Wasserwirtschaft in Deutschland — Grundlagen, Belastungen, MaBnahmen
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Figure 7: Key drivers of Germany’s water challenges
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o Increasing frequency, length, and intensity of floods and
droughts. Droughts and floods are both becoming defin-
ing features of Germany’s changing weather regime. In
2018, precipitation between February and July dropped
to just 61% of the usual levels, leaving up to 90% of
German territory under drought conditions by August.>
Projections indicate that the frequency and duration of
droughts has® and will continue to rise throughout the
century, with extremely dry months occurring by the end
of almost every year.*5 5758 Additionally, the drought in-
tensity has increased substantially during the vegetation
period in the past years® and is expected to further rise
by the end of the century.*® At the same time, flooding
events are becoming more frequent and severe, while
sealing and compaction decrease the soil’s ability to let
water infiltrate and thus substantially increase surface
runoff,® with precipitation becoming increasingly con-
centrated in shorter, more intense periods.®
Insurers already report a clear surge in flood-related
costs, reflecting the growing impact of these extremes.¢?
According to Munich Re’s latest analysis, Germany now
ranks third worldwide—after the United States and
China—among the countries most severely affected
by weather-related disasters, with cumulative damag-

*KIT (2018): Dirre betrifft rund 90 Prozent der Flache Deutschlands | KIT

%5SZ (2025): Klimawandel sorgt fiir mehr Dirren - Wissen - SZ.de

¢ DVGW (2022): auswirkung-klimawandel-wasserdargebot-zukunft-wasser-factsheet.pdf
STUBA (2024): Auswirkung des Klimawandels auf die Wasserverfiigharkeit - An-
passung an Trockenheit und Dirre in Deutschland (WAD-KLim)

8 UBA (2022): Durre als Folge des Klimawandels | Umweltbundesamt

¥ Helmholtz Zentrum fir Umweltforschung (2025): Diirren seit 1950 (jahrlich
und saisonal) - Helmholtz-Zentrum flir Umweltforschung UFZ

5 UfU eV. (2025): UfU-Hintergrundpapier

1 Spiegel (2021): Extremwetter: So hoch ist der Anteil des Kli-

mawandels an der Flutkatastrophe - DER SPIEGEL
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es of around $210 billion in the period between 1980
and 2024.%% Improved flood protection in China led to a
decrease in relative damage costs. Conversely, Germany
and the United States saw a sharp increase.®* % Total
annual precipitation is projected to increase slightly, and
its redistribution across the year—with wetter winters
and drier, more evaporative summers—uwill amplify
flood risks, as more water falls within fewer events® and
overwhelms existing landscapes and infrastructure that
were designed for a more stable climate. Together, these
trends illustrate a hydrological system under strain—one
marked by both prolonged shortages and sudden excess-
es of water.

o High evapotranspiration. Rising temperatures and
changes in land cover are jointly intensifying water loss-
es from landscapes through two reinforcing dynamics.
First, inadequate soil cover® and declining vegetation
reduce evapotranspiration—the natural cooling process
that dissipates solar energy as latent heat.®” When soils
are bare or sealed, this process stops and more energy
is converted into sensible heat, leading to hotter sur-
faces.®” Second, as temperatures rise, the atmosphere
becomes thirstier, able to draw increasing amounts of
moisture from soil, plants, and other water sources.%

% Munich Re (2025): Unwetter nagen am Wohlstand — Wetterkatastro-

phen belasten viele Industrieldnder zunehmend | Munich Re

%4 Tagesschau (2025): Naturkatastrophen kosten den Industri-

elander immer mehr Wohlstand | tagesschau.de

55 DWD (2021): Wetter und Klima - Deutscher Wetterdienst - Aktu-

elles - Faktenpapier zu Extremwetter in Deutschland aktualisiert

% Adhikari, Ibisch et al. (2025): Working landscapes under climate change

need to be green, moist and cool - a case study of German:

57 Auerswald et al. (2025): EGUsphere - HESS Opinion: Floods and droughts — Land use, soil man-

agement, and landscape hydrology are more significant drivers than increasing temperatures
%857 (2025): Klimawandel sorgt flir mehr Dirren - Wissen - SZ.de
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Vegetation transpires until water becomes scarce; then
plants close their stomata to conserve moisture, halting
both transpiration and photosynthesis.®® This feedback,
known as atmosphere’s rising thirst, accelerates water
losses from soil vegetation, and surface water, as well

as an eventual groundwater increase ultimately playing
a decisive role in drought formation.”™ The interaction

of these dynamics drives a self-reinforcing drying cycle:
Reduced vegetation leads to less evapotranspiration and
higher temperatures, while higher temperatures further
increase evaporative demand. A regional example from
Bavaria illustrates this relationship:* Even a moderate
soil sealing rate of just 6% was found to reduce annual
evapotranspiration by 230 m3 (23 mm) per hectare per
year over the sealed area. To maintain an overall energy
balance, non-sealed areas must compensate for this loss
through additional water use and higher evapotranspi-
ration, effectively drawing more moisture from soil and
vegetation. Projections indicate that compared with the
1961-1990 baseline, evapotranspiration will continue

to increase across most of Germany throughout the
century, reducing the share of precipitation available for
groundwater recharge and runoff.”? The effect is particu-
larly pronounced in northern and eastern regions, where
warmer conditions and sandy soils exacerbate losses,
while southern and western areas such as Bavaria and
Baden-Wuerttemberg are expected to remain compara-
tively better buffered. Rising temperatures and described
drying cycles cause soil, rivers, and lakes to lose water

- even if precipitation remains stable or increases. This
undermines both ecological and hydrological balance.

o Increasing agricultural water demand. While industrial
and domestic water use is expected to decline modestly
over the century, agricultural water demand is projected
to rise markedly, particularly for irrigation.” Scenario anal-
yses indicate that irrigation needs could increase by more
than 230% by the late 21st century (2061-2090) versus
1971-2000, driven by longer dry periods, higher evapo-
transpiration, and changing crop water requirements.”
The increase will be most pronounced in northern and
eastern Germany, notably Brandenburg, Saxony-Anhalt,
and Lower Saxony, where rising irrigation needs coincide
with decreasing groundwater recharge and limited storage
capacity. This trend is already visible: Agricultural water
withdrawals have more than doubled since 2020, reach-
ing their highest level in decades.” Projections suggest
that irrigated cropland could nearly triple by 2100, corre-
sponding to a rise in annual water use from around 0.6 to
1.4 billion m3.” With agriculture expected to be the only
sector with sustained long-term growth in water use,” it
is set to become a key driver of water stress, intensifying
competition between users during prolonged dry phases.
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« (Ground)water depletion. Groundwater levels across Ger-
many have been declining for years, reflecting a growing
imbalance between natural recharge and water ex-
traction” 77 78—with recent global analyses showing that
Germany ranks among the countries experiencing the
most severe groundwater losses worldwide.”™ The trend
is particularly evident in the northern part of Germany,
where the number of months with groundwater levels
below the long-term average low point have increased
significantly,” specifically in the northeast: According to
research, groundwater levels in the Berlin-Brandenburg
region have decreased in recent years, with a recharge
rate of only 10 m? (1 mm) per hectare per year in the
drought year of 2018, while this value amounted to 3,760
m3 (376 mm) per hectare per year in a rainy year like
2010.%° This has led to groundwater storage declining
between 2007 and 2022 by an average of around 21
m?3 (2.1 mm) per hectare annually.® This largely stems
from high evapotranspiration under warmer conditions,
compacted and drained soil, the type of vegetation cover,
and Brandenburg’s sandy soil structure that is unable
to absorb water effectively, leading it to run off rapidly
preventing sufficient infiltration and replenishment of
deeper aquifers.®8 A reduction in groundwater levels
also influences surface water such as rivers or lakes,
given surface waters in the region are largely fed by
groundwater.?’ Across Germany, similar downward trends
can be observed, with surface-water levels receding even
in regions once considered water secure.? Future
projections indicate that this stress will intensify: The
groundwater exploitation index is expected to exceed
the critical threshold of 0.2 across large parts of north-
ern and eastern Germany by 2100, signaling structural
overuse.® Without measures to restore recharge capacity
and manage withdrawals, local depletion risks solidifying
into a long-term national water deficit.

o High runoff. Runoff in Germany is increasing as changing
rainfall patterns and land-use practices cause the soils
sponging capabilities to collapse®®# thereby reducing
infiltration possibilities for water, which instead leaves the
landscape more quickly as runoff. Warmer temperatures
and a shift toward short, intense precipitation events lead
to greater surface flow, while soil sealing, drainage, and
compaction further reduce infiltration and delay or inhibit
groundwater recharge.®®% Despite Germany’s political tar-

76ZDFheute (2025): Warum Wasser in Deutschland immer kostbarer wird | ZDFheute
77SZ (2025): Grundwasserstand sinkt in Deutschland - SZ.de

78 JBA (2023): WW-I-2: Grundwasserstand und Quellschiittung | Umweltbundesamt
7 Fokus (2025): Forscherin schlagt Alarm: ,,Deutschland war re-

ich an Wasser, aber das andert sich* - FOCUS online

#]GB (2025): The complex issue of drought | IGB

81|GB (2024): Water in the soil, but not in the groundwater | IGB)

82 UBA (2023): https://www.umweltbundesamt.de/monitoring-zur-das/
handlungsfelder/wasserhaushalt/ww-i-7/indikator

8 UBA (2023): WW-I-3: Mittlerer Abfluss | Umweltbundesamt

8 UBA (2024): Auswirkung des Klimawandels auf die Wasserverfiigbarkeit - An-
passung an Tro-ckenheit und Durre in Deutschland (WAD-KLim)

8 Jehne (2019): https://nzbiocharltd.co.nz/resources/Regener-
ate-Earth-Paper-Walter-|ehne%20%281%29.pdf

% Jehne (2014): https://irp-cdn.multiscreensite.com/d6b81fb6/files/uploaded/2017%20
-%20Regenerating%20Earth%27s%20S0il%20Carbon%20Sponge.pdf

72 BMBF (2013): https://www.fona.de/medien/pdf/Wasserfluesse in_Deutschland 02.pdf
73 DVGW (2024): szenarien-wassergewinnung-dvgw.pdf

7 UBA (2024): Auswirkung des Klimawandels auf die Wasserverfiigharkeit - An-

passung an Tro-ckenheit und Dirre in Deutschland (WAD-Klim)

7S UBA (2025): Wasserressourcen und ihre Nutzung | Umweltbundesamt

16

Jehne: https://vernoux.org/agriculture regenerative/Jehne-Restoring_water cy-
cles_to_naturally_cool climates_and_reverse_global warming.pdf

8 Auerswald et al. (2025): EGUsphere - HESS Opinion: Floods and droughts — Land use, soil man-
agement, and landscape hydrology are more significant drivers than increasing temperatures
#UfU eV. (2025): UfU-Hintergrundpapier

EVERY DROP COUNTS—PATHWAYS TO RESTORE GERMANY’S WATER BALANCE


https://www.sciencedirect.com/science/article/abs/pii/S0012825210000139
https://www.sciencedirect.com/science/article/abs/pii/S0012825210000139
https://www.sueddeutsche.de/wissen/klimawandel-duerre-sommer-europa-li.3262813?reduced=true
https://egusphere.copernicus.org/preprints/2024/egusphere-2024-1702/
https://egusphere.copernicus.org/preprints/2024/egusphere-2024-1702/
https://www.fona.de/medien/pdf/Wasserfluesse_in_Deutschland_02.pdf
https://www.dvgw.de/medien/dvgw/leistungen/publikationen/szenarien-wassergewinnung-dvgw.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/2875/dokumente/143_2024_texte_wadklim.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/2875/dokumente/143_2024_texte_wadklim.pdf
https://www.umweltbundesamt.de/daten/wasser/wasserressourcen-ihre-nutzung#wassernachfrage
https://zdfheute-stories-scroll.zdf.de/wasser-grundwasser-sommer-klimawandel-deutschland/?utm_source=firefox-newtab-de-de
https://archive.ph/Tnzi2
https://www.umweltbundesamt.de/monitoring-zur-das/handlungsfelder/wasserhaushalt/ww-i-2/indikator#ww-i-2a-grundwasserstand-und-quellschuttung-region-nord
https://www.focus.de/earth/wassersparen/forscherin-schlaegt-alarm-deutschland-war-reich-an-wasser-aber-das-aendert-sich_c4a0b0d8-e097-4da1-9ad1-12d72016f3ef.html
https://www.focus.de/earth/wassersparen/forscherin-schlaegt-alarm-deutschland-war-reich-an-wasser-aber-das-aendert-sich_c4a0b0d8-e097-4da1-9ad1-12d72016f3ef.html
https://www.igb-berlin.de/en/news/complex-issue-drought
https://www.igb-berlin.de/en/news/water-soil-not-groundwater
https://www.umweltbundesamt.de/monitoring-zur-das/handlungsfelder/wasserhaushalt/ww-i-7/indikator
https://www.umweltbundesamt.de/monitoring-zur-das/handlungsfelder/wasserhaushalt/ww-i-7/indikator
https://www.umweltbundesamt.de/monitoring-zur-das/handlungsfelder/wasserhaushalt/ww-i-3/indikator
https://www.umweltbundesamt.de/sites/default/files/medien/2875/dokumente/143_2024_texte_wadklim.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/2875/dokumente/143_2024_texte_wadklim.pdf
https://nzbiocharltd.co.nz/resources/Regenerate-Earth-Paper-Walter-Jehne%20%281%29.pdf
https://nzbiocharltd.co.nz/resources/Regenerate-Earth-Paper-Walter-Jehne%20%281%29.pdf
https://irp-cdn.multiscreensite.com/d6b81fb6/files/uploaded/2017%20-%20Regenerating%20Earth%27s%20Soil%20Carbon%20Sponge.pdf
https://irp-cdn.multiscreensite.com/d6b81fb6/files/uploaded/2017%20-%20Regenerating%20Earth%27s%20Soil%20Carbon%20Sponge.pdf
https://vernoux.org/agriculture_regenerative/Jehne-Restoring_water_cycles_to_naturally_cool_climates_and_reverse_global_warming.pdf
https://vernoux.org/agriculture_regenerative/Jehne-Restoring_water_cycles_to_naturally_cool_climates_and_reverse_global_warming.pdf
https://egusphere.copernicus.org/preprints/2024/egusphere-2024-1702/
https://egusphere.copernicus.org/preprints/2024/egusphere-2024-1702/
https://www.ufu.de/wp-content/uploads/2025/11/BODENplus_Studie_Bodenschutz-.pdf

get to eliminate the net increase in sealed land by 2050,
current sealing rates remain high, consistently failing to
meet the interim reduction paths required to mitigate
these hydrological impacts.®® As a result, larger volumes
of water are flushed through rivers and streams instead
of being stored in soils or aquifers. For Bavaria, research
shows that assuming roughly 6% of total land area is
sealed and an average annual precipitation of roughly
9,400 m3 (940 mm) per hectare on average roughly 560
m?3 (56 mm) per hectare of rainwater directly run off.**
Translating this to groundwater recharge, the following
picture emerges: The overall mean groundwater recharge
of around 2,060 m3 (206 mm) per hectare per year is re-
duced by about 120 m3 (12 mm). The reduction in ground-
water recharge is even higher, assuming that surrounding
vegetation fully compensates for the evaporative losses
caused by sealed surfaces, namely approximately 440

m3 (44 mm) per hectare per year—a roughly 21% loss in
groundwater recharge.®* Satellite observations corroborate
this finding indicating that Germany now loses around 2.5
billion m? of water every year, approximately the volume
of Lake Constance over the past two decades.®> Hydrolog-
ical analyses show that land-use structure and climatic
factors jointly contribute to these increasing runoff rates,
as altered surfaces and vegetation can no longer buffer
water effectively.”* A recent study demonstrates that the
soil’s limited ability to absorb and retain water—caused
by compaction and unsustainable management practic-
es—directly increases flood risk, as runoff accumulates
instead of infiltrating.”® An effect that can be mitigated
through improved soil and surface management, such

as Regenerative Agriculture or reforestation.” Besides in-
tensified flood risks and erosion, the growing dominance
of rapid runoff reduces soil moisture and groundwater
replenishment, leaving less water available when it is
most needed.

Outcome: Regional water stress. Germany’s water ex-
ploitation index—the ratio of total water withdrawals to
renewable resources—has declined in recent decades,
largely driven by the overall decline in German water
demand.* It currently lies at about 10%, so below the
defined critical 20% threshold for national water stress.%
However, this figure can be deceptive. The indicator is
calculated as a multiyear national average, thus masking
short-term fluctuations and strong regional differences.
In reality, water availability varies widely across time

and space. Even under an optimistic climate scenario,
forecasts project that by 2050, large parts of northern
and eastern Germany will face medium to high seasonal
water stress, while some regions could experience severe
scarcity during prolonged dry periods.® This means that,
despite reassuring aggregate values, localized shortages
and conflicts over use are likely to intensify.
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QUALITY DRIVERS

Although the ecological condition of Germany’s surface

waters has improved slightly—with the share of rivers in at
least “good” ecological condition or potential increasing by

about 1% between 2015 and 2021—only around 8% cur-

rently meet this benchmark.”®® Many bodies of water exhib-
it moderate condition, as disturbed biological communities

take time to recover.

o Nutrient pollution/eutrophication. Nutrients remain one
of the main concerns for water quality, as large amounts

can induce eutrophication and algal blossoms with

negative effects for organisms living in affected waters.%

While declining, more than half of all monitoring sta-

tions still record phosphate concentrations above accept-

able thresholds.”” Nitrate pollution has also improved

slightly in recent years, yet roughly a quarter of stations

continue to measure concentrations above 50 mg/l—a
level that exceeds the limit set to protect groundwater
and ecosystems.”® Despite the EU closing its nitrate
infringement case in 2023, an October 2025 Federal
Administrative Court ruling now mandates a broader
national action program, as current regulations still fail
to meet reduction targets.*

» Microbiological contamination. Microbiological con-

tamination represents another ongoing risk. It can occur

when untreated wastewater, stormwater overflows, or
agricultural runoff enter rivers and lakes, carrying fecal

matter and pathogens into natural bodies of water.100 101

Through sewer systems and surface waters, such mi-
crobes can spread widely in the environment, while
animals such as birds, rats, dogs, and even insects can
further contribute to this transmission.'®* Fortunately,
drinking water in Germany is one of the most carefully
treated, tested, and regulated resources and thus one
of the safest goods we consume. It is subject to strict

quality standards and contains only minimal amounts of

microorganisms, which are generally harmless or occur
in concentrations that pose no health concern.%?

e Chemical and hazardous pollutants. Chemical and

hazardous pollutants, in particular PFAS (forever chemi-
cals),* pesticides, and pharmaceuticals, are increasingly
detected in both surface and groundwater.'® Agricultural
and industrial discharges, as well as urban wastewater,
carry substances that accumulate in rivers and persist in
ecosystems. PFAS are difficult to degrade, bioaccumulate
in nature, and pose long-term risks to drinking water and

human health.*%*
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o Climate-induced water quality decline. Climate change
further exacerbates these challenges by raising water
temperatures'® and reducing dilution capacity during
dry periods, amplifying pollutant concentrations. To-
gether, these factors underline that maintaining water
quality requires continuous monitoring, stricter controls
on diffuse sources, and investment in treatment technol-
ogies capable of removing both traditional and emerging
contaminants.

ACCESSIBILITY DRIVERS

o Ensuring water accessibility in Germany is becoming
more complex as physical and infrastructural pressures
grow. While the country’s supply networks are extensive,
aging infrastructure,® uneven distribution, and local-
ized system stress already lead to regional imbalances.

In some areas, particularly around major cities, leaky or
outdated systems cause substantial losses, while rural
regions face growing abstraction restrictions.*”1%® The
increasing risk of infrastructure failures, such as pipeline
bursts,® and digital threats, including cyberattacks on
water utilities, adds another layer of vulnerability.**® Main-
taining equitable and reliable access will therefore require
both modernization of physical networks and stronger
resilience measures for digital and operational systems.

Measuring Water Accurately. While Germany’s situation is
far less severe than that of other countries, it would be a
mistake to underestimate the trajectory and risk falling
into familiar traps: over-reliance on past experience, focus-
ing on the wrong indicators and failing to recognize gradual
but consequential shifts in the environment (often de-
scribed as the “boiling frog” syndrome). History offers a
warning: Mesopotamia,*** one of the cradles of civilization,
rose through agricultural and technological advancement
but declined when water and land were mismanaged.
Overextraction, erosion of soil used by agriculture, saliniza-
tion, and floods turned fertile land into desert.*? (See the
sidebar “The Rise and Fall of Mesopotamia.”) The lesson is
not that Germany faces the same fate, but that even pros-
perous societies can overlook slow-developing water risks
until the consequences become irreversible.
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The Rise and Fall of Mesopotamia

The ancient civilization of Mesopotamia flourished for
nearly two millennia between the Tigris and Euphrates
rivers. Its success rested on an intricate network of com-
munal canals and irrigation systems that transformed arid
plains into fertile cropland. Water was life—and law: Ham-
murabi’s Code, one of the earliest written legal systems,
even prescribed penalties for neglecting irrigation canals
or causing floods.

But Mesopotamia’s strength became its undoing. Intensive
irrigation without proper drainage caused groundwater
levels to rise, concentrating mineral salts in the soil. Over
generations, once-productive fields turned saline and
barren. Farmers shifted from wheat to more salt-tolerant
barley yet yields continued to decline until agriculture
could no longer sustain the empire. By the first millennium
BC, the “land between the rivers” had lost its fertility,
leading to economic decline and mass depopulation.

The lesson endures: managing water means balancing
short-term gain with long-term sustainability. While Germa-
ny today does not face internal wars over water, it is part of
the EU water network and depends on shared resources
(e.g., the Rhine River). At the same time, Germany does
not have large-scale irrigation as Mesopotamia did, howev-
er it relies on groundwater for more than 60% of its drink-
ing water. Overuse and contamination threaten these
reserves just as salinization did Mesopotamia’s fields.
Prosperity built on unsustainable water use can endure for

centuries—but collapse comes swiftly once balance is
l.OSt.113’ 114,115,116
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To manage what matters, it must first be measured correct-
ly. A variety of indices and formulas are used to assess water
availability (See Figure 8.), such as the hydrological bal-
ance,'” the Water Use Index (WNI),*8 or the Water Exploita-
tion Index Plus (WEI+).**® Each offers valuable insights, but
most capture only parts of the full picture, building on vary-
ing methodologies, definitions of water balance elements
and underlying data sources that are not harmonized.

Many commonly used metrics focus primarily on the state
of renewable water resources. Some assess groundwater in
isolation, while others partially incorporate human water
use. Most, however, share a key limitation: they largely
overlook runoff dynamics and changes in water storage
(See Figure 8.). Indices like the WNI or WEI+ measure
abstraction relative to renewable water resources but fail to
reflect changes in storage or the resilience of supply sys-
tems. Others, like the “quantitative state of groundwater
bodies,”*® concentrate on groundwater alone, overlooking
interactions with surface water and long-term recharge
dynamics.
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At first glance, Germany’s water situation appears stable
when assessed through these indices. The WNI is below
the critical 20% threshold,**® indicating that total abstrac-
tion is relatively modest compared to available renewable
resources. The WEI+ paints a similarly reassuring pic-
ture:* It has consistently stayed well below the 20% mark
in recent years.*?* Likewise, roughly 95% of groundwater
bodies*® are shown to be in a good state, where abstrac-
tion is lower than recharge.'?® Taken together, these indica-
tors suggest that Germany’s water balance is secure, while
in reality the groundwater level in Germany is decreasing
significantly.

This apparent stability is partly the result of a historically
shaped perspective. In contrast to e.g., Austria or Switzer-
land, where alpine topography has long required close
monitoring of runoff'?21% Germany has traditionally paid
little attention to runoff due to historically abundant water
availability. The Netherlands, in turn, focuses primarily on
runoff to the sea given its downstream and coastal posi-

21DVGW (2025): bund-studie-grundwasserstress-kritikpunkte-dvegw.pdf

22 BMLUK: https://www.bmluk.gv.at/themen/wasser/wasser-oesterreich/hydrogra-
phie/Wasserbilanz.html#:~:text=Der%?20Jahresniederschlag¥%20bezogen%?20auf%20
die,j%C3%A4hrliche%20Verdunstung%20betr%C3%A4gt%20514%20mm%?20.

122 BAFU (2024): https://www.bafu.admin.ch/de/wasserhaushalt-heute

Figure 8: Different metrics, different stories: Only the environmental-
economic accounting view covers all elements

Water balance elements
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tion*?*. Yet Germany’s hydrological reality is also strongly
shaped by runoff: major river systems such as the Rhine,
Elbe, and the Danube play a central role in national water
flows'® and storage. Under today’s conditions of increasing
variability and water stress, continuing to pay insufficient
attention to runoff risk systematically drawing false conclu-
sions.

A more comprehensive perspective is provided by environ-
mental-economic accounting (EEA), which captures the full
interaction between water, the economy, and the environ-
ment. In Germany, the Umweltokonomische Gesamtrech-
nung Wasser'® systematically records all water flows be-
tween nature, economic sectors, households, and even
foreign trade, thus including natural and human compo-
nents of the water system. It tracks how much water is
abstracted from surface, ground, and soil sources—includ-
ing rain and drainage water collected in sewer systems—
and how water is used, consumed, or returned. On the
return side, it accounts not only for wastewater discharges
but also for evaporation, leakages, and water embedded in
products. By integrating these inflows and outflows as well
124CBS (2023): https://www.google.com/url?sa=t&rct=j&g=&esrc=s&source=web&c-
d=&ved=2ahUKEwiK0gzjyvuRAXWBg OHHXI20bsQFnoECFUQAQ&url=https%3A%2F%2F-
www.cbs.nl%2F-%2Fmedia%2F pdf%2F2023%2F03%2Fwater-accounts-for-the-neth-
erlands.pdf&usg=AOvWaw3GBISHhE_bFhCtOmrSnQEN&opi=89978449

125BMBF (2013): https://www.fona.de/medien/pdf/Wasserfluesse in_Deutschland 02.pdf

126 Destatis (2025): Statistischer Bericht - Umweltokonomische Gesamtrechnungen - Was-
sergesamtrechnung - Berichtszeitraum 2001 - 2022 - Statistisches Bundesamt

as changes in overall water stocks, the EEA provides a
consistent national balance sheet for water, linking physi-
cal flows with economic activity and offering a far more
realistic view of resource sustainability.

Germany’s Water Balance: Signs of Depletion. Viewed
through an environmental-economic accounts lens, Ger-
many’s water storage has been steadily declining since the
early 2000s.*?” This finding is corroborated by GRACE
satellite data, which tracks changes in the Earth’s gravita-
tional field to measure variations in groundwater and total
terrestrial water storage.’® Both perspectives indicate the
same trend: Over the past two decades, more water has
been leaving the system than entering it, suggesting that
natural inflows such as precipitation and surface recharge
are no longer fully compensating for extraction and loss.
(See the sidebar “Why Less Abstraction Does Not Mean
More Water Security.”) This long-term reduction in storage
represents a clear quantity-related water challenge—one
where increasingly less water remains within the system. In
simple terms, Germany is losing more water than its sys-
tems naturally restore. (See Figure 9.)

27 Destatis (2025): Statistischer Bericht - Umweltokonomische Gesamtrechnungen - Was-
sergesamtrechnung - Berichtszeitraum 2001 - 2022 - Statistisches Bundesamt
28 UBA (2023): WW-I-1: Terrestrisch gespeichertes Wasser | Umweltbundesamt

Figure 9: Germany’s biggest challenge is quantity:

water storage is steadily depleting
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Why Less Abstraction Does Not Mean
More Water Security

Over the past three decades, Germany’s use of freshwater
has changed fundamentally. Since 1991, total abstraction
from natural water sources has more than halved, falling
from ~46 billion m3 per year to ~18 billion m3in 2022. The
primary driver behind this decline was the sharp fall in
water withdrawals by the energy sector, which dropped
from ~29 billion m3in 1991 to ~7 billion m3in 2022. This
reflects the phase-out of conventional steam turbine power
plants—most notably nuclear and coal-fired— with paral-
lel shift toward renewables, which significantly reduces the
demand for (cooling) water. Industrial abstraction has also
decreased, though less dramatically, to ~5 billion m3, sup-
ported by the progressive closure of brown coal mines.
Public water abstraction dropped steadily until 2013 before
rebounding slightly to just over 5 billion m3in 2022, as
heatwaves and population growth raised demand. Agricul-
ture, however, exhibits the opposite trend. While water
extraction remains comparatively low, it has risen to ~0.5
billion m31in 2022—roughly double the level of 2020.

Looking ahead, Germany’s water abstraction is projected
to continue its overall decline, though the sectoral compo-
sition will shift markedly. Analyses project that total with-
drawals will fall from ~18 billion m3in 2022 to ~15 billion
m? by 2100, driven largely by further reductions in energy
and industrial sectors. As conventional power plants are
fully phased out and replaced by more sustainable technol-
ogies with lower cooling requirements, the energy sector’s
abstraction is expected to decline steeply to ~3.7 billion m3
annually by mid-century. Industrial water use will likely

While the water balance equation provides a much more
holistic picture than most conventional indices, it still
relies on annual and nationwide averages. These aggregat-
ed figures conceal significant regional and seasonal differ-
ences that exist across Germany. Some areas are naturally
better buffered, while others are increasingly exposed to
water stress due to local conditions such as geography,
geology, land use, and extraction intensity. The alpine area
in Bavaria, for instance, generally benefits from higher
precipitation and stronger natural recharge, whereas Bran-

continue its downward trajectory, though at a slower pace
than in previous decades, stabilizing near 5 billion m?3
annually by about 2050. This trend reflects the combined
impact of the coal phaseout, efficiency gains, and expand-
ed water recycling, partially offset by rising cooling demand
from sectors such as data centers. In contrast, agricultural
demand is projected to increase sharply, driven by the
expansion of irrigated land. Together with livestock-related
demand, agricultural abstraction could reach up to 1.4
billion m?® annually by around 2100. Meanwhile, public
water supply is forecasted to rise moderately, reflecting
warmer summers, population trends, and urban densifica-
tion—expected to increase slightly by mid-century, reach-
ing ~4.1 billion m? per year by around 2100.

Altogether, these developments point to a redistribution of
water consumption: less from industry and power genera-
tion, more from households and agriculture. However,
despite declining absolute abstraction and decades of
efficiency improvements, Germany’s overall water balance
is deteriorating and the water storage is decreasing.

This divergence indicates that Germany has largely ex-
hausted the potential of abstraction-side efficiency gains as
a sole lever for water security. Further reductions in with-
drawals alone will not stabilize the system if water increas-
ingly runs off via the landscape, failing to replenish soil
moisture, groundwater bodies, and aquifers. Climate
change and land-use dynamics are intensifying seasonal
and regional mismatches, with longer dry periods and
heavier severe rainfall events causing higher runoff, re-
duced infiltration and ultimately groundwater recharge.
Water that runs off too quickly or arrives at the wrong time
or place simply cannot contribute to replenishment of
declining storages. Ensuring long-term water resilience will
therefore require a shift beyond abstraction management
toward integrated, regionally differentiated approaches that
actively strengthen retention, recharge, so that water re-
mains available when and where it is needed. . 130 131,132,133

129 JBA (2025): Wasserressourcen und ihre Nutzung | Umweltbundesamt

130 DVGW (2024): szenarien-wassergewinnung-dvegw.pdf

BLDVGW (2022): auswirkung-klimawandel-wasserdargebot-zukunft-wasser-factsheet.pdf
132 Adhikari, Ibisch et al. (2025): Working landscapes under climate change

need to be green, moist and cool - a case study of Germany

132 UBA (2024): https://www.umweltbundesamt.de/publika-
tionen/auswirkung-des-klimawandels-auf-die

denburg faces particularly high stress levels due to low
rainfall, sandy soils, intensive agricultural land use patterns
with low vegetation levels and concentrated industrial and
agricultural demand.3413% 136,137,138 Hence, these metrics
need to be handled with caution, as they do not always
convey regional or seasonal nuances.

134 BMBF (2013): https://www.fona.de/medien/pdf/Wasserfluesse_in_Deutschland _02.pdf

135 Adhikari, Ibisch et al. (2025): Working landscapes under climate change

need to be green, moist and cool - a case study of German:

136 BZ (2023): Das sind Brandenburgs zehn grote Wasserverbraucher

137|GB (2021): The Berlin-Brandenburg region and the Tesla Gigafactory | IGB
13 LfU Land Brandenburg: Boden | Startseite | LfU
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5. The Cost of Inaction—Doing
nothing 1s the more expensive option

The Iceberg of Water Challenges. Germany’s water balance
makes one thing clear: The country’s water storage is steadi-
ly depleting, and, with it, the pressures on available resourc-
es are increasing. If this trend continues and no decisive
action is taken, costly consequences for the economy, soci-
ety, and the environment will ensue—both visible and
hidden. These costs can be imagined as an iceberg: Only a
small portion is immediately visible above the surface, while
a large share remains concealed below. (See Figure 10.)

At the tip of the iceberg are the acute, high-impact events
that dominate public attention—floods, extreme droughts,
or pollution crises—each causing measurable and recurring
damage. Yet beneath the surface, chronic forms of water
stress quietly accumulate: declining groundwater reserves,
shifting climatic patterns, and growing competition for use.
This ecological decline is also mirrored by the critical state

of Germany’s ecosystems, with over 80% of habitat types in
unfavorable condition and severe biodiversity losses across
key species groups.®

In Germany, many of these chronic forms of water stress are
beneath the surface, still appearing muted. The impacts of
rising temperatures, changing rainfall and degraded small
water cycles are not yet as starkly visible as elsewhere, and
water scarcity tends to surface regionally; for example, in dry
summers when competition over water demand occurs or
when river levels drop and trade is inhibited. In Germany,
these moments feel temporary and peripheral. Yet this
perception contrasts sharply with reality in many other parts
of Europe and the world, where chronic forms of water stress
and shortages have started reaching the surface, becoming
a permanent and existential challenge.

9BFN (2025): https://www.bfn.de/ffh-bericht-2025#anchor-14967
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Figure 10: While acute water problems draw public attention, less visible
underlying issues tend to be overlooked
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Together, these visible and hidden pressures represent the
true cost of inaction—a burden that grows heavier the
longer action is postponed.

A study published in 2022 attempts to capture the totality of
costs—the whole iceberg—accumulating due to climate
change. It takes extreme weather events like heat/droughts
and floods as a proxy to account for direct material damage
(e.g., building destruction, yield loss) and indirect economic
effects (e.g., supply chain disruptions, production downtime);
and induced impacts (e.g., changes in consumption or
employment patterns). In conclusion, the study estimates
the macroeconomic consequences of climate change—relat-
ed extreme weather events and comes up with a cumulative
GDP loss of €280 billion-910 billion between 2022 and
2050. The total cost depends on which of the three different
climate change scenarios—weak, medium, or high—un-
folds.*° Expressed in annual terms, this corresponds to an
average cost of inaction of €10 billion—30 billion per year.
Since the calculation accounts only for costs induced by
climate change and not for those linked to water quality
degradation or pollution—and given that the lowest-impact
scenario is now regarded as unrealistic—the actual costs of
inaction are likely somewhat higher, making the upper
estimates of up to €910 billion in cumulative losses and up
to €30 billion annually more realistic.

140 GWS (2022): GWS Research Report 2022402 Volkswirtschaft-
liche Folgekosten durch Klimawandel

BOSTON CONSULTING GROUP + NABU

Tip of the iceberg |

Visible, acute issues

Extreme events such as floods, droughts or
pollution crises (e.g., nitrate, PFAS) dominate
headlines as they inflict major human and
economic damage, making their impacts
highly visible and noticeable

Below the surface |

Latent, chronic issues

Chronic issues (e.g., terrestrial water storage
depletion, shifting climate patterns, land-use
changes, and rising agricultural water
demand) quietly drive water stress,
accumulating long-term societal and
economic costs

5.1 The Tip of the Iceberg

Visible Costs of Inaction. The visible effects of inaction
provide a glimpse of what Germany may face if current
trends persist. Historically, Munich Re’s latest analysis
shows that Germany ranks third worldwide—after the
United States and China—among the countries most
severely affected by weather-related losses (not wa-
ter-specific), with total damages exceeding $210 billion
between 1980 and 2024.*%! Based on a meta-analysis of
historic events and forward projections, floods, extreme
droughts, and water pollution together could cause
around €13 billion annual damage in the coming
years.**2 This estimate already partially reflects the
expected rise in frequency and intensity of extreme
water-related events driven by climate change and land
use. However, it should be regarded as a lower-bound
figure, as many climate- and land-use-related impacts
(e.g., the true frequency or severity of extreme events)
remain difficult to predict. Moreover, numerous effects—
particularly those that are indirect in nature, that unfold
over the long term, or that affect human health and
livelihoods—remain hard to quantify accurately,*® espe-
cially if they are non-monetary in nature.

4 Munich RE (2025): Unwetter nagen am Wohlstand — Wetterkatastro-
phen belasten viele Industrielander zunehmend | Munich Re

“2NABU & BCG meta-analysis

143 Prognos (2022): Schaden der Durre- und Hitzeextreme 2018 und 2019
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Despite its natural limitations, our study proceeds with the
results of our meta-analysis—namely, annual water-related
damage costs of approximately €13 billion—while recog-
nizing that this figure likely underestimates the full eco-
nomic, environmental, and social burden. The actual cost
trajectory will depend on the pace and effectiveness of
adaptation measures as well as the extent of future cli-
mate change impacts and land coverage choices.

Floods

o Existing literature on floods offers a wide range of esti-
mates for both total damage costs and future increases
in flood frequency. One study projects that flood events
comparable to those of July 2021 could become 1.2 to 9
times more frequent, with such floods currently expect-
ed to occur roughly once every 400 years under today’s
climate conditions.**4%4 |n terms of damage, one analy-
sis estimates annual gross value losses due to floods of
approximately €730 million in 2025 and €2.3 billion in
2029.%46 Average annual insurance claims expenditures
between 2002 and 2024 amounted to around €2 bil-
lion.*#" 148 Assuming a five-year moving average CAGR
of roughly 3%, this figure could increase to about €4.3
billion annually in the coming years. If total flood dam-
age is approximately three times higher than insured
losses,* total damage costs could rise to between €6
billion and €13 billion per year. Another study calculated
total flood damage between 2000 and 2021 resulting in
average annual losses of around €3.7 billion.**°

o Considering that data derived from long-term historical
time series—such as insurance claims and comprehen-
sive extreme-weather event analyses including direct
and indirect costs—tends to be more reliable, we use
these sources to estimate an average expected annual
flood damage of roughly €6 billion across Germany,
primarily affecting infrastructure, housing, and transport
corridors and trade.

14 GWS (2022): Schaden der Sturzfluten und Uberschwemmungen im Juli 2021 in Deutschland
15 Kreienkamp et al. (2023): Attribution of the heavy rainfall events leading to se-

vere flooding in Western Europe during July 2021 | Climatic Change

16 Usman et al. (2025): Dry-roasted NUTS: early estimates of the regional impact of

2025 extreme weather by Sehrish Usman, Miles Parker, Mathilde Vallat :: SSRN

147GDV (2025): Langzeitbilanz: Schaden durch Naturgefahren in Deutschland using the
following conversion data: Conversion of annual insurance claims expenditures into ‘24
price levels using factor 1 (VPI 2024/2023) Verbraucherpreisindex: Deutschland, Jahre

18 GDV (2024): naturgefahrenreport-2024-datenservice-download-data.pdf
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pdf, Ubersicht vergangener Extremwetterschaden in Deutschland, Langzeitbilanz: Schaden
durch Naturgefahren in Deutschland, using the following conversion data: Conversion of
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and 1 (VPI 2024/2023) for insurance data Verbraucherpreisindex: Deutschland, Jahre
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Droughts

e Research on the damage caused by droughts similarly
reveals a wide range of estimates for both frequency
and economic impact. (See the sidebar “Why Recorded
Drought Damages Underestimate the True Magnitude
of Burden.”) One study projects that two-year droughts
will become up to seven times more frequent under the
RCP 8.5 climate scenario (between 1850 and 2005, such
droughts occurred roughly twice).** Another study esti-
mates that droughts comparable to that of the summer
of 2022 will occur five times more often under present
climate than in preindustrial times, when events of this
magnitude took place approximately once every 100
years.»? Droughts of lesser intensity are expected to
increase in frequency two- to fourfold, depending on tem-
perature increases® and the degree of vegetation cover.***

o Damage estimates also vary: One analysis projects €80
million in annual losses by 2025 and €200 million by
2029,%“¢ while another study assessing total damage
from heat and droughts between 2000 and 2021 finds
average annual losses of around €2 billion.*** Combin-
ing event frequency and cost estimates yields similar
results. Assuming that a two-year drought, such as the
2018/19 event, causes around €40.5 billion in losses®*®
and may occur roughly four times more often: If a seven-
fold increase in frequency (about every 78 years) applies
to the period of 2051-2100, and we assume a linear
trend, the increase should be around fourfold (about
every 19 years) 2006-2050. This implies average annual
damages of approximately €2 billion. Other assessments
using smaller-scale drought events estimate €1 billion—2
billion in annual losses, based on an average per-event
cost of about €5 billion across all droughts from 2000 to
2021 and different temperature scenarios. 153

» Given that both the 2018/19 drought and the drought
occurrences over 2000-2021 have been extensively ana-
lyzed, these figures provide a robust empirical basis for
estimating long-term impacts. They indicate an average
annual drought-related loss of around €2 billion, primari-
ly from agricultural, industrial, and (trade) infrastructural
damages. However, health-related costs are typically
excluded from these estimates: Studies report €200
million—500 million annually*>®** for hospitalization and
treatment alone—excluding mortality, long-term health
effects, and reduced quality of life—suggesting that an
expected total average annual drought damage of at
least €3 billion is a conservative and reasonable esti-
mate for Germany.

1 Hari et al. (2020): Increased future occurrences of the exceptional 2018-2019
Central European drought under global warming | Scientific Reports
152Schumacher et al. (2024): ESD - Detecting the human fingerprint in

the summer 2022 western—central European soil drought
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Why Recorded Drought Damages Underesti-
mate the True Magnitude of Burden

According to EEA statistics, Germany recorded the highest
total economic losses from natural disasters in Europe
between 1980 and 2023—about €180 billion in total. More
than 85% of these losses occurred after 2001, and when
scaled per square kilometer, Western and Central Europe-
an countries exhibit the highest loss densities. Across the
EU-27, hydrological events such as floods dominate total
and uninsured losses in absolute terms, whereas meteoro-
logical and climatological events like heatwaves or
droughts typically account for smaller reported shares.

This raises the question: Are droughts truly “cheaper” than
floods? The answer is no. Several factors contribute to the
systemic underestimation of drought losses, reflecting
aspects like reporting and valuation methods as much as
real differences in impact.

e Timing: Floods cause sudden, concentrated destruc-
tion: Houses, roads, and factories are visibly damaged,
and losses are immediate. Droughts, by contrast,
unfold gradually over months or years, making their
effects diffuse and far harder to capture statistically.
These aspects of chronic water stress linked to dry
conditions also interlink with other acute damages:
Droughts cause long-term ecosystem degradation—
such as the hardening of soils and drying of peat-
lands—which in turn reduces the land’s ability to
absorb water, directly intensifying the severity of floods
from heavy rain events like thunderstorms which
oftentimes follow after dry periods.

e Nature of damage: Besides direct costs like harvest
failures, a large portion of drought damage involves
indirect and structural costs. This includes production
losses due to supply-chain disruptions, lower ground-
water recharge, and an increased risk of vegetation
fires threatening settlements and infrastructure. Fur-
thermore, the persistent financial pressure and ex-
treme singular events accelerate the decline of farms
(Hofesterben), leading to a permanent erosion of
income, hence decreasing satisfaction and resilience
of the rural community.

BOSTON CONSULTING GROUP + NABU

¢ Insurance protection: Insurance coverage against
drought impacts remains limited—particularly in
agriculture—meaning that a large share of the dam-
age never appears in official records and is likely un-
derestimated in its true magnitude. The situation
worsens due to increasing insurance tariffs and de-fac-
to uninsurability of particular landscapes or damage
events, as recently observed in California, where esca-
lating wildfire risks have already led to massive with-
drawal of insurers from the market.

o Fatalities: Most recorded natural disasters in Germa-
ny are linked to floods or storms, which leave immedi-
ate and clearly identifiable victims. Fatalities from
these hazards are systematically collected across
Europe. In contrast, while droughts themselves are
rarely directly fatal in Central Europe, the lethal impact
of associated heatwaves often results in much higher
mortality rates, although these deaths are more diffi-
cult to identify and are usually based on statistical
estimations.

The result is a statistical illusion: Floods appear costlier
because their damage is immediate and visible, while
droughts—though acting as a silent catalyst for economic
decline and ecological vulnerability—Ileave deeper, struc-
tural scars that remain largely invisible and thus difficult to
capture in their entirety, 157 158,159,160
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Water Pollution

o Costs associated with water pollution span multiple
dimensions—from impacts on water ecosystems to in-
frastructure expenditures and regulatory penalties—and
vary widely across these categories. In terms of ecosys-
tem-related costs, one study estimates that the removal
of nitrate from drinking water amounts to €580 mil-
lion=767 million per year, depending on desired nitrate
levels.®! For PFAS contamination, the removal of existing
substances from the environment is projected to cost
roughly €800 million annually, while continued emis-
sions of new PFAS could increase total annual removal
costs to over €17 billion.*? Annual costs for water resto-
ration in Germany could amount to around €900 million,
assuming annual costs of approximately €5 million for
an area of about 2,000 km2.1%3 |n terms of infrastruc-
ture, introducing a fourth filtration stage in wastewater
treatment plants is expected to require significant
investments (total of €8.7 billion until 2045). It will
also entail annual operating and maintenance costs of
around €750 million. This assumes a maintained OPEX
level of around €550 million like in 2046 and additional
yearly reinvestment costs of about €200 million (average
CAPEX 2026-2045).*%* The implementation of the EU
Water Framework Directive (WRRL) is estimated to cost
€61.5 billion between 2010 and 2027.1%° Assuming annu-
al operating and maintenance costs of approximately 4%
of total investment costs™® leads to an estimated €2.5
billion annually attributable to WRRL-related operations
and maintenance. Annual investments in Germany’s
water infrastructure—including drinking water supply
systems, wastewater and stormwater infrastructure, and
treatment facilities—amount to an average of €14.7
billion.*” From a regulatory perspective, potential EU
penalty payments for exceeding nitrate thresholds could
reach around €370 million per year,*® with the possibility
of higher costs if other pollutants are included.
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o Penalty data remains limited and primarily nitrate-spe-
cific, making it less reliable for projecting broader future
liabilities. While ecosystem restoration and infrastruc-
ture investments provide relatively robust indicators of
water pollution costs, PFAS-related estimates encom-
pass environmental elements beyond water systems,
meaning that only a share of those costs is water-specif-
ic. Taking the average across ecosystem and infrastruc-
ture estimates, expected annual costs associated with
water pollution in Germany amount to approximately
€4 billion.

Together, these projections illustrate the visible price of
inaction—the apparent part of the iceberg that inflicts
major and noticeable human and economic damage. Yet,
another additional part of the burden lies below the sur-
face, where chronic and cumulative forms of water stress
quietly build over time.

5.2 Below the Surface

Chronic Water Stress. \While the visible costs of floods,
droughts, and pollution already signal the price of inaction,
the more persistent burden lies beneath the surface. Chron-
ic water stress develops gradually, often unnoticed, yet it
shapes the long-term resilience of regions, economies, and
ecosystems. (See the sidebar “Below the Surface” Uncov-
ered: A New Normal for Tourism and Cities.) It is here that
the additional costs of inaction accumulate, in the slow
depletion of groundwater, growing local imbalances between
supply and demand, and rising competition for scarce re-
sources.
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“Below the Surface” Uncovered: A New
Normal for Tourism and Cities

Chronic water stress and water scarcity is no longer a
distant or abstract issue—it’s increasingly visible in the
lives of tourists and locals alike. Around the world, the
impacts of chronic water stress are reshaping industries
and lifestyles that once took abundant water for granted.

Cape Town’s “Day Zero” wake-up call

In 2018, after three consecutive years with historically low
rainfall, Cape Town, South Africa, came dangerously close
to becoming the first major city to run out of water. The
threat of “Day Zero” triggered strict restrictions: residents
limited showers, and hotels closed pools. Tourism suffered
a sharp blow—new arrivals dropped by about 20%, causing
losses in visitor revenue and threatening thousands of
hospitality jobs.

Europe’s car bans and dry fountains

In France, an unusually dry winter in 2023 led authorities
to impose nationwide bans on car washing, on top of re-
strictions on garden watering and filling of swimming pools
to preserve water for the summer that were already in
place in some regions. A year earlier, Barcelona imple-
mented similar measures: prohibiting car washing and
cancelling its famous Magic Fountain spectacle, a major
tourist attraction, due to severe drought conditions.

Drought on the rivers and slopes

In Germany and Switzerland, low water levels on the Rhine
River disrupted one of Europe’s key tourism and transport
arteries. During the worst periods, river cruise passengers
were forced to complete sections of their journeys by bus,

because vessels could no longer navigate shallow stretches.

Meanwhile, Europe’s ski resorts are feeling the impact of
milder, drier winters. In France’s Jura region, tourist num-

bers in February 2023 were 69% below the five-year aver-
age, as low levels of winter precipitation made skiing nearly
impossible.

Mediterranean islands under pressure

Chronic water shortages have also hit the Greek islands,
where demand peaks precisely when rainfall is lowest. On
Mykonos, an island that has been suffering from significant
water scarcity problems in recent years, low water levels
forced authorities to start investing in and relying on de-
salination systems to sustain supply during high seasons.
Meanwhile in Naxos, authorities restricted the filling of
private swimming pools and limited nonessential use.

Energy under pressure: France’s nuclear plants forced offline

Water scarcity doesn’t just impact leisure, it also hits the
energy sector. In recent years, France’s nuclear power
plants, which rely heavily on river water for cooling, have
faced repeated output reductions during heat waves as
water levels in adjacent rivers dropped and water tempera-
tures rose to threatening heights. For example, in the
summer of 2022, several reactors had to cut production or
temporarily shut down, reducing available supply and
driving up electricity prices across Europe.

These stories reveal a broader pattern: Water stress is
changing the rhythm of daily life. From closed fountains to
dry ski slopes, cancelled cruises, and empty hotel pools,
the effects are becoming tangible, visible, and economical-
ly costly. For many regions, adapting to chronic water scar-
city is no longer optional—it is a matter of survival for both

communities and the industries that depend on them.6?
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Brandenburg, a Hotspot of Regional Water Stress. Branden-
burg serves as a particularly telling example of how these
underlying pressures unfold over time, due to four inter-
linked factors. (See Figure 11.) First, its hydrological and
geological conditions make it one of Germany’s driest feder-
al states?™ and inherently prone to drought.®® That stems
from its sandy soils*®* with low water-retention capacity,*®
thin humus layers, groundwater pollution,*®? and limited
groundwater recharge.*®® Even moderate shifts in rainfall or
temperature can therefore trigger pronounced hydrological
deficits. Second, Brandenburg and the Berlin metropolitan
area are hydrologically and geographically interconnected,
sharing groundwater systems and river basins. For example,
Berlin sources its drinking water supply from groundwater
but also heavily relies on bank filtrate, which is highly depen-
dent on rivers like the Havel and Spree.*®* As water demand
grows across the Berlin-Brandenburg area, Berlin is ever
more affected by and dependent on water resources and
management decisions in Brandenburg, creating a tightly
linked regional water system where pressures in one area
directly influence the other. Third, the region’s water balance
has been fundamentally altered by the hydrological effects
of mining. Historically, massive groundwater extraction
lowered groundwater levels while simultaneously increasing
the flow of the Spree River. With the phase-out of lignite
(brown coal), this extraction is ending. The loss of these
inflows to the Spree, along with the extensive flooding of
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former mines and other large-scale hydrological interven-
tions in the Lausitz region, has already reshaped—and will
continue to reshape—groundwater flows, with substantial
impacts on water levels across the Spree catchment. 8518
These transformations continue to require complex water
management, with competing interests and demands from
ecology, industry, and especially agriculture, which makes up
around 45% of Brandenburg’s total area.’®” Another 36% of
the area is coverd by forests of which more than 50% are
pines, mostly monocultures and only roughly 13% are meet-
ing near-natural forest management criteria.*®& Finally,
Brandenburg has drawn significant public and media atten-
tion due to the water consumption of major industrial devel-
opments—an automotive gigafactory, power generation
plants and ChemParks e.g., Schwarze Pumpe!**—topped off
with plans of tech companies like Google that planned on
setting up data centers in Brandenburg.**% 2 Over the past
years, groundwater, lake, and river levels have steadily fall-
en'9:194195 while agriculture, industry, and municipalities
increasingly compete for the same limited water resources.
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Figure 11: Why Brandenburg is a prime example of regional water stress

Hydro- & Geological conditions
Sandy soils, low-water retention capacity, thin humus layers,

groundwater pollution, and limited groundwater recharge make

Brandenburg one of the dries areas in Germany

Berlin — Brandenburg interconnection

Berlin’s growing water demand and reliance on Brandenburg’s shared
groundwater and river systems intensifies pressure on Brandenburg's

water resources

Post-mining water use

Lausitz mining phase-out is reducing groundwater inflows to Spree,

while filling of post-mining lakes increases water demand, reshaping

water balance and intensifying competition across sectors

Media attention on industrial users

Rising water demand from major industrial sites, e.g., an automotive giga-
factory, power generation plants, and other large facilities, has heightened
public concerns about competition over limited regional water resources

Source: BCG & NABU analysis
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https://mleuv.brandenburg.de/mleuv/en/environment/water/#:~:text=With%20about%2034%2C600%20kilometres%20of,and%20the%20low%20gradient%20relief.
https://lfu.brandenburg.de/lfu/de/aufgaben/boden/#:~:text=Die%20brandenburgischen%20B%C3%B6den%20sind%20vielf%C3%A4ltiger,der%20Boden%20reich%20an%20Sand.
https://lfu.brandenburg.de/lfu/de/aufgaben/wasser/grundwasser/grundwasserbeschaffenheit/grundwassergefaehrdung-und-schutz/#:~:text=Gefahren%20f%C3%BCr%20das%20Grundwasser,des%20oberfl%C3%A4chennahen%20Grundwassers%20f%C3%BChren%20k%C3%B6nnen.&text=Landesamt%20f%C3%BCr%20Umwelt-,Die%20Sicherung%20und%20der%20Erhalt%20beziehungsweise%20die%20Wiederherstellung%20der%20vom,k%C3%BCnftige%20Generationen%20von%20enormer%20Bedeutung.
https://www.igb-berlin.de/en/news/water-soil-not-groundwater?utm_source=chatgpt.com
https://www.berliner-zeitung.de/mensch-metropole/in-brandenburg-wird-das-wasser-knapper-li.195419
https://www.umweltbundesamt.de/sites/default/files/medien/11850/publikationen/90_2023_texte_wasserwirtschaftliche_folgen.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/11850/publikationen/90_2023_texte_wasserwirtschaftliche_folgen.pdf
https://www.leag.de/de/news/details/spree-fliesst-mit-bis-zu-60-prozent-grubenwasser/
https://www.statistik-berlin-brandenburg.de/120-2022
https://www.statistik-berlin-brandenburg.de/120-2022
https://mleuv.brandenburg.de/sixcms/media.php/9/Waldzustandsbericht-BB-2024.pdf
https://mleuv.brandenburg.de/sixcms/media.php/9/Waldzustandsbericht-BB-2024.pdf
https://www.pefc.de/media/filer_public/65/ea/65ea3279-1636-43ab-ad34-95475dbb503a/reg_wber_brandenburg_20251010.pdf
https://www.pefc.de/media/filer_public/65/ea/65ea3279-1636-43ab-ad34-95475dbb503a/reg_wber_brandenburg_20251010.pdf
https://www.bz-berlin.de/brandenburg/das-sind-brandenburgs-10-groesste-wasserverbraucher
https://www.rbb24.de/wirtschaft/beitrag/2025/07/google-rechenzentrum-berlin-brandenburg-mittenwalde.html
https://www.deutschlandfunkkultur.de/tesla-gigafactory-gruenheide-wasser-100.html
https://www.umweltbundesamt.de/monitoring-zur-das/handlungsfelder/wasserhaushalt/ww-i-7/indikator
https://www.umweltbundesamt.de/monitoring-zur-das/handlungsfelder/wasserhaushalt/ww-i-6/indikator
https://www.umweltbundesamt.de/monitoring-zur-das/handlungsfelder/wasserhaushalt/ww-i-2/indikator#ww-i-2a-grundwasserstand-und-quellschuttung-region-nord

Together, these factors make Brandenburg both a hotspot and
a microcosm of Germany’s broader water challenges and
stress: a region where climatic vulnerability, industrial expan-
sion, and ecological transformation converge—and where the
hidden costs of inaction become most visible over time.

Measuring Water Stress. To quantify regional water scar-
city, our study applies the Water Stress Index (WSI), fol-
lowing the World Resources Institute’s (WRI) Aqueduct
4.0 Baseline water stress method.*® Water stress is de-
fined as the ratio of total water demand to available water
supply, with higher ratios indicating stronger competition
among users. A value above 40% signals high stress,
meaning that more than two-fifths of available water
resources are already withdrawn each year. Germany’s
national average WSI of roughly 2.0 places it in the medi-
um-to-high stress range, though strong regional dispari-
ties exist. In comparison, countries like Spain and Italy
display far higher WSIs of 2.9 and 3.3 respectively, while
Norway ranks low on the water stress index scale with a
value of 0.2. Assessing water stress, both today and in the
future, in this way allows us to visualize competition for
water, estimate its evolution under climate change, and
evaluate the effectiveness of targeted mitigation and
adaptation measures across regions.

Assessing Water Stress in Brandenburg. Building on this
definition, water stress in Brandenburg is assessed by
modelling the balance between water demand and avail-
able supply across the region’s main user groups: indus-
try, domestic and municipal use, and agriculture.

For industry, the analysis captures water used in manu-
facturing, energy production, and industrial processes,
with surface water from rivers, lakes, and reservoirs serv-
ing as the primary source. For domestic and municipal
use, demand reflects household consumption (e.g., drink-
ing, cleaning) and service-sector needs (e.g., schools,
hospitals, and public facilities) for a population of approx-
imately 2.5 million residents—excluding roughly 3.7
million of Berlin’s inhabitants.*” Water in this category is
abstracted from both groundwater and surface water. For
agriculture, the model considers water used to produce
key regional crops such as wheat, barley, and sugar beet.
Supply for this demand comes mostly from rain, as less
than 3% of the cropland in Brandenburg is irrigated.**

To estimate expected water stress, we combine multiple
datasets to model how both demand and supply evolve
under changing climatic conditions. These datasets include
climate projections (NASA NEX-GDDP-CMIP6 and
HDX),1%:2° regional agricultural statistics (MAPSPAM),%*
and hydrological data on surface and groundwater avail-

19 WRI Aqueduct 4.0 (2023): Aqueduct 4.0: Updated Decision-Rele-

vant Global Water Risk Indicators | World Resources Institute

197 Statistik Berlin Brandenburg (2024): Bevolkerungsstand in Ber-

lin und Brandenburg — Jahresergebnisse

9% Mirschel et al. (2016): (PDF) Simulated additional crop yields due to irriga-
tion of agricultural fields throughout Brandenburg, Germany, for 1975-2075.
19 NASA: Downscaled Climate Projections (NEX-GDDP-CMIP6) - NASA

20 HDX: Germany: Administrative Division with Aggregat-

ed Population | Humanitarian Dataset | HDX

21 MAPSPAM: Home of the Spatial Production Allocation Model (MAP-
SPAM) | IFPRI INFO: Conversation — collaboration — community site
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ability (ISIMIP),%°2 as well as water resource management
(FAO AQUASTAT).? Water demand in the agricultural
sphere is modelled by considering, among other things,
regional crop mix, the crop calendar, and crop water needs,
while domestic, municipal, and industrial usage is project-
ed by adjusting for economic growth, temperature rise, and
technological efficiency gains. The water supply accounts
for rainfall water, groundwater storage, and surface water.
The resulting WSI captures the ratio of total water demand
to available supply for each sector, allowing us to visualize
local competition for water and identify potential deficits. It
also enables the estimation of the cost of inaction by
linking unmet water demand to potential productivity
losses?*—highlighting how water scarcity translates direct-
ly into economic and environmental risks for Brandenburg.

This sector-based assessment allows us to quantify local
competition for water, showing how both supply and
demand dynamics contribute to regional stress, with
climate change and related effects of land management
expected to affect both demand and supply, intensifying
these pressures on both sides of the equation.

Industrial Water Stress?**

 Industrial activity in Brandenburg—including manu-
facturing, energy production, and large-scale industrial
processes such as those around the Tesla Gigafacto-
ry—depends heavily on surface water from rivers, lakes,
and reservoirs. Today, areas like Potsdam and Oberhav-
el have water stress levels of 2.4 and 0.9 respectively.
Regional water availability will fall sharply with industrial
unmet water needs increasing from 10% in 2025 to 23%
in 2050 and with the closure of the Lausitz lignite (brown
coal) mines drastically reducing inflows from mine
drainage that currently account for more than half of the
Spree River’s discharge during dry periods. As this artifi-
cial groundwater pumping ceases, the Spree’s baseflow
will decline and seasonal shortages will intensify.2%

This, in combination with other effects of technological
and industry advancements, will lead industrial water
stress to almost triple by 2050 compared to today.?” In
Potsdam, water stress is expected to rise to 4.4 in 2050,
an 80% increase, while Oberhavel will reach a water
stress level of 1.6 in 2050, a plus of 75%.

This escalation translates into an economic cost of
inaction of 1-2% of Brandenburg’s GDP, or roughly €1.8
billion-3.6 billion annually?®® 2 by mid-century. In in-

22|SIMIP: ISIMIP - The Inter-Sectoral Impact Model Intercomparison Project

23 FAO Aquastat: AQUASTAT - FAQ’s Global Information System on Water and Agriculture
204 Sector-specific cost of inactions were estimated using effective service and industrial
Water Use Efficiencies. Values were adjusted to account for the share of water contrib-
uting to the GDP, and marginal corrections for every unit of water not being as valuable
as the average — using the FAO AQUASTAT Domestic Water Use Intensity index

25NABU & BCG analysis based on Amt fur Statistik Berlin-Brandenburg; https://data.
ece.iiasa.ac.at/ssp/; Japan’s CGER (Center for Global Environmental Research); Muraka-
mi, Daisuke, and Yoshiki Yamagata. “Estimation of gridded population and GDP scenar-
ios with spatially explicit statistical downscaling.” Sustainability 11.7 (2019): 2106

25 JBA (2023): Wasserwirtschaftliche Folgen des Braun-

kohleausstiegs in der Lausitz - Abschlussbericht

27 Difference between averaged water stress over 2040-2050 period, and the value for 2025
28 Using conversion factor of 1 Dollar = 0.89 Euro (Aver-

age 31/12/2024-17/10/2025): US dollar (USD;

29Based on 2050 GDP projections excluding inflation (real

GDP, expressed in constant 2005 PPP USD)

29


https://www.wri.org/research/aqueduct-40-updated-decision-relevant-global-water-risk-indicators?auHash=74cRjEQPsH0NDpgT1NqIfNpqV-QpYNR4oiPo1HRhpGs
https://www.wri.org/research/aqueduct-40-updated-decision-relevant-global-water-risk-indicators?auHash=74cRjEQPsH0NDpgT1NqIfNpqV-QpYNR4oiPo1HRhpGs
https://www.statistik-berlin-brandenburg.de/a-i-3-j
https://www.statistik-berlin-brandenburg.de/a-i-3-j
https://www.researchgate.net/publication/308746843_Simulated_additional_crop_yields_due_to_irrigation_of_agricultural_fields_throughout_Brandenburg_Germany_for_1975-2075
https://www.researchgate.net/publication/308746843_Simulated_additional_crop_yields_due_to_irrigation_of_agricultural_fields_throughout_Brandenburg_Germany_for_1975-2075
https://www.nasa.gov/nasa-earth-exchange-nex/gddp/downscaled-climate-projections-nex-gddp-cmip6/
https://data.humdata.org/dataset/kontur-boundaries-germany
https://data.humdata.org/dataset/kontur-boundaries-germany
https://www.mapspam.info/
https://www.mapspam.info/
https://www.isimip.org/
https://www.fao.org/aquastat/en/
https://data.ece.iiasa.ac.at/ssp/
https://data.ece.iiasa.ac.at/ssp/
https://www.umweltbundesamt.de/sites/default/files/medien/11850/publikationen/90_2023_texte_wasserwirtschaftliche_folgen.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/11850/publikationen/90_2023_texte_wasserwirtschaftliche_folgen.pdf
https://www.ecb.europa.eu/stats/policy_and_exchange_rates/euro_reference_exchange_rates/html/eurofxref-graph-usd.en.html

dustrial centers such as Potsdam and Oberhavel, stress
levels are expected to nearly double by 2050. Beyond
direct financial losses, these shortages could disrupt pro-
duction cycles, limit future investments, and constrain
regional competitiveness.

Domestic and Municipal Water Stress?*°

¢ Domestic and municipal water demand in Branden-
burg is projected to rise steadily, driven by population
growth in suburban areas and higher consumption
per capita during warmer summers.?* At the same
time, groundwater availability is expected to decline by
around 12% by 2050, with the northern area of Bran-
denburg most exposed, while the average domestic
water stress index in areas such as Potsdam could
increase by 50%, from 3.0 today to 4.6 in 2050.2*?

o Without intervention, these trends could lead to sig-
nificant economic and social costs. The annual cost of
inaction from unmet domestic and municipal water
demand could reach 3-5% of Brandenburg’'s GDP,
equivalent to €5.3 billion-9 billion per year?>2 by
2050. Reduced groundwater supply, more frequent
abstraction restrictions, and higher treatment costs will
affect not only households but also essential services
such as hospitals, schools, and local utilities.

Agricultural Water Stress

o Agricultural area, capturing around 45% of Branden-
burg’s total land area,?*> contributes greatly to the
livelihood of the rural economy but is also a highly
water-dependent sector. The region’s production of
grains and vegetables relies almost entirely on rainfall,
with less than 3% of cropland irrigated.?¢ Agricultural
water stress in Brandenburg is already high, with areas
such as Prignitz or Elbe-Elster exhibiting water stress
indices of 2.0 and 2.1 respectively. Under a “do noth-
ing” scenario (climate scenario SSP5-8.5), agricultural
water stress is projected to remain high and intensify
by 2050,%72% leading to an increase in water stress by
0.11in Prignitz and 0.19 in Elbe Elster®? with up to 50%
of crop water needs going unmet. Across Brandenburg,
the crops where production is the most threatened are
wheat, maize, and other vegetables. The resulting annu-
al production losses are estimated at €270 million—380
million by 2050,%** threatening regional food supply and
farmer livelihoods.

20NABU & BCG analysis based on Amt flr Statistik Berlin-Brandenburg; https://data.
ece.iiasa.ac.at/ssp/; Japan’s CGER (Center for Global Environmental Research); Muraka-
mi, Daisuke, and Yoshiki Yamagata. “Estimation of gridded population and GDP scenar-
jos with spatially explicit statistical downscaling.” Sustainability 11.7 (2019): 2106

211 Additionally, we also account for water demand from Berlin by assuming ex-

ternal supply for Berlin is coming exclusively from Brandenburg.

22 Difference between averaged water stress over 2040-2050 period, and the value for 2025
23 Using conversion factor of 1 Dollar = 0.89 Euro (Aver-

age 31/12/2024-17/10/2025): US dollar (USD)

214 Based on 2050 GDP projections excluding inflation (real

GDP, expressed in constant 2005 PPP USD)

215 Statistik Berlin Brandenburg (2022): Mehr als 1,3 Millionen Hek-

tar landwirtschaftlich genutzte Flache in Brandenburg

26 Mirschel et al. (2016): (PDF) Simulated additional crop yields due to irriga-

tion of agricultural fields throughout Brandenburg, Germany, for 1975-2075.

217 Cropland area and crop mix are considered constant over

time to isolate the effect of climate change.

“8Based on average of historic crop prices over historic dataset
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e The stress on crops is projected to become increasingly
volatile and crop-specific under future climate con-
ditions. For winter wheat, which accounts for roughly
one quarter of Brandenburg’s agricultural output,?®
water-stress events are expected to become shorter but
more intense (~25% contraction in stress duration), with
the peak intensity rising by about 30% and occurring
around six weeks later in the growth cycle, during the
reproductive phase when grains are most sensitive.
This shift leaves farmers with less time to respond and
increases the likelihood of yield losses if adaptation
measures are not timely. Corn, representing about 4% of
Brandenburg’s production,*? is expected to experience
longer stress periods, extending by up to two months,
combined with an approximate 10% increase in stress
intensity. These changing stress profiles for both crops
illustrate how climatic shifts can simultaneously short-
en response windows and extend exposure to water
deficits, thereby amplifying yield volatility, production
risk, and economic instability across Brandenburg’s
agricultural sector.

The results for Brandenburg make one point clear: The
economic cost of inaction for chronic water stress is
substantial across all sectors. The effects for agriculture,
domestic and municipal use, and industry were modelled
separately to isolate sector-specific dynamics and sensi-
tivities. Hence, these sector (GDP) results cannot simply
be aggregated. Doing so would overlook interdependen-
cies and crossover effects between sectors; for instance,
when scarce industrial water supplies also disrupt agricul-
tural supply chains or municipal demand. The figures
should therefore be viewed as indicative within-sector
effects rather than cumulative totals.

The Chronic Cost of Water Stress in Germany. Extrapolat-
ing results from a regional subset to the national level
should always be treated with caution and should be
determined via detailed, country-wide modelling. Given
this was outside the scope of this study, but to neverthe-
less provide an indicative assessment of the be-
low-the-surface impact in the context of this study, a set
of assumptions was applied. First, to avoid overestimation
through intersectoral spillovers, a correction factor was
applied to aggregated sectoral losses derived from the
Brandenburg analysis. Second, given water stress in Bran-
denburg is roughly four times higher than the national
average,? the extrapolation to Germany was adjusted
accordingly to reflect less severe but still significant im-
pacts elsewhere. Third, the extrapolation combined
per-capita and areal factors, accounting for both popula-
tion density and land area differences between Branden-
burg and the rest of the country. Finally, as chronic water
stress and extreme drought events are difficult to sepa-
rate empirically, some overlap with the tip-of-the-iceberg
cost estimates may remain.

29 NABU & BCG analysis estimating each crop’s share of total produc-
tion using the 2020 Spatial Production Allocation Model (SPAM), cali-
brated to 2024 production volumes based on Destatis data

20 Aqueduct: Aqueduct Country Ranking
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https://www.ecb.europa.eu/stats/policy_and_exchange_rates/euro_reference_exchange_rates/html/eurofxref-graph-usd.en.html
https://www.statistik-berlin-brandenburg.de/120-2022
https://www.statistik-berlin-brandenburg.de/120-2022
https://www.researchgate.net/publication/308746843_Simulated_additional_crop_yields_due_to_irrigation_of_agricultural_fields_throughout_Brandenburg_Germany_for_1975-2075
https://www.researchgate.net/publication/308746843_Simulated_additional_crop_yields_due_to_irrigation_of_agricultural_fields_throughout_Brandenburg_Germany_for_1975-2075
https://www.wri.org/applications/aqueduct/country-rankings/?country=DEU

Applying these assumptions yields an estimated average
annual below-the-surface cost of at least €10 billion,
reflecting a more optimistic, lower-bound scenario based
on conservative assumptions that does not include over-
laps with tip-of-the-iceberg cost estimates. Under more
extreme (climatic) assumptions, estimated costs can rise

up to €25 billion per year by 2050. This range should be
interpreted as indicative.

representing direct and visible damages from droughts,
floods, and water pollution, accounts for roughly €13
billion per year, converted to a range, amounting to €10
billion—15 billion. The below-the-surface losses, capturing
indirect and systemic impacts on ecosystems, groundwa-
ter, and long-term productivity, are estimated to be at
least €10 billion, building on more optimistic assump-
tions, and up to €25 billion annually by 2050, applying
more extreme assumptions, extrapolated from Branden-
burg to the national scale. Combining these two esti-
mates yields an annual loss estimate for the whole ice-
berg of at least €20 billion—25 billion. Extrapolated over
the period 2025-2050, this translates into a cumulative
economic burden of at least €500 billion—625 billion,
underscoring the scale of the financial risk posed by
continued water depletion and delayed adaptation.

5.3 The Full Cost of the Iceberg

The Cumulative Cost of Inaction. The cost of inaction on
Germany’s growing water stress can be derived by consoli-
dating the complementary estimates introduced in the
previous sections. (See Figure 12.) The tip of the iceberg,

Figure 12: Water-related events could cause annual losses of at least
~ €20-25B or cumulatively ~ €500-625B by 2050, if no action is taken

Tip of the iceberg? \ Cost of Inaction?
~€10-15B annually \

At least } ~€500-625B
2025-2050

Below the surface?
At least €10B and up to
€25B annually

At least ~€20-25B
annually

1. Based on BCG & NABU meta-analysis

2. Extrapolation of Brandenburg estimates to all of Germany in a more optimistic and more extreme scenario, based on the following assumptions:
a) Inter-sectoral spillover factor applied to Brandenburg’s aggregated Cost of Inaction to avoid overestimation, b) Brandenburg’s 2050 water stress
(optimistic scenario) is ~ 4x higher than the German average, hence only 25% of Brandenburg’s Cost of Inaction considered, c) Adjustment of Bran-
denburg’s Cost of Inaction for per capita and areal factors, and d) Accounting for overlaps with the “tip of the iceberg” cost estimates

3. Combined estimate adding “tip of the iceberg” estimate with an optimistic “below the surface” estimate, while recognizing that the latter could
increase when applying more extreme assumptions and when including overlaps with “tip of the iceberg” cost estimates

Note: Values shown on this slide are rounded and provided as ranges
Source: BCG & NABU analysis
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6. Acting in New Water Realities—
Solutions to improve water availability

6.1 Controlling the Controllables Seeding: Engineering Rain”) However, interventions like

cloud seeding are resource-intensive, scientifically uncer-
From Ecosystem Layers to Water Balance. \While many tain and raise ethical and political questions, particularly
aspects of the water cycles are governed by natural forces, concerning the ownership and redistribution of water. By
not all ecosystem layers are beyond human control. (See contrast, the surface and topsoil layers—where water
Figure 13.) The atmosphere cannot be influenced locally— interacts directly with vegetation, soil structure, and land
only through globally coordinated action. Processes such use—can be managed far more effectively. These layers
as cloud formation, precipitation, and deep groundwater determine how much water infiltrates, evaporates, or runs
flow are complex and difficult to steer, though they can be off, making them the first, most immediate and reliable
(somewhat indirectly) influenced locally; for instance, leverage points in shaping Germany’s overall water bal-
through targeted land-use practices or weather modifica- ance.

tion efforts such as cloud seeding. (See the sidebar “Cloud



Figure 13: While deep waterflows and precipitation are hard to change,
surface and topsoil offer management opportunities
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Degree of controllability?

We cannot control the atmosphere locally; we
can influence its composition & behavior via
our collective global actions

Cloud formation can be influenced indirectly
via landcover or experimentally via cloud
seeding (high costs, ethical & political concerns)

Marginally controllable via the amount of water
extracted for use across different sectors (e.g.,
households, industry)

We can control the surface via our coverage
choices and thus influence all ecosystem layers

Our land use and management choices
influence the topsoil structure and thus how
much water can infiltrate

We cannot control or change the composition or
structure of parent material/bedrock easily

We cannot control groundwater deposits easily -
we are able to extract & pollute them, but
replenishment is difficult

1. Refers to the degree of local controllability — for example, the atmosphere can only be influenced globally, whereas cloud formation can be influ-

enced locally
Source: BCG & NABU analysis
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Cloud Seeding: Engineering Rain

Cloud seeding, the deliberate modification of clouds to induce
rainfall, is increasingly used as a tool to combat drought and
water scarcity. The method involves dispersing tiny particles,
often silver iodide, dry ice, or salts, into clouds using aircraft,
drones, or ground-based generators. These particles act as
nuclei around which water vapor condenses, forming droplets
orice crystals that grow until they fall as rain or snow.

While the technique has been tested for decades, its effective-
ness remains contested. Recent projects, such as those in
China’s Xinjiang region, claim rainfall increases of around four
percent across several thousand square kilometers after the
deployment of drones releasing about one kilogram of silver
iodide. Yet, experts caution that such results are difficult to

BOSTON CONSULTING GROUP + NABU

separate from normal meteorological variability, and reliable,
large-scale evidence remains limited.

Beyond scientific uncertainty, cloud seeding raises ethical,
environmental, and geopolitical questions. Redirecting precip-
itation in one area can unintentionally reduce it in another,
creating tension over “weather ownership” and resource
distribution. Although current research suggests that the
small quantities of silver iodide used pose minimal health or
environmental risks, long-term impacts are not yet fully
understood. Furthermore, there is no international legal
framework governing weather modification, leaving the prac-
tice largely unregulated.

Cloud seeding illustrates both the promise and peril of cli-
mate engineering—a potentially valuable response to
drought. However, it underscores how human attempts to
control nature remain bound by uncertainty and trade-offs,
therefore not making it a viable option for addressing water
challenges at scale.? 22 223,224

21Vjision Factory (2019): Cloud Seeding Technology: Can We Really Control the Weather?

222 S. Government Accountability Office (2024): Cloud Seeding Technol-

ogy: Assessing Effectiveness and Other Challenges | U.S. GAO

223 DRI: What is Cloud Seeding? - DRI

24 |nteresting Engineering (2025): China tests drones to make it rain over drought-prone Xinjiang



https://www.visionfactory.org/post/cloud-seeding-technology-can-we-really-control-the-weather?utm_source=chatgpt.com
https://www.gao.gov/products/gao-25-107328#:~:text=Cloud%20seeding%20is%20a%20decades,tiny%20particles%20of%20silver%20iodide.
https://www.gao.gov/products/gao-25-107328#:~:text=Cloud%20seeding%20is%20a%20decades,tiny%20particles%20of%20silver%20iodide.
https://www.dri.edu/cloud-seeding-program/what-is-cloud-seeding/
https://interestingengineering.com/science/china-drone-powered-cloud-seeding-rain-xinjiang?utm_source=chatgpt.com

Three recent strands of research underscore how critical
these controllable layers are for both water and climate
resilience. A hydrological study??® shows that the condition
of soil and land surfaces, particularly sealing, compaction,
and drainage, can explain more of the variation in water
availability and the frequency of floods and droughts than
climate-induced temperature change alone. When com-
pacted or sealed, they lose the capacity to store water,
generating rapid runoff and reducing groundwater re-
charge; when porous and vegetated, they act as distributed
retention systems that moderate extremes and sustain
baseflow. This is also in line with the soil carbon sponge
concept. That is the ability of soils to act as a living carbon
sponge—a porous, biologically active structure that ab-
sorbs, stores, and slowly releases water—and it depends
directly on how they are managed. Practices that disturb or
oxidize soil carbon, such as intensive tillage or deforesta-
tion, weaken this function, while regenerative approaches
that maintain cover, enhance soil biology, and reduce
compaction strengthen it.?26:227.228 New research?® further
supports this and highlights that soil compaction rep-
resents a controllable factor in this balance: Reducing
compaction increases the soil’s natural sponge-like proper-
ties. This drives infiltration and the soil’s temporary stor-
age capacity, enabling soils to act as a sponge that can
delay or mitigate flooding. Managing soil structure, there-
fore, not only improves agricultural productivity but also
strengthens flood protection and hydrological stability.
Thus, by altering infiltration, storage capacity, and lateral
flow, human management of these layers can directly
determine whether rainfall becomes runoff or infiltrates
into the ground and supports groundwater recharge, mak-
ing them some of the most controllable levers of the water
balance. Complementary atmospheric research?® demon-
strates that vegetated and well-hydrated landscapes exert
measurable control over local climate dynamics: Greener
surfaces remain cooler, recycle moisture through evapo-
transpiration, and enhance convective cloud formation
that can stimulate rainfall. On the other hand, degraded or
dry surfaces heat rapidly, suppress rainfall, and intensify
drought-heat feedback. The New Water Paradigm?* enforc-
es this view by showing that the health of water cycles
depends directly on how we manage the land surface,
emphasizing that land use and land cover are not just
passive backdrops but active drivers of hydrological and
climatic stability. By restoring vegetation, soil moisture, and
infiltration capacity, the paradigm argues, humans can
rehydrate landscapes, regenerate the small water cycles
that regulate local rainfall and temperature, and thereby
strengthen the large, planetary water cycle. In this sense it

2 Auerswald et al. (2024): EGUsphere - HESS Opinion: Floods and droughts — Land use, soil man-
agement, and landscape hydrology are more significant drivers than increasing temperatures
2% Jehne (2019): https://nzbiocharltd.co.nz/resources/Regener-
ate-Earth-Paper-Walter-lehne%20%281%29.pdf

27 Jehne (2014): https://irp-cdn.multiscreensite.com/d6b81fb6/files/uploaded/2017%20
-%20Regenerating%20Earth%27s%20S0il%20Carbon%20Sponge.pdf

228 Jehne: https://vernoux.org/agriculture regenerative/|ehne-Restoring wa-
ter_cycles_to_naturally_cool_climates_and_reverse_global warming.pdf

29UfU elV. (2025): UfU-Hintergrundpapier
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white-paper-nwp_water_for_climate_healing_white_paper_web_2023_final.pdf
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demonstrates that water security begins with how we treat
the land itself. Together, these findings show that the land
surface is not only a reflection of climate forces but also a
functional part of the water cycle itself, capable of buffer-
ing, redirecting, and even amplifying water and energy
flows across ecosystem layers, depending on how the land
is managed.

Runoff: The Water Balance Expression of Surface Control.
In the water balance equation, runoff is the measurable
expression of what happens within the surface and topsoil
layers. While precipitation and inflows from abroad depend
primarily on large-scale climatic and geographic forces,
their local distribution, retention, and impact are influ-
enced by surface conditions, such as vegetation cover, soil
permeability, and land use. Similar dynamics hold for
losses like evapotranspiration that are partially manage-
able via surface cover choices, but are also driven by local
characteristics. Runoff, though, directly reflects human
choices about how the land is structured and managed.

In 2022, water leaving Germany through runoff—into the
oceans or across borders—accounted for the largest con-
trollable share of total storage depletion.?*? Reducing this
outflow therefore represents the most direct way to keep
water within the system longer, strengthen local availability,
and improve ecosystem resilience. Runoff is where the
water balance equation and ecosystem management
meet—the point where human-scale interventions can
alter national-scale outcomes.

Land Management as the Lever for Change. Because sur-
face and topsoil as well as groundwater are tightly inter-
connected,?” how we manage land determines how water
moves through the system—and how local climates evolve.
High surface runoff leads to rapid water loss, erosion, and
heat accumulation, while effective infiltration supports
groundwater recharge, sustains vegetation, and stabilizes
soil moisture and local humidity levels.?*

Across Germany, current land-use patterns often work
against these functions: (See Figure 14.)

¢ In urban areas, extensive sealing limits infiltration and
amplifies runoff.

o In forests, simplified monocultures have reduced the
soil’s ability to hold and filter water.

« In agriculture, bare-soil periods and intensive tillage
reduce infiltration and increase evaporation.

22 Destatis (2025): Statistischer Bericht - Umweltokonomische Gesamtrechnungen - Was-
sergesamtrechnung - Berichtszeitraum 2001 - 2022 - Statistisches Bundesamt
233 Alpha Lo (2024): The missing link: groundwater creates rain - by Alpha Lo
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Reversing these dynamics requires rethinking how surfaces

are structured and managed, from cities to croplands to
forests. Increasing infiltration and reducing runoff through

greening, permeable pavements, mixed forests, and regen-
erative agricultural practices can reconnect the upper
ecosystem layers with groundwater systems.

Figure 14: Water flows are influenced by surface coverage: high-capacity
permeable surfaces can decrease runoff
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% retained in the landscape or lost as runoff. As a result, it plays a key role in the landscape’s resilience to extreme weather events
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At the same time, vegetation and soil restoration regener-
ates small water cycles by enhancing local moisture recy-
cling and contributing to more rainfall, complemented by
changing precipitation patterns that are becoming more
erratic, extreme, and frequent.?* This additional water will
only strengthen resilience if landscapes are equipped to
absorb, store, and process larger and more intense precipi-
tation events. Without adequate infiltration capacity and
retention infrastructure, more rain may simply translate
into more runoff and flooding. Hence, building the right
physical and ecological structures to manage this water
surge is therefore as critical as restoring the processes that
generate it.

24 DVGW (2022): auswirkung-klimawandel-wasserdargebot-zukunft-wasser-factsheet.pdf

In a world where precipitation is becoming more erratic
and extreme events are more frequent, managing the
surface and topsoil is the most direct and powerful way to
influence the local water cycle. (See the sidebar “Reforesta-
tion and Rainfall: How Greening Deserts Reshapes Local
Water Cycles.”) By restoring infiltration, vegetation cover,
and soil function, landscapes not only reduce runoff but
can moderate temperature and stabilize local hydrological
and climatic conditions, strengthening resilience from the
ground up.


https://www.dvgw.de/medien/dvgw/wasser/zukunftsprogramm/auswirkung-klimawandel-wasserdargebot-zukunft-wasser-factsheet.pdf

Reforestation and Rainfall: How Green-
ing Deserts Reshapes Local Water Cycles

From China’s vast Three-North Shelterbelt Project to Afri-
ca’s Great Green Wall, large-scale reforestation has be-
come one of the world’s most ambitious responses to
desertification: the spread of sand driven by wind that
gradually consumes vast areas of land. Launched in 1978
and scheduled for completion by 2050, China’s program
has so far planted more than 300,000 km? of forest across
the Gobi Desert and northern plains to halt advancing
sands and reduce dust storms. In Sahel, the African
Union’s Great Green Wall—stretching from Senegal to
Djibouti—was initiated in 2007 to restore degraded land,
secure food supplies, and stabilize rural livelihoods.

Results to date are mixed. In both regions, vegetation cover
and density as captured by the Normalized Difference
Vegetation Index (NDVI) has increased. In northern China,
studies link rising NDVI to a measurable decline in dust-
storm intensity, and the Chinese state forestry administra-
tion reports a decrease in sandstorm occurrence, consis-
tent with other findings of improved wind erosion control
and a slower rate of desert expansion. Africa’s Great Green
Wall aims to reduce the frequency and intensity of dust
storms as well, although research in the field remains
limited so far. Beyond these effects, studies in Senegal
have shown associated gains in rainfall—with precipitation
rising by up to 8% versus the 2000-2020 average, while soil
moisture increased by as much as 50% along the reforesta-
tion corridor. Restoration techniques such as zai pits—
small indentations that collect water—and half-moon-
shaped swales that trap and retain rainfall help reactivate
the local water cycle. Yet, in northern China, vegetation
recovery has not always coincided with higher precipitation.
Changes in NDVI and rainfall have often diverged, suggest-
ing that greening alone cannot fully determine regional
climate outcomes.

This divergence reflects a fundamental hydrological trade-
off: forests act as both “pumps” and “sponges.” While they
increase evapotranspiration and soil water use, they also
improve soil structure and water retention. In humid re-
gions, the sponge effect often dominates, stabilizing
dry-season flows. In semi-arid and Mediterranean climates,
however, dense plantations—especially fast-growing ever-
green species such as Eucalyptus—can overwhelm the
sponge effect, depleting groundwater and disconnecting
soils from streams.

36

Near-natural deciduous forests offer a more hydrologically
sustainable restoration pathway. By shedding leaves during
dry periods, they reduce water demand while preserving
soil moisture benefits, mirroring temperate deciduous
forests that suppress transpiration during dormant sea-
sons. Successful forest-based hydrological restoration
therefore depends on species and management choices, as
hydrological recovery is slow: degradation can occur within
a season, while rebuilding stable soil water systems typical-
ly takes decades.

Still, mounting research reveals an important pattern:
Green cover plays a decisive role in regulating both water
and energy cycles. Studies show that vegetation density
shapes temperature, evaporation, and moisture recy-
cling—the “green—moist—cool” triad that sustains local
small water cycles. Through evapotranspiration, tree re-
lease moisture into the atmosphere, cooling surfaces and
fostering cloud formation and rainfall. In this sense, forests
quite literally “plant” water. Acting like the Earth’s sweat
glands, vegetation dissipates heat by evaporating large
amounts of water while shading the ground and preventing
desiccation. At the same time, this atmospheric moisture
contributes to larger cycles. Agricultural areas in 155 coun-
tries rely on transboundary forests for up to 40% of their
annual precipitation. As forests mature, they slow runoff,
enhance infiltration, and restore the land’s natural water
metabolism. Reforestation is thus not only a means of
halting desertification but also of reactivating the hydrolog-
ical engine that keeps landscapes cool, green, and habit-
able—provided the balance between the “pump” and the

“sponge" is carefully maintained. 235 236,237, 238, 239, 240, 241, 242, 243,
244,245,246, 247, 248, 249, 250, 251,252
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6.2 The Solution Landscape

Closing a Gap in the Water-related Literature Landscape. A
growing body of research and publications in Germany and
beyond has examined the diverse dimensions of water
challenges. Many of these studies focus on specific subtop-
ics, such as groundwater depletion,?*2>* infrastructure
resilience,?> or agricultural practices,?*® and provide valu-
able education on hydrological dynamics, emerging trends,
and water-related risks.?72% 2% However, they often remain
fragmented, offering in-depth information on and analysis
of challenges without presenting a structured or compre-
hensive range of solutions. Others do concentrate on devel-
oping recommendations but provide limited educational or
explanatory context to support a holistic view. Across most
existing work, quantification efforts primarily relate to the
scale of problems rather than the impact or effectiveness
of solutions—and where quantification is provided, it is
typically done in the broader macroeconomic context of
climate change rather than from a water-centric perspec-
tive.?0

One publication that seeks to focus on the provision of a
holistic solution space to tackle the water challenges we
are facing in Germany is the National Water Strategy,
written by the Federal Ministry for the Environment, Cli-
mate Action, Nature Conservation and Nuclear Safety.?? It
adopts a comprehensive perspective across all key do-
mains—public institutions, agriculture, forestry, urban and
industrial water management, and ecosystem protection—
and formulates a shared vision for sustainable water use
by 2050 with implementation by 2030. However, while the
strategy’s breadth is considerable, its depth lies primarily
in the structural and institutional dimension. It focuses on
creating an enabling environment for action: legal harmo-
nization, intergovernmental coordination, data infrastruc-
ture, monitoring systems, participatory planning processes,
and raising awareness. The proposed measures thus em-
phasize framework conditions, governance mechanisms,
and strategic guidance rather than focusing on specific
green solutions or technological or operational interven-
tions.

Concrete, on-the-ground actions, such as soil regeneration,
climate-resilient forestry, floodplain reconnection, peatland
rewetting, drainage repurposing, circular economy, or
wastewater use, are referenced only in broad terms or
delegated to future programs at the state or municipal
level.?6* As a result, the strategy establishes a solid system-
ic and regulatory foundation for sustainable water manage-
ment but leaves considerable space for concrete, opera-
tional, and technological implementation roadmaps. While
it identifies many relevant fields of action, some of the
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most directly controllable levers—as mentioned before,
such as runoff and surface-water management, which
strongly influence our water balance and contribute to
both drought and flood resilience—are treated as part of a
broader framework rather than a central operational focus.

Complementary to the National Water Strategy, two addi-
tional federal frameworks—the Deutsche Anpassungsstrat-
egie an den Klimawandel (DAS)%2 and the Aktionspro-
gramm Naturlicher Klimaschutz (ANK)#*3*—have expanded
the national adaptation and nature-based restoration
agenda. The DAS recognizes water as a cross-cutting foun-
dation of climate adaptation, emphasizing that many
climate impacts in Germany manifest through the water
cycle—droughts, floods, and groundwater variability—and
calls for integrated water management, retention, and
drought preparedness across all sectors. The ANK trans-
lates this vision into concrete, nature-based measures such
as peatland rewetting, floodplain restoration, and green-
blue infrastructure. Both frameworks provide important
conceptual and strategic impulses, reinforcing the role of
ecosystem restoration and water retention as key levers of
resilience. However, their orientation remains largely
high-level and programmatic: they focus on governance,
coordination, and educational guidance, aiming to raise
awareness and create enabling conditions for action rather
than providing detailed, quantifiable implementation
pathways. Neither the DAS nor the ANK systematically
measure or compare the hydrological or economic effects
of their proposed measures.

One example that ties directly into these adaptation frame-
works is the GWS Research Report,?° which presents a
selective set of adaptation measures and instruments
centered on responding to the impacts of climate change.
They are grounded in the analytical framework of DAS,
using its monitoring and analysis system as an empirical
foundation. By translating the qualitative climate-impact
fields defined in the DAS, such as drought risk, agricultural
yield losses, and flood damage, into a macroeconomic
model, the study estimates the potential costs of climate
impacts and the benefits of adaptation across selected
sectors. It combines regulatory and policy instruments with
practical, application-oriented measures, thereby providing
valuable economic evidence for the relevance of adapta-
tion. While many of the modeled impacts unfold through
water-related vectors, the study does not focus on wa-
ter-specific mechanisms or the measurable hydrological
effectiveness of individual interventions. It therefore does
not place water itself—or the physical levers that directly
shape the water balance, such as runoff, infiltration, or
surface and topsoil composition—at the center of its anal-
ysis but instead concentrates on aggregate economic
outcomes.

#2BMUV (2024): Deutsche Anpassungsstrategie an den Klimawandel 2024
263 BMUKN (2023): BMUKN: Aktionsprogramm Naturlicher Klimaschutz | Publikation
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In contrast, the publication Water for the Recovery of the
Climate: A New Water Paradigm?“ places the management
of rainwater and landscape runoff—the retention, infiltra-
tion, and reuse of water within the land system—at the
center of its approach. It builds its reasoning around the
restoration of small water cycles, the local circulation of
water between soil, vegetation, and atmosphere, as a key
mechanism for stabilizing both hydrological and climatic
systems. The authors argue that the accelerated drainage
of rainwater from agricultural and urban areas has disrupt-
ed this cycle, leading to soil degradation, the loss of vegeta-
tion, and increasing temperature and precipitation ex-
tremes. To counter these effects, the publication advocates
a reversal of the conventional “drainage mindset” toward
one of retention and rehydration, calling for the conserva-
tion of rainwater where it falls and for its reintegration into
natural and human systems through infiltration and evapo-
ration. In doing so, it offers a rich conceptual framework
supported by a range of practical approaches and exam-
ples—such as decentralized rainwater harvesting, small-
scale retention structures, reforestation, terracing, infiltra-
tion ditches, contour plowing, and permeable urban
surfaces—that together define a new culture of water
management focused on keeping water in the landscape.
This perspective aligns closely with ecological regeneration
approaches, such as those by Walter Jehne, that emphasize
restoring the soil’s ability to act as a living spongge?65 266267
—enabling infiltration, moisture retention, and gradual
release through vegetation. Such measures, which include
Regenerative Agriculture, wetland and forest restoration,
and the rehydration of degraded soils, represent comple-
mentary pathways to operationalize the paradigm’s princi-
ples.

%4 Kravcik et al., (2007): vodna paradigma / water paradigm 2007-09-16

%5 Jehne (2019): https://nzbiocharltd.co.nz/resources/Regener-
ate-Earth-Paper-Walter-|ehne%20%281%29.pdf

%6 Jehne (2014): https://irp-cdn.multiscreensite.com/d6b81fb6/files/uploaded/2017%20
-%?20Regenerating%?20Earth%27s%20S0il%20Carbon%20Sponge.pdf

%7 Jehne: https://vernoux.org/agriculture_regenerative/|ehne-Restoring_wa-

ter_cycles to_naturally cool climates_and_reverse_global warming.pdf
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Yet, while the New Water Paradigm presents these ideas
vividly and persuasively, it does so in an argumentative and
explanatory manner, illustrating possible approaches for
retention and rehydration. Its focus lies in reshaping under-
standing rather than prescribing a comprehensive, imple-
mentation-ready framework. It explains what needs to
happen and why but not in full detail how it can be imple-
mented across sectors and at scale. This practical dimen-
sion is developed further by Walter Jehne, who translates
many of the paradigm’s principles into a concrete set of
measures aimed at drawing down atmospheric carbon to
cool the planet and counterbalance emissions. In his
approach, surface management and water cycles are
placed at the center of climate action; however, they serve
primarily as mechanisms to offset net emissions rather
than as tools for managing the water balance itself. Water
resilience, in Jehne’s framing, emerges as a by-product of
restoring the soil carbon sponge and reactivating biological
processes—crucial for the water cycle but not positioned
as the central driver of addressing water quantity and
availability challenges.

EVERY DROP COUNTS—PATHWAYS TO RESTORE GERMANY’S WATER BALANCE
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The EU Water Resilience Strategy: A
Framework for a Water-Secure Future

In June 2025, the European Commission launched the EU
Water Resilience Strategy as a forward-looking framework
to address Europe’s mounting water stress, from drought
and floods to pollution and aging infrastructure. The strate-
gy’s ambition is to make Europe water-smart and water-se-
cure by 2050.

Three core objectives

1. Restoring and protecting the water cycle: The
strategy places priority on repairing the land-to-sea
water continuum—rivers, lakes, wetlands, groundwa-
ter—recognizing that safeguarding the physical cycle is
foundational for resilient supply.

2. Building a water-smart economy: It emphasizes
demand reduction, infrastructure modernization,
digitalization, and reuse. The goal includes targeted
efficiency improvements (for example, a 10% reduction
in water use by 2030) and positioning Europe’s water
sector as globally competitive.

This is precisely the gap that our study addresses: By trans-
lating these overarching ambitions into actionable, mea-
surable, and cross-sector interventions that can be imple-
mented on the ground, our approach complements the
strategic direction of the National Water Strategy, DAS,
ANK as well as the New Water Paradigm while advancing
it into the realm of concrete practice to address water
quantity and availability challenges.

Two Ways of Managing Water Availability: Expand Avail-
ability and Optimize Usage. (See Figure 15.) The way water
interacts with the surface and topsoil determines whether
it infiltrates and replenishes the system or runs off and is
lost downstream. Managing this interface—the controlla-

3. Securing clean and affordable water for all: A
social equity dimension is included: ensuring access to
safe drinking water and sanitation, promoting respon-
sible pricing, and empowering citizens.

Five enabling areas (priority “levers” for action)

To deliver on those three objectives, the strategy identifies
five cross-cutting enabling areas:

o Governance and implementation: Strengthening
policy, improving coordination across sectors (water,
agriculture, energy, climate), and aligning EU and
Member State actions

« Finance, investments, and infrastructure: Mobiliz-
ing public and private funds, modernizing infrastruc-
ture, and improving leak reduction and reuse systems

o Digitalization and artificial intelligence: Harness-
ing data, monitoring, early-warning systems, and mod-
elling to drive smarter water use and risk management

e Research,innovation, water industry, and skills:
Driving new technologies, nature-based solutions,
upskilling the sector, and enhancing the EU water
industry’s global footprint

e Security and preparedness: Enhancing collective
resilience to water-related disasters (droughts and
floods), supporting cross-border cooperation, and
elevating water risk in security thinking

As a European policy framework, rather than an operation-
al blueprint, the Water Resilience Strategy defines how the
EU intends to manage water as a strategic and cross-cut-
ting resource.?%8 269

28 EU (2025): EUR-Lex - 52025DC0280 - EN - EUR-Lex
29 European Commission (2025): European Water Resilience Strategy

ble layer of our ecosystems—is therefore central to shap-
ing overall water availability. By enhancing the landscape’s
natural capacity to capture, store, and recycle water, we can
expand nature’s ability to retain water and thereby in-
crease the total amount available within the system. Such
expansion can occur through natural or mixed (nature and
technological) means; for example, by increasing the per-
meability of surfaces, restoring soils, managing vegetation
or Dynamic Drainage solutions that enable water storage
in the landscape, and through purely technological path-
ways such as desalination, which convert otherwise inac-
cessible sources into usable freshwater and effectively
enlarge the share of available water.


https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52025DC0280
https://ec.europa.eu/commission/presscorner/detail/en/ip_25_1404

In addition to these approaches that increase total water
availability, there are complementary strategies that focus
on optimizing the use of water once it has been captured
or supplied. These aim to make the existing share of avail-
able water work smarter—reducing losses, improving
efficiency and circularity, and ensuring that water is allocat-

ed where it creates the highest value and resilience. Opti-
mization therefore combines technological efficiency im-
provements with smarter allocation decisions, balancing
needs across sectors and regions to ensure that every unit
of water delivers maximum social, economic, and environ-
mental benefit.

Figure 15: There are two ways to manage water:
expand availability and optimize usage

Expand Availability

Optimize Usage

Making the "water" pie bigger — increasing total water
availability

This can be done in two ways — naturally or artificially via
technologies

QP ~
@L Y - -

Expand water availability
naturally

Expand water supply
artificially

Enhance the landscape's ability Increase water availability

to store and release water through technological

through nature-based solutions measures like desalination or
long-distance pipes

Source: BCG & NABU analysis

In Germany, water utilities carry much of the responsibility
on the optimize side. They play a critical role in ensuring
reliability and safety through water treatment, distribution,
reuse, and loss reduction—shouldering a tremendous
portion of the effort required to secure water availability.
Yet, opportunities extend beyond the utility domain. The
other side of the equation—expanding water availability—
lies largely within the landscape itself: in soils, vegetation,
and surface structures that determine how much water is
retained, infiltrated, and circulated back into the local
system.

Our study builds on this broader perspective. It identifies
optimization efforts that go beyond those already existing
in the utility sector and compliments them with additional
nature-based, technological, and mixed measures that
contribute to expansion. This strengthens the natural and
artificial storage capacities that underpin long-term water
resilience. The resulting solution landscape (See Fig-

ure 16.) thus encompasses both pillars of water manage-
ment:

Using the "water pie" smarter — improving utilization of
existing water

This can be done in two ways — optimizing efficiency or
allocating smartly

S

o7
o Lo

Allocate water
smarter

Improve water-
use efficiency

Distribute water where it
creates most value and
resilience, balancing needs
across sectors and regions

Use existing water resources
more effectively by reducing
losses, increasing productivity
& circularity

1. Expand total water availability—Solutions 1-6: Mea-
sures that increase the total water available through
natural, hybrid, and technological means. Most focus on
runoff and surface coverage management as key lever-
age points—enhancing how much water reaches the
ground, how efficiently it infiltrates into the ground and
how much of it is retained and stored in the ground and,
consecutively, fills aquifers.

They also include Technical Supply Expansion options
that turn previously unusable sources into freshwater.

2. Optimize usage of existing water — Solutions 7-8: mea-
sures that use existing water more efficiently through
technological and behavioral approaches. They aim to
reduce losses by enhancing the reuse and circularity of
lightly contaminated water across sectors, while also
optimizing water consumption in areas such as industry
and agriculture.



Figure 16: Our solution landscape spans measures that expand total water
availability and optimize usage of existing water
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Together, these dimensions define a portfolio of eight key
solutions:

1. Regenerative Agriculture. Regenerative Agriculture
restores soil health and ecosystem functions by mini-
mizing disturbance, enhancing biodiversity, and im-
proving soil structure. Core practices such as cover
cropping, reduced or no-tillage, organic amendments,
legume rotations, and agroforestry promote infiltration,
rebuild the soil’s natural (carbon) sponge capabili-
ties?”%.271272 and water-holding capacity, foster water
filtration and deep groundwater recharge, reduce
erosion, compaction, and nutrient runoff.?”> These
effects arise largely from the accumulation of soil
organic matter. As studies show?”> 2" when humus
accumulates, it builds soil porosity and aggregate
stability, allowing water to infiltrate more easily from
the surface. The carbon compounds within organic
matter also help create micropores that retain mois-
ture, forming small reservoirs within the soil matrix.
Over time, these micro-reservoirs act collectively as a

% Jehne (2019): https://nzbiocharltd.co.nz/resources/Regener-

ate-Earth-Paper-Walter-lehne%20%281%29.pdf

1 Jehne (2014): https://irp-cdn.multiscreensite.com/d6b81fb6/files/uploaded/2017%20

-%20Regenerating%20Earth%27s%20S0il%20Carbon%20Sponge.pdf

22 Jehne: https://vernoux.org/agriculture_regenerative/|ehne-Restoring_wa-

ter_cycles to naturally cool climates and reverse global warming.pdf

2 NABU & BCG (2023): the-case-for-regenerative-agriculture-mar2023.pdf
24 White (2020): Why-regenerative-agriculture.pdf

BOSTON CONSULTING GROUP + NABU

natural soil carbon sponge, storing water that can later
be accessed by plants and microorganisms. At the
same time, healthy soil functions as a natural filtering
system, reducing the number of pollutants in the water
infiltrating into the ground.?”> As soil becomes moister
and more resilient, irrigation needs decline, and water
stress in agricultural systems reduces.?’* %" By foster-
ing healthy soil structure composition and water hold-
ing capacity, Regenerative Agriculture strengthens the
resilience and buffering capacity of entire landscapes.
Through continuous vegetative cover and year-round
evapotranspiration, it cools the land surface and en-
hances atmospheric moisture recycling, supporting the
formation of local precipitation. At the same time,
these improved soils can both absorb excess rainfall
and store water for dry periods, enabling landscapes to
cope with too much or too little water alike.?> %7 (See
Figure 17.)

2 NABU & BCG (2025): healthy-soil-grows-healthy-food-mar-2025-wo-spine.pdf

276 (Jf|

eV. (2025): UfU-Hintergrundpapier
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Figure 17: Regenerative methods improve soil moisture and help recharge
groundwater more effectively than conventional agriculture

Convent‘ional agriculture
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In Germany, pioneering initiatives are already demon-
strating the potential of these methods. The Thinen
Institute’s EILT experimental fields (Experimental
Interdisciplinary Landscape Laboratory at the Thinen
Institute)?”” establish a unique research platform to
assess the long-term impacts of regenerative practices
at the intersection between agriculture, forestry, fisher-
ies, and engineering, including climate-adapted trees,
hedgerows, “meadow-field-animal-woodland,” grass-
land without ruminants, green mineral fertilizer, or
ponds and water. These experiments test how alterna-
tive forms of land use affect biodiversity, climate, soil
carbon buildup, infiltration capacity, and water stor-
age—developing scientific evidence for scaling such
measures nationwide. Similarly, the EU-funded Agro-
mix project?’® brings regenerative principles into prac-
tice by developing and testing agroforestry and
mixed-farming systems that integrate crops, livestock,
and trees. Pilot farms across Europe, including in

Germany, demonstrate how diverse land-use structures

enhance soil fertility, biodiversity, and carbon capture
while maintaining economic viability for farmers.?”

Regeneraxive

a ricultljl_re
b ‘ sk

Benefits of Regenerative vs.
Conventional agriculture

Greener surfaces drive increased
rainfall

o More evapotranspiration
e Buffered land-surface temperature
o Better infiltration and reduced runoff

Increased infiltration and water
holding capacity

e Reduced soil compaction

Water filtration, binding toxic ions
and capturing nutrients

Increased groundwater and aquifer

Autumn/Winter recharge

Source: Jehne (2019), BCG & NABU (2023, 2025), White (2020), UfU e.V. (2025), Adhikrai, Ibisch et al. (2025), Alpha Lo (2024), DBU (2025), Kravcik et
al. (2007), Auerswald et al. (2024), BCG & NABU analysis

Forest Management. Forest Management strengthens
forests’ role as natural water regulators through a com-
bination of ecological and silvicultural measures.
These include reduced heavy machinery use and
minimal proportion of skid trails to minimize soil
compaction, optimized minimal drainage manage-
ment, optimized deadwood management to support
soil life and moisture retention, and restructuring
stands to align composition and density with site-spe-
cific natural conditions.?° Together, these actions
transform forests from passive vegetation into active
components of the water cycle: reducing runoff and
erosion, improving soil infiltration, and mitigating local
and microclimates by balancing rainfall distribution
and moderating temperature extremes. 28 261,282
Through these mechanisms, they act as natural buf-
fers against droughts, heat stress, and floods, building
long-term landscape resilience via enhanced water
retention, evaporation, and groundwater recharge.? 28

280 Oko-Institut eV. (2020): https://www.nabu.de/imperia/md/con-
tent/nabude/wald/200915-nabu-wasserhaushalt wald.pdf

21BMLEH (2024): Der Wald in Deutschland - Ausgewahlte Ergeb-

7Thlnen Institute (2025): https://eilt.thuenen.de/
#8RPTU (2024): AGROMIX - Fachbereich Natur- und Umweltwissenschaften an der RPTU
219 Agromix: AGROMIX | Project

nisse der vierten Bundeswaldinventur
22 Adhikari, Ibisch et al. (2025): Working landscapes under climate change
need to be green, moist and cool - a case study of Germany
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Converting monocultures of coniferous trees—espe-
cially pine and spruce—into mixed or deciduous
stands is an especially powerful measure, as it im-
proves seasonal groundwater recharge, heat mitiga-
tion, and forest resilience, while also strengthening
biodiversity and municipal climate adaptation.?3 28
This is largely driven by the fact that close-to-nature,
mixed and multilayered stands provide diverse habi-
tats and genetic variety, enabling forests to better
withstand pests, diseases, and climatic stress, while
their more complex canopy and root structures en-
hance soil stability and infiltration and thus groundwa-
ter recharge. 228428528 Deciduous trees contribute to
fostering water balance by seasonal logic: Their leaf-
less winter phase minimizes transpiration from vegeta-
tion for several months and allows precipitation to

283 Oko-Institut eV. (2020): https://www.nabu.de/imperia/md/con-
tent/nabude/wald/200915-nabu-wasserhaushalt wald.pdf

2 BMLEH (2024): Der Wald in Deutschland - Ausgewahlte Ergeb-

nisse der vierten Bundeswaldinventur

25 Beugnon et al. (2025): Improving forest ecosystem functions by optimiz-
ing tree species spatial arrangement | Nature Communications

26 Murray et al. (2025): (PDF) Structural diversity is an import-

ant predictor of forest productivity responses to drought

reach the surface.?®® Fallen leaves cover the ground,
reducing soil drying, while leaf litter improves soil
health and microbial diversity.??” Additionally, the
smooth bark and funnel-shaped crowns of beeches
increase stemflow.?®* The combined effect of rainfall
and snow reaching the ground, as well as moist and
healthy soils allowing for a reduction in runoff and
higher and deeper infiltration, contribute to deep
groundwater recharge.?®®In contrast, conifer monocul-
tures maintain higher year-round transpiration and
intercept large portions of winter rainfall with a large
surface of needle leaves and bulky litter on the ground,
leaving less precipitation to reach and infiltrate into
the ground.?? (See Figure 18.)

27 Floriancic et al. (2022): Potential for significant precipitation cycling by forestBlfloor
litter and deadwood - Floriancic - 2023 - Ecohydrology - Wiley Online Library

Figure 18: Close to nature forestry has a positive impact on reduced inter-
ception, improved micro-climate and soil health
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Besides apparent ecological benefits, close-to-nature
forest management also drives economic and societal
benefits by linking ecological stability with long-term
value creation.?®® Economically, it secures renewable
resources such as timber and biomass, supports rural
employment, and protects infrastructure and farmland
by stabilizing soils and regulating water flows.
Well-managed forests also enhance carbon storage
and water quality, reducing public costs for climate
and water protection. Societally, they provide recre-
ation, health, and cultural value while strengthening
community resilience in rural areas.

These combined effects are illustrated by Waldvision
Brandenburg,? a large-scale effort to transform
pine-dominated forests into climate-resilient mixed
stands. The program focuses on assisting with gradual
development toward close-to-nature, managed forests,
using natural processes and regeneration and supple-
mentary planting to enhance biodiversity, improve
infiltration, and manage temperatures.

Sponge Cities. The Sponge City concept applies na-
ture’s logic to urban design. It mimics natural water
cycles by turning impermeable surfaces into water-ab-
sorbing, -storing, and -cleaning systems.?*® Through a
combination of green roofs, permeable pavements,
rain gardens, bioswales, urban wetlands, and rainwater
harvesting systems, Sponge Cities capture, store, and
locally manage rainwater where it falls. This approach
not only mitigates flood and drought risks but also can
enhance local infiltration and, depending on design
and site conditions, contribute to groundwater re-
charge, while also improving water quality through
natural infiltration processes. Beyond their hydrologi-
cal functions, Sponge Cities deliver wider environmen-
tal and social benefits. They reduce urban heat island
effects, enhance air quality, and create greener, more
livable urban spaces. Well-designed sponge systems
moderate runoff peaks during heavy rain, retain mois-
ture during dry periods, and foster local biodiversity.

The concept has been successfully demonstrated at
scale. In Seoul, South Korea, the Cheonggyecheon
Restoration Project renaturalized a formerly polluted,
concrete-covered waterway by pumping water back
into the riverbed, restoring the riparian ecosystem of
the stream and creating wide pedestrian sidewalks for
leisure and recreation.?! Beyond its positive effect on
the city’s landscape, the stream also functions as a
flood-control and climate-adaptation corridor.?? The
restored stream lowered surrounding temperatures by
up to 3°C, reduced particulate matter, and became a

28 Murray et al. (2025): (PDF) Structural diversity is an import-
ant predictor of forest productivity responses to drought

#MLEUV Land Brandenburg: Waldvision 2050 | MLEUV

20 Heinrich-Boll-Stiftung (2025): Wasseratlas 2025 | Heinrich-Boll-Stiftung
21 Arch Daily (2024): Re-Naturalization of Urban Waterways: The Case
Study of Cheonggye Stream in Seoul, South Korea | ArchDaily

22 andscape Performance Series (2011): Cheonggyecheon Stream Res-
toration Project | Landscape Performance Series
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central urban ecosystem that absorbs stormwater
naturally while enhancing quality of life. Similarly,
Schumacher Quartier in Berlin—part of the redevelop-
ment of the former Tegel Airport—serves as Germa-
ny’s first fully water-sensitive district.?® The area is
designed for complete local rainwater retention, using
green roofs, infiltration zones, and constructed wet-
lands to manage precipitation on-site. Its integrated
system keeps rainwater within the urban cycle, pre-
venting overload of the public sewer network and can
support the replenishment of local groundwater.

4. Technical Supply Expansion. Technical Supply Expan-
sion encompasses large-scale infrastructure and tech-
nologies that create or redirect new freshwater sources
to enhance regional water security. These include
seawater desalination,* long-distance pipelines and
aqueducts, river rerouting,?> and flow augmentation
systems. Together, such measures provide a reliable
and controllable water supply, reduce pressure on
overused aquifers, and help stabilize river and ecosys-
tem flows, while increasing independence from sea-
sonal volatilities.?®® They are particularly relevant in
regions where natural water resources are insufficient
or highly variable, offering an important safeguard for
urban, industrial, and agricultural resilience. While
beneficial in terms of the large amount of water they
can supply and only limited by the capacity of the
plant or the river flowthroughs, these measures come
with high capital cost, intensive energy use, and com-
plex environmental implications.?%®

The Claude “Bud” Lewis Carlsbad Desalination Plant
in California illustrates the potential of these technolo-
gies. As one of the largest seawater desalination facili-
ties in the Western Hemisphere, it was built for roughly
€900 million and produces around 190,000 m?3 of
drinking water per day, covering roughly 10% of San
Diego County’s demand and providing a drought-resil-
ient, locally controlled supply of water.?* On a larger
scale, China’s South-to-North Water Diversion Project
demonstrates how inter-basin transfer infrastructure
can rebalance water distribution across vast regions.
The project, comprising eastern, central, and western
routes extending over roughly 4,300 km, is designed to
reroute more than 40 billion m? of water annually from
the Yangtze basin to water-scarce northern provinces,
supporting municipal, industrial, and agricultural
need5.297’ 298

23 Schumacher Quartier: Schumacher Quartier - Berlin TXL

»4San Diego Country Water Authority (2025): https://www.sdcwa.
org/wp-content/uploads/2020/11/desal-carlsbad-fs.pdf

25 UBA (2023): Wasserwirtschaftliche Folgen des Braun-

kohleausstiegs in der Lausitz - Abschlussbericht

6 NEWater: What are the Pros and Cons of Desalination Plants?-NEWater

#7Zhang (2009): https://www.researchgate.net/publication/227808725_The_South-to-North_Wa-
ter Transfer Project of China Environmental Implications and Monitoring Strategyl

28 Xin et al. (2023): content
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5. Dynamic Drainage. Conventional drainage systems
use underground pipes to continuously discharge
excess water from agricultural land and other surface
areas, like forests or streets—a practice that historical-
ly helped convert wet areas into usable, arable fields
and manage heavy rainfall.?® Under today’s changing
climate conditions, however, characterized by both
more intense precipitation events and prolonged dry
periods, such systems have become counterproduc-
tive.3® By constantly draining water, they accelerate
soil drying, erosion, and the loss of valuable nutri-
ents.3** Dynamic Drainage, in contrast, modernizes
agricultural water management by making existing
systems adaptive to real-time soil and weather condi-

29 Geiger (2025): EKODRENA | GEIGER agri solutions
3| TZ: Smarte Drainagen - Infodienst - LTZ Augustenberg
391 Stowa: Controlled drainage | STOWA

tions.33% Using adjustable gates, valves, water reten-
tion basins or smart sensors connected to digital
control technologies, these systems enable predictive
water regulation based on soil moisture and precipita-
tion forecasts.?* 302391 Water is retained during wet
periods and gradually released only when soil begins
to dry.3933% This adaptive management reduces peak
runoff and flood risk, while optimizing soil moisture,
enhancing infiltration, and minimizing nutrient leach-
ing, ultimately strengthening both drought resilience
and groundwater recharge.?%300:301.302 (See Figure 19.)

32 SpreeWasser:N: Oberflachennahe Wasserspeicher — SpreeWasser:N
33 LBEG (2014): https://www.google.com/url?sa=t&rct=j&g=&esrc=s&source=web&cd=&ved=2a-
hUKEwWjN7fzw6ZaQAXW7nPOHHQEVGR8QFNoECBKQAQ&uUrl=https%3A%2F%2Fwww.lbeg.nieder-

sachsen.de%2Fdownload%2F133097&usg=A0vVaw00STiMmM1XRX97F Dh7-LNW5&0pi=89978449

Figure 19: Dynamic drainage manages two-way water flows, balancing soil
moisture and ensuring optimal soil conditions in changing weather

Conventiona‘l Drainage Dynamic Dra‘inage Benefits of Dynamic Drainage

Wet conditions Dry conditions Wet conditions

& Water 1 Low infiltration lStronginﬁltration

Source: Geiger (2025), LTZ, Stowa, SpreeWasser:N, BCG & NABU analysis

Pilot projects such as SpreeWasser:N3%2in Brandenburg
illustrate the potential of this approach: It aims to devel-
op practical solutions for how water can be better distrib-
uted, used, and protected across Berlin and Branden-
burg. The project focuses on creating tools, strategies,
and exemplary practices for sustainable water manage-
ment by connecting disciplines and involving regional
stakeholders from agriculture, industry, and policy. Within

vs. Conventional Drainage

e Balanced soil moisture for better
crop and soil performance

Controllable drainage, allowing for
flexible management of water in the
landscape

Limited nutrient loss by reducing
runoff and leaching pathways

Enhanced percolation below
drainage level, keeping more water
in the landscape

Improved soil structure, boosting
natural groundwater recharge

Reduced peak drainage, lowering
erosion and flood risk

Dry conditions

this broader framework, Dynamic Drainage plays a cen-
tral role. By using controllable valves, adjustable weirs,
and smart monitoring systems, the project demonstrates
how water can be retained locally in the landscape in-
stead of being drained away. This stabilizes groundwater
levels and strengthens regional resilience against both
droughts and floods. In Baden-Wrttemberg, the feasibili-
ty project Machbarkeit von Smarten Drainagen in Baden
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Wuerttemberg3* examines how existing agricultural
drainage infrastructure can be retrofitted with smart
controls: By closing drainage systems in winter to retain
precipitation in situ, soil moisture can be maintained
during dry spells, supporting both groundwater recharge
and yield stability.

6. Other Landscape-Level Methods. On the landscape
scale, terrain-based interventions—such as wetlands,
terraces, swales, and artificial lakes—capture, store,
and gradually release water to restore the natural
hydrological balance, acting as a natural water sponge.
By reducing runoff, enhancing infiltration, and replen-
ishing groundwater, these measures mitigate both
flood and drought risk while improving soil fertility and
ecosystem stability.3® They act as natural buffers that
moderate extreme events, enhance local microcli-
mates, and strengthen long-term water retention
across regions.3% Such systems can operate across
multiple spatial levels: microscale (e.g., ponds, cis-
terns, or infiltration ditches) for local storage and
recharge; mesoscale (e.g., stormwater basins, terraces,
or retention areas) for managing surface flows; and
macroscale (e.g., floodplains, rewetted peatlands, or
artificial lakes) for regional hydrological restoration.

The Cottbuser Ostsee (See the sidebar “Cottbuser
Ostsee.”) or Gesamtkonzept Elbe project®® exemplifies
a large-scale, multifunctional approach to landscape
water management in Germany. As a joint initiative by
the federal government and the riparian states, it aims
to restore the natural dynamics of the Elbe River and
its floodplains as natural retention areas, thus improv-
ing both the flood protection®®® and ecological integrity
along one of Central Europe’s largest river systems. By
reconnecting floodplains, reactivating retention areas,
and rehabilitating wetlands, the program enhances
natural water storage, groundwater recharge, and
biodiversity across the catchment. Beyond its hydrolog-
ical benefits, the approach supports climate adapta-
tion, landscape resilience, and regional recreation,
demonstrating how integrated river-basin manage-
ment can align ecological restoration with long-term
water security. In southern Spain, the AlVelAl initia-
tive®®” demonstrates how integrated land restoration
can improve water balance in semiarid regions.
Through the construction of small ponds, stone barrag-
es, and natural water-harvesting systems, combined
with reforestation, Regenerative Agriculture, and soil
management practices, AlVelAl's efforts slow runoff,
enhance infiltration, and boost soil moisture retention.
These interventions have reduced erosion, increased
vegetation cover, and improved the water cycle across
degraded hillsides and farmlands.

304|TZ: Smarte Drainagen - Infodienst - LTZ Augustenberg

25 Heinrich-Boll-Stiftung (2025): Wasseratlas 2025 | Heinrich-Boll-Stiftung
3% Gesamtkonzept Elbe: Projektseite Gesamtkonzept Elbe - Startseite

97 Alvelal: What we do - AlVelAl Association

Cottbuser Ostsee

The Cottbuser Ostsee is one of Germany’s most ambitious
landscape transformation projects: a former open-cast
lignite mine converted into a future water reservoir. Locat-
ed in Lausitz, Brandenburg’s historic mining region, the
lake is being created in the former Cottbus-Nord mine,
which closed in 2015 after decades of coal extraction that
profoundly altered regional hydrology. Mining activities left
deep depressions and disrupted natural groundwater flows,
while continuous pumping artificially stabilized water
levels throughout the Spree river system. For years, up to
60% of the Spree’s runoff consisted of pumped mine water.
With the coal phaseout, these artificial inflows have
ceased, creating a significant hydrological deficit and plac-
ing downstream sections of the Spree—critical for Berlin’s
drinking water supply—under growing stress.

Since 2019, the energy company LEAG has been flooding
the pit using controlled inflows from the Spree. Once filled,
the Cottbuser Ostsee is expected to cover approximately
1,900 hectares, making it Germany’s largest artificial lake.
Beyond ecological restoration and recreation, the project is
promoted as a strategic measure to rebuild regional water
storage capacity, helping to close the Spree’s water balance
gap, buffer floods and droughts, and support local climate
stabilization, including for Berlin’s water supply.

However, the transformation entails substantial risks. The
large volumes of water required for flooding further strain
the already fragile Spree system, and without sustained
freshwater inflows and active management, the lake could
become an ecological liability. Its large surface area and
shallow depth may result in high evaporation rates, poten-
tially turning the reservoir into a net water consumer
during droughts rather than a buffer. In addition, significant
water quality risks remain: the leaching of iron and sulfate
from former mine soils threatens to acidify the lake and
increase sulfate loads in the Spree, complicating down-
stream drinking water treatment for Berlin.3% 3%

398 UBA (2023): Wasserwirtschaftliche Folgen des Braun-

kohleausstiegs in der Lausitz - Abschlussbericht
309 | EAG (2019): Spree flieBt mit bis zu 60 Prozent Grubenwasser | LEAG
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7. Gray Water Reuse. Gray Water Reuse involves the
collection, treatment, and recycling of lightly contami-
nated household water—for example from showers,
sinks, and laundry—for non-potable applications such
as toilet flushing, landscape irrigation, or groundwater
recharge.’'® By integrating on-site®!* or district-scale
treatment and storage systems, this approach reduces
overall freshwater demand and wastewater discharge
while enhancing urban water resilience and local
availability. Depending on the scale, systems range
from building-level installations using filters or mem-
brane bioreactors to district networks that collect and
treat gray water across multiple properties.

The NEWater program in Singapore,**? led by the
national water agency PUB, demonstrates how re-
claimed water can become a core part of a city’s sup-
ply system, serving as a model for circular urban water
management. The program treats wastewater to ultra-
pure standards through microfiltration, reverse osmo-
sis, and UV disinfection. The water is used for both
non-potable use cases, such as industrial or air-condi-
tioning cooling processes, and for potable uses by
being added to reservoirs and mixed with raw water, so
that consumers can receive it as tap water. With the
water sector in the German Baltic Sea region chal-
lenged by extreme weather events such as droughts
and floods, water scarcity is projected to intensify in
the future.®® In this context, the WaterMan project*?
explores how decentralized Gray Water Reuse can be
integrated into local systems by testing treatment
modules and typical use cases an a neighborhood
scale, such as irrigating green spaces and parks or
cleaning streets in urban areas.

8. Water Use Optimization. Water Use Optimization
encompasses technologies and practices that improve
water consumption and efficiency while reducing
losses across all major water-consuming sectors—agri-
culture, industry, and households. It focuses on getting
more value out of every cubic meter of water used
through measures such as smart irrigation systems,
leak detection and monitoring, water-efficient appli-
ances, and industrial water recycling and reuse. Be-
yond reducing withdrawals and thus supporting water
replenishment, these measures can also lower energy
demand and emissions, contributing to both water and
climate resilience.

310 Ghaitidak, Yadav (2013): Characteristics and treatment of greywater—a review - PubMed
1Yy et al. (2019): innovation.luskin.ucla.edu/wp-content/uploads/2019/03/
Cost-Benefit_Analysis of Onsite Residential Graywater Recycling.pdf

312 pB: NEWater | PUB, Singapore’s National Water Agency

313 KWB: WaterMan | Kompetenzzentrum Wasser Berlin
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In Germany, the BayWater project?'* develops innova-
tive management solutions to minimize industrial
water demand. It combines digital process monitoring,
water recycling loops, and efficiency audits to mini-
mize freshwater intake while not disturbing production
processes and maintaining high product quality. The
initiative also explores new management models that
link industrial water savings with regional water avail-
ability, demonstrating how technology-driven efficiency
can strengthen supply security in production-intensive
regions.?> In Mendoza, Argentina, Water Use Optimi-
zation is applied in agriculture through precision irriga-
tion and treated wastewater reuse, It allows farmers to
fine-tune irrigation volumes according to crop demand,
reducing groundwater abstraction and improving
productivity under semiarid conditions.?*

In essence, the presented solutions span two complemen-
tary dimensions. The first distinguishes between the ways
water availability can be managed: by expanding overall
availability or by optimizing existing use. Expansion mea-
sures such as Regenerative Agriculture, Forest Manage-
ment, Other Landscape-Level Methods, and Dynamic
Drainage strengthen the land’s ability to retain and circu-
late water, while Technical Supply Expansion adds new
sources through engineered systems like desalination and
long-distance transfer. Optimization measures, including
Gray Water Reuse and Water Use Optimization, enhance
efficiency and circularity across sectors, reducing losses
and improving allocation.

314 BayFor (2024): News Detail - BayFOR

315 BayWater: Baywater - baywater-info.de

316 Duek (2016): Water in the Mendoza, Argentina, food processing indus-
try: water requirements and reuse potential of industrial effluents in agricul-
ture | Ambiente e Agua - An Interdisciplinary Journal of Applied Science
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The second dimension reflects the solution type. While cal means, such as innovative systems, engineering, and

some solutions work with nature, such as Regenerative digitalization to improve control and efficiency or create
Agriculture or Forest Management, strengthening ecosys- additional usable water when natural systems reach their
tems and landscapes to retain water and regulate flows limits. Together, these perspectives define a comprehensive
more effectively (See Figure 20.), others, like Technical solution space where solutions across nature and technolo-
Supply Expansion and Gray Water Reuse, apply technologi- gy complement those across expansion and optimization.

Figure 20: Geen & mixed solutions enhance landscape water retention
capacities by addressing various factors that help prevent runoff
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6.3 Assessing Solution Effectiveness well as supply and to improve natural water quality

through filtration, infiltration, or purification processes.
Different Types of Solution Effectiveness. The solutions Second-order effects extend beyond hydrology and cap-
presented differ not only in their approach but also in the ture the broader ecosystem and societal benefits that
type and scope of their effects. Their impacts can be emerge as a consequence. These include contributions to
viewed across two orders of effectiveness. (See Figure 21.) climate resilience, biodiversity and biosphere health, and
First-order effects relate directly to water outcomes, overall quality of life.

namely a solution’s ability to expand water availability as
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Figure 21: Green solutions have water & ecosystem benefits, while sponge
cities mainly support ecosystems and gray solutions boost supply
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Nature-based measures such as Regenerative Agriculture
and forest management perform strongly across both
first- and second-order dimensions, combining substantial
improvements in water retention and natural purification
with broad ecosystem and climate co-benefits. In addition
to their hydrological impact, these solutions enhance
climate resilience by stabilizing local temperatures and
mitigating the effects of drought and extreme rainfall,
strengthen biodiversity and ecosystem health through
richer vegetation cover and improved soil and habitat
quality, and contribute to quality of life by creating more
resilient, productive, and visually diverse landscapes, mak-
ing them the most impactful solutions within the solution
landscape we are introducing in this study. Among the
mixed solutions, Other Landscape-Level Methods and
Dynamic Drainage achieve solid results on the water-relat-
ed dimension, particularly in expanding availability and
regulating runoff. Yet, they deliver somewhat fewer ecosys-

tem benefits compared to purely nature-based approaches.

Sponge Cities present the inverse pattern: Although they
cover only a small share of Germany’s surface area, their
location in densely populated regions means they directly
benefit a large portion of the population. While their over-
all hydrological impact is therefore spatially limited, they
offer exceptional ecosystem and societal benefits. Through
increased vegetation, permeable surfaces, and local water
retention systems, Sponge Cities enhance urban livability,
reduce heat stress, and promote biodiversity. In contrast,

BOSTON CONSULTING GROUP + NABU
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technological solutions such as Technical Supply Expan-
sion, Gray Water Reuse, and Water Use Optimization
perform comparatively lower on ecosystem-related effects,
contributing little to climate resilience, biodiversity, or
quality of life. Regarding their first-order water impacts,
only Technical Supply Expansion significantly increases
water availability, though without enhancing natural water
quality. Gray Water Reuse and Water Use Optimization,
meanwhile, deliver limited direct hydrological or ecological
benefits, primarily serving to improve efficiency within
existing systems rather than expanding or restoring the
natural water cycle.

6.3.1 SOLUTION EFFECTIVENESS IN BRANDENBURG

Nature-based Solutions in Focus. Brandenburg, one of
Germany’s regions most exposed to water scarcity, offers a
compelling test case for assessing how targeted na-
ture-based measures can mitigate both acute and long-
term hydrological pressures. As highlighted earlier in this
study, the state already faces water stress, which is project-
ed to intensify even under conservative climate scenari-
0s.%1” The application of effective water-management solu-
tions is therefore not only beneficial but necessary to
stabilize the regional water balance and secure future
resilience.

317 Aqueduct: Aqueduct Country Ranking
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In this analysis, the focus is placed on Regenerative Agri-
culture and Forest Management, the two solutions with the
broadest spatial leverage across Germany’s land types.
Agricultural land covers roughly 50% and forest land anoth-
er 30% of the national territory**®*—together representing

FEBMEL (2023): BMEL-Statistik: Bodennutzung in Deutschland

about 80% of Germany’s total surface area. (See Fig-

ure 22.) Both measures therefore act at a structural scale,
directly targeting the ecosystems that dominate the coun-
try’s landscape and offer the greatest potential for system-
ic water impact.

Figure 22: ~80% of Germany’s area can be addressed via Regenerative Ag-
riculture and Forest Management, having the biggest impact
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1. Effect of Regenerative Agriculture on grassland slightly lower
Source: BMLEH, BCG & NABU analysis

Beyond their reach, these solutions are also among the
most holistically effective. As shown earlier, both perform
strongly across first-order effects, expanding water avail-
ability and improving natural water quality, and second-or-
der effects, strengthening climate resilience, ecosystem
health and biodiversity as well as quality of life. Imple-
menting Regenerative Agriculture and Forest Management
across Brandenburg’s agricultural and forested areas
would directly address the surface and topsoil layer, where
runoff, infiltration, and groundwater recharge are most
controllable. Together, they represent a nature-based foun-
dation for restoring the regional water balance, mitigating
economic losses expected under a “do nothing” scenario
and building long-term ecological stability.
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Methodology: Estimating Solution Impacts for Branden-
burg. To quantify the potential impact of Regenerative
Agriculture and Forest Management in Brandenburg, a
structured modelling approach was applied, linking each
solution’s practices to key components of the regional
water balance, specifically evaporation, runoff, and ground-
water recharge.

The analysis establishes a “do nothing” baseline, using pre-
viously derived projections of future water stress in Bran-
denburg as reference scenarios. In parallel, evidence from
peer-reviewed studies, meta-analyses, and hydrological
research was compiled to capture the known effects of
surface cover, crop rotation, mulching,®'® and tree species
diversification®® on water balance parameters, such as
runoff, evaporation, infiltration, and water use.

*19Based on FAO-56 crop water & soil evaporation, JRC/ESDAC studies on cov-
er crops and Meta-analyses on mulching, runoff and infiltration
320 parameters set to mid-range literature values and adjusted with local data where available
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Against this baseline, the two solutions were broken down
into core practices for modelling purposes, recognizing that
this simplified framework does not capture every effect but
provides a direction on their overall potential. For Regener-
ative Agriculture, the focus was placed on cover crops
(non-harvested plants that protect the soil, reduce evapora-
tion, and improve moisture retention) and crop rotation
(alternating harvest cycles to reduce water demand). For
Forest Management, the practices modelled included
tree-species diversification (mixing species to improve
resilience and optimize water use) and forest density and
coverage adjustments (modifying canopy structure to
enhance infiltration and reduce surface runoff).

Each practice was modelled to assess how it would influ-
ence the key supply and demand components of the hy-
drological cycle:

o Evaporation reduction, achieved through improved soil
cover, shading, and moisture retention

o Runoff reduction, by increasing vegetation and soil resi-
due that slow surface flow

o Groundwater recharge enhancement, through improved
infiltration and reduced water loss

The modelling concentrated on the most relevant hydrologi-
cal effects for each solution. For Regenerative Agriculture,
the analysis focused on evaporation and runoff reduction,
reflecting the fact that Brandenburg’s agriculture is largely
rainfed and operates primarily within the topsoil layer, mak-
ing soil moisture conservation and retention particularly
critical, while groundwater management plays a less imme-
diate role in day-to-day agricultural practice. For Forest
Management, the emphasis was placed on runoff reduction

BOSTON CONSULTING GROUP + NABU

and groundwater recharge, as forests are key regulators of
flow regimes—benefiting both agricultural water availability
and aquifer replenishment for municipal supply. This focus
does not imply that groundwater recharge is irrelevant for
Regenerative Agriculture or that evaporation reduction is
insignificant for forest management. Rather, these are sec-
ondary effects relative to the main levers of water supply
and demand for each solution. Beyond the three quantified
parameters, both interventions also influence other ele-
ments of the small water cycles, including temperature
moderation, precipitation dynamics, and water holding
capacity, which were considered qualitatively but not explic-
itly modelled in this analysis.

Finally, the model compared projected water stress levels
with and without the implementation of each solution and
assessed their relative effectiveness in mitigating regional
water scarcity and offsetting the economic cost of inaction.

Regenerative Agriculture.>” Implementing Regenerative
Agriculture across Brandenburg’s agricultural land®** could
cut agricultural water stress by around 50%, lowering the
Water Stress Index from 2.1 to roughly 1.1 by 2050.3% This
reduction translates into an up to 85% decrease in annual
economic losses®** from climate-driven water shortages—
from an estimated €270 million—380 million to €36 mil-
lion—45 million per year.?* (See Figure 23.)

32INABU & BCG analysis based on Eurostat AEI — Soil cover (EU winter 2016); FAO-

56, Chapter 7 (dual-Kc / soil-evaporation shares); FAO-56, Effects of soil mulches; Soil

Use & Management (2024), Western Europe meta-analysis (runoff capture).

322 Regenerative Agriculture practices considered in the model are: cover crops and crop rotations
32 Regenerative Agriculture measures are modelled across all crops in Bran-

denburg, leading to a “final picture” upper-bound of estimated impact

324 osses are calculated based on production shortfalls due to un-

met water demand, using the average crop market price

32 Jsing conversion factor of 1 Dollar = 0.89 Euro (Aver-

age 31/12/2024-17/10/2025): US dollar (USD!
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Figure 23: Regenerative Agriculture is projected to reduce agricultural water
stress by half and losses due to chronic water stress by up to 85 %
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1. Regenerative agriculture practices considered in the model are: cover crops and crop rotations

2. Losses are calculated based on production shortfalls due to unmet water demand, using the average crop market price

3. Regenerative agriculture measures are modelled across all crops in Brandenburg, leading to a “final picture” upper-bound of estimated impact

Sources: Eurostat AEI — Soil cover (EU winter 2016); FAO-56, Chapter 7 (dual-Kc / soil-evaporation shares); FAO-56, Effects of soil mulches; Soil Use &

Management (2024), Western Europe meta-analysis (runoff capture).

This improvement stems directly from the solution’s two
primary hydrological mechanisms:

1. Reduced evaporation—continuous soil cover through
cover cropping lowers bare-soil exposure, preserving
soil moisture and reducing agricultural water demand.

2. Reduced runoff—the use of cover crops and crop
rotations improves surface protection and infiltration,
increasing the effective water supply available to
plants.

Other regenerative practices, such as no-till, direct seeding,
or interseeding, were not explicitly modelled, but their
main hydrological effects are indirectly captured through
the same drivers represented in the model: By maintaining
surface residue and permanent greening while improving
soil structures, these practices tend to influence water
dynamics in similar ways to cover crops and crop rotations.
Soil structure and compaction play a pivotal role in this
process: Less compacted soils allow more rainfall to infil-
trate rather than run off, directly reinforcing the runoff-re-
duction mechanisms captured in the model.

To illustrate the magnitude of this effect, a recent study®*
quantified the gains in soil-water storage associated with
lower compaction under regenerative management. Apply-

3 NABU & BCG analysis based on UfU e\V. (2025): UfU-Hintergrund-
papier and Die Brandenburger Landwirtschaft in Zahlen

52

ing the study’s results to Brandenburg’s arable land as a
reference (~0.99 million ha*?) leads to an estimated addi-
tional 218 million m? of soil-water storage capacity, equiva-
lent to roughly 22 mm of water spread across the region’s
arable land. This example highlights in physical terms what
improved soil structure and reduced compaction mean for
water retention.

Beyond these quantified effects, Regenerative Agriculture
also delivers broader ecosystem and climatic co-benefits.
Increased vegetation cover cools local microclimates and
can enhance precipitation through evapotranspiration
feedback. Recent research?®?® shows that greener land-
scapes with higher vegetation indices (NDVI) generate
substantially more local rainfall. Applied to Brandeburg’s
roughly 0.99 million ha of arable land, regenerative practic-
es that increase vegetation cover could add up to 1,000 m?3
(100 mm) of rainfall per hectare annually, roughly one-
eighth of Germany’s average annual precipitation (~8,000
m?3/800 mm)*?° and equivalent to about one billion m3 or
100 mm of additional precipitation across the arable land
area each year.

327 Statistik Berlin Brandenburg (2025): Die Brandenburger Landwirtschaft in Zahlen

3% Adhikari, Ibisch et al. (2025): Working landscapes under climate change

need to be green, moist and cool - a case study of Germany

329 UBA (2017): Wasserwirtschaftin Deutschland — Grundlagen, Belastungen, MaBnahmen
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This effect may be amplified by the vegetation’s indirect
cooling influence on land-surface temperature. Each 1°C
temperature reduction can increase rainfall by approxi-
mately 40 m3 per hectare per year.>*® Applied to Branden-
burg’s arable land, this corresponds to about 30 m? per
hectare, or 28 million m?in total, equivalent to roughly 3
mm of extra rainfall per year across the arable land area.
Together, these processes reinforce moisture recycling and
local cooling, underscoring Regenerative Agriculture’s role
as a climate-positive solution that enhances both water
availability and resilience at the landscape scale.

Forest Management.*** Forest Management strengthens
the landscape’s natural buffering capacity; for example, by
mixing tree species, like converting monoculture pine
forests into diverse, climate-resilient stands or adjusting
tree structures and composition in terms of density and
coverage to optimize water flows.*? In Brandenburg, this
transformation could reduce regional water stress by
around 12%, stabilizing both municipal and agricultural
water use when applied across an area equivalent of rough-
ly 15% of today’s forest cover.33* Implementation of Forest
Management across this area lowers water-stress indices
in areas such as Brieselang (~-1.4), Falkensee (~-0.9), or
Cottbus (~-0.7) and is projected to reduce climate-induced
annual losses by at least 12% in the domestic and munici-
pal context from €5.3 billion—-9 billion to €4.5 billion—8
billion and roughly 15% in the agricultural context from
€270 million—380 million to €220 million—320 million.334 33

These improvements are primarily driven by the solution’s
two key hydrological mechanisms:

1. Reduced runoff and interception losses, resulting from
mixed tree species and more balanced canopy density
that slow surface flow and increase soil infiltration

2. Enhanced groundwater recharge, as deeper root sys-
tems and improved soil structure allow more water to
percolate into aquifers

A recent study quantifies the latter effect based on obser-
vations in Brandenburg:** Transitioning from coniferous to
mixed deciduous stands can increase groundwater re-
charge by approximately 500 m3 (50 mm) per hectare each
year. Deciduous species shed their leaves during winter,
allowing more precipitation to reach the ground and infil-
trate the soil more effectively during the dormant sea-

30 Adhikari, Ibisch et al. (2025): Working landscapes under climate change

need to be green, moist and cool - a case study of German:

31NABU & BCG analysis based on Ding, Bingbing, et al. “Effects of for-

est cover type and ratio changes on runoff and its components.” Interna-

tional Soil and Water Conservation Research 10.3 (2022): 445-456

32 Forest management practices considered in the model are: forest spe-

cies diversification & forest coverage and density management. The solu-

tion impacts both surface runoff and groundwater recharge

333 Forest management practices include varying tree cover density, increas-

ing forest coverage where most beneficial and diversifying tree species

34 Using conversion factor of 1 Dollar = 0.89 Euro (Aver-

age 31/12/2024-17/10/2025): US dollar (USD

335 Impact on sectors are estimated independently, with no secondary cross-sectoral ef-
fect. Forest management measures are considered across Brandenburg; modelling con-
servatively assumed maximum local tree cover does not surpass current average values
for highly forested areas (40%). This leads to a lower-bound for estimated impact.

3 HAWK (2025): Studie belegt: Waldumbau als Schliissel zur Entlastung der Grundwass-
erbilanz in Griinheide | HAWK Hochschule fiir angewandte Wissenschaft und Kunst
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son.*7 This additional percolation capacity illustrates, in
physical terms, how forest diversification strengthens the
same infiltration and recharge processes captured in the
model, underscoring the hydrological benefits of a more
diverse forest structure.

Beyond these hydrological effects, Forest Management also
generates broader climatic feedback. Increased vegetation
density enhances both local precipitation and reduced
land-surface temperatures. Research®® shows that even
small increases in forest greenness (NDVI) can measurably
raise rainfall and reduce surface heat, reinforcing the
feedback between vegetation, evapotranspiration, and
moisture recycling. Because the proportion of Branden-
burg’s forest area that will ultimately be eligible or priori-
tized for transformation remains uncertain, these effects
are presented as per-hectare estimates rather than extrap-
olated to the full forest area. For the transition considered
here—from coniferous to mixed stands—these correspond
to roughly 150 m3 (15 mm) of precipitation per hectare
annually, on top of Germany’s average 8,000 m3 (800 mm)
per hectare and year,*® complemented by a modest cool-
ing effect that further amplifies precipitation by around 5
m? (0.5 mm). Together, these mechanisms reinforce for-
ests’ role as natural regulators of regional climate and
hydrology.

Drainage and Its Hidden Impact. The modelling frame-
work applied in this study assumes that rainfall divides
into runoff and infiltration, with a larger share percolating
into the ground. What the model does not explicitly cap-
ture is the impact of subsurface drainage systems, which
remove substantial volumes of water from the landscape
before they can infiltrate and contribute to groundwater
recharge. The omission was deliberate: Reliable, spatially
consistent data on drainage coverage and discharge vol-
umes across Germany is lacking, and available information
differs considerably between federal states.** For consis-
tency and transparency, drainage was therefore excluded
from the model calculations, meaning that the reported
water stress baseline might only represent a lower bound.
In reality, water stress levels could be even higher, as a
considerable fraction of water continues to drain away.

To illustrate the magnitude of this hidden outflow, we
conducted an indicative calculation for Brandenburg, a
region where drainage intensity is known to be high and
likely above the national average. Observed drainage losses
in the state range from approximately 1,200 m? (120 mm)
per hectare annually?* on lightly drained land to 2,500 m?3
(250 mm) on moderately drained areas,** and up to 5,200
m? (520 mm) on heavily drained sites:3* (See Figure 24.)
equivalent to roughly 15% to more than half of Germany’s
average annual precipitation. Due to the lack of compre-
hensive, state-level data, the share of drained cropland in
Brandenburg is uncertain. Based on available research and
regional observations, it can be broadly estimated at 30—

337 Oko-Institut eV. (2020): https://www.nabu.de/imperia/md/con-
tent/nabude/wald/200915-nabu-wasserhaushalt wald.pdf

38 UBA (2017): Wasserwirtschaftin Deutschland — Grundlagen, Belastungen, MaRnahmen

39 Agrarheute (2025): Zwischen Durre und Flut: Darum ner-

ven heute alte DDR-Drainagen | agrarheute.com
30 LfU Brandenburg (2025)
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40% of the total arable land (about 0.99 million hectares in
total**!) corresponding to roughly 300,000—400,000 ha.
Depending on drainage intensity, this translates into po-

341 Statistik Berlin Brandenburg (2025): Die Brandenburger Landwirtschaft in Zahlen

tential water losses between roughly 0.4 billion and 2.0
billion m?3 per year.

Figure 24: Brandenburg loses large amounts of water each year through
drainage, limiting the effectiveness of any solution, if not addressed

Water runoff due to drainage, in m3/ha/year

Brandenburg - Brandenburg — Brandenburg —
light drainage moderate drainage strong drainage

Million ha Applicable area options

~ 1,200 ~ 2,500 ~ 5,200

Total water runoff due to drainage, in B m¥year

0.3 ~30% of Brandenburg's agricultural land is drained

0.4 ~40% of Brandenburg's agricultural land is drained

Source: LfU Brandenburg, BCG & NABU analysis

These figures underline both the data gaps and the scale
of the challenge: Even as measures such as Regenerative
Agriculture or Forestry Management help expand water
availability, their positive impact will remain limited if
water continues to be drained from the system at compa-
rable rates. The situation can be compared to filling a
bathtub without a plug—no matter how much additional
water is poured in, it will simply run out through the drain.
Addressing drainage, therefore, is not just a complementa-
ry action but a precondition for long-term water resilience
in Brandenburg and beyond.

From Regional Insights to National Perspective. The Bran-
denburg analysis demonstrated the tangible impact that
nature-based measures can have in reducing regional
water stress. Yet the challenges observed there are not
unigue: They mirror patterns emerging across Germany. To
understand the broader implications and identify where
the greatest leverage lies, the next step scales the lens
from regional to national application.
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6.3.2 SOLUTION EFFECTIVENESS ACROSS GERMANY

Quantifying First-Order Effects and Cost-Effectiveness. \While
recognizing that the effectiveness of a solution is multifacet-
ed, encompassing both water-related and broader ecosys-
tem impacts, our quantitative analysis in this study for all of
Germany focuses primarily on first-order effects—those that
directly influence the dimension of water and its availability.
This focus allows for a consistent comparison of the effec-
tiveness and cost-efficiency of each measure in terms of
water created or retained per unit of investment.

Since Germany’s primary water challenge concerns overall
water availability, it is crucial to assess the effectiveness of
measures aimed at increasing total water supply, as this
represents a far greater lever for impact than efficiency
optimization, even though the latter remains highly valu-
able. Accordingly, the assessment does not include those
solutions that optimize the utilization of existing water
(Solutions 7 and 8) but rather concentrates on those solu-
tions that expand the total water availability (Solutions 1-6).
However, there is one exception: Other Landscape-Level
Methods. While Other Landscape-Level Methods influence
water dynamics across entire catchments by capturing,
storing, and gradually releasing water through natural or
seminatural features, these interventions can take many
forms—from microscale elements, such as ponds, swales, or
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small retention basins, to macroscale systems, like wetlands,
terraced slopes, or restored floodplains. Because their de-
sign, size, and hydrological context vary widely, both the
water benefits and cost profiles of such measures differ
substantially from site to site. As a result, their impact
cannot be meaningfully represented through a single quan-
titative range. Acknowledging their pivotal role in restoring
local water cycles, buffering floods and droughts, and en-
hancing ecosystem resilience, they are thus only discussed
qualitatively alongside the quantitative findings of the other
solutions.

Introducing the MaCoWA. Many are familiar with the Mar-
ginal Abatement Cost Curve also known as a MACC curve, a
common tool in climate economics that illustrates how
different measures reduce CO, emissions relative to cost. A
similar concept has been missing in the field of water man-
agement—despite the growing need to understand which
interventions most efficiently increase water availability. To
fill this gap, this study introduces the Marginal Cost of Water
Availability (MaCoWA) curve. The MaCoWA visualizes the
amount of water created or retained by each solution in
relation to its investment cost per hectare, allowing for a
clear comparison of cost-effectiveness across the solution
spectrum—from nature-based measures such as Regenera-
tive Agriculture or Forest Management to technological
approaches like desalination, long-distance pipes, or river
rerouting. By quantifying and juxtaposing these effects, the
MaCoWA provides a transparent, decision-oriented frame-
work for identifying the most impactful and efficient levers
to strengthen Germany’s water resilience.

Given the diversity of scales, local conditions, and imple-
mentation contexts, the quantitative potential and cost-ef-
fectiveness of each measure naturally vary. The ranges
presented in this analysis are derived from existing literature
and research, representing the best available evidence while
acknowledging uncertainty. These values are not meant as
fixed predictions but as directional indicators that convey
the relative magnitude and efficiency of different interven-
tions. The MaCoWA curve thus offers a starting point for
transparent discussion and prioritization, helping policy-
makers and stakeholders identify where investments can
deliver the highest water returns. As data, technologies, and
experience continue to evolve, this framework should be
seen as a living evidence base—one that will be refined over
time to deepen the understanding of how best to allocate
resources to manage and secure water.

e Regenerative Agriculture. Regenerative Agriculture

enhances landscape water availability by rebuilding soil
structure, increasing organic matter, and improving

BOSTON CONSULTING GROUP + NABU

infiltration and water retention.342343.34 By restoring soil
health, these practices enable land to retain a greater
share of the water it receives, while also influencing
local climatic conditions by actively driving the water
cycle.

Practices such as cover cropping, interseeding, and
continuous vegetative cover can enhance the local
water cycle, leading to an uplift in precipitation through
increased evapotranspiration, surface greening and
cooling effects. Recent research®* shows that an in-
crease in the Normalized Difference Vegetation Index
(NDVI), a proxy for vegetation greenness, correlates
strongly with higher precipitation levels. Specifically, a
one-unit rise in NDVI corresponds to an additional
2,970 m3 (297 mm) of rainfall per hectare per year.
Given that bare cropland typically has an NDVI of
around 0.2 and vegetated land around 0.55, regenera-
tive practices that increase NDVI by roughly 0.35 could
thus induce an additional 1,000 m3 (100 mm) of precipi-
tation per hectare annually.

Not all rainfall contributes directly to aquifer replenish-
ment; only a portion infiltrates deeply enough for
groundwater recharge, which varies significantly by soil
type and region. In Germany, recharge rates are general-
ly higher in the south and lower in the northeast,** with
a representative range between 10% and 25%,**¢ and a
mid-point of about 18% based on the assumption of an
annual average precipitation of ~8,000 m? (800 mm) per
hectare per year.3*” Under these assumptions, Regenera-
tive Agriculture can add roughly 100-250 m?3 (10-25
mm) of groundwater recharge per hectare per year.
Applied across the approximately 13.3 million ha of
land suitable for regenerative practices in Germany—
about 10 million ha of cropland and 3.3 million ha of
grassland®*>—this equates to an additional 1.3 bil-
lion—3.3 billion m?3 of groundwater recharge annually,
with the study using the midpoint estimate of around
2.4 billion m?3. (See Figure 25.) That is enough to fill
roughly 960,000 Olympic swimming pools, correspond-
ing to an average of around 18 mm per hectare per year
(based on 13.3 million ha of agricultural land), or ex-
pressed more simply, roughly 24 mm of rainfall over 10
million ha.

32 NABU & BCG (2023): https://web-assets.bcg.com/20/43/809680664811998e-
155baeeele30/the-case-for-regenerative-agriculture-mar2023.pdf

33 NABU & BCG (2025): healthy-soil-grows-healthy-food-mar-2025-wo-spine.pdf

34 White (2020): Why-regenerative-agriculture.pdf

35 Adhikari, Ibisch et al. (2025): Working landscapes under climate change

need to be green, moist and cool - a case study of Germany

36 UBA (2024): Auswirkung des Klimawandels auf die Wasserverfligbarkeit - An-

passung an Tro-ckenheit und Dirre in Deutschland (WAD-Klim)

*#7TUBA (2017): Wasserwirtschaftin Deutschland — Grundlagen, Belastungen, MaBnahmen
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Figure 25: Sensitivity analysis of water benefits from Regenerative
Agriculture depending on groundwater recharge rate

Precipitation uplift based on Adhikari, Ibisch et al.,in m3/ha/year

~ 1,000

Groundwater recharge rate, in % per year

Based on Wadklim? Based on Wadklim? Based on Wadklim3

~ 10% ~ 18% ~ 25%

Million ha Applicable area options Increase in groundwater recharge, in B m3/year

13.3  ~10 M hacropland and ~3.3 M ha grassland ~13 ~2.4 ~ 33

Chosen scenario

Source: LfU Brandenburg, BCG & NABU analysis

None of this groundwater recharge would be possible
without improvements in soil structure delivered by
regenerative practices. Techniques such as no tillage
reduce the use of heavy machinery, and when com-
bined with deep-rooting plants, legumes, and cover
crops, they improve soil structure and reduce compac-
tion. Healthier, more porous soils allow water to infil-
trate more effectively, unlocking their natural sponge-
like properties. A recently published study?# confirms
this: Even a modest reduction in soil compaction
(assuming ~8% compaction reduction [0.1 g/cm?]
increases soil porosity by 3.7% and water storage
capacity by 11 I/m? at 0.3 m soil depth) can significant-
ly increase the soil’s temporary storage capacity, while
also reducing later runoff in the compacted soil layer.
Using the Saale catchment as a model, the study
estimated that slightly less compacted soils across
roughly 224,300 ha agricultural land could store an
additional 177 million m3 of water—equivalent to
roughly 20 days of the river’s average discharge. This
added retention capacity can act as a natural buffer
and sponge, reducing peak runoff during extreme
rainfall and potentially lowering flood heights by sever-
al centimeters. For agricultural land, that’s two days of
peak flood discharge—meaning this improved infiltra-
tion could make the difference between a flood and a
catastrophe.

Beyond its hydrological benefits, Regenerative Agricul-
ture is also economically positive. Practices such as
no-till farming, cover cropping, and legume rotations not
only increase soil moisture and long-term water-holding
capacity but also improve farm profitability through
avoided yield losses, reduced fertilizer demand, and
higher soil productivity. Assuming basic and intermedi-
ate implementation, Regenerative Agriculture can
deliver average profits of roughly €225 per hectare per
year (€152/hain stage 1,€73/hain stage 2). Put differ-
ently, it can increase farm profits by up to 60% com-
pared to conventional systems.* In addition, down-
stream food producers, distributors, and retailers can
reduce supply-chain risks by up to 50% in years marked
by droughts or excessive rain,**° demonstrating that
Regenerative Agriculture is one of the few solutions that
simultaneously strengthens water resilience, restores
ecosystems, and generates lasting economic value.

39INABU & BCG (2023): https://web-assets.bcg.com/20/43/809680664811998e-
155baeeele30/the-case-for-regenerative-agriculture-mar2023.pdf
30ONABU & BCG (2023): https://web-assets.bcg.com/20/43/809680664811998e-
155baeeele30/the-case-for-regenerative-agriculture-mar2023.pdf

348 JfU eV. (2025): UfU-Hintergrundpapier
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e  Forest Management. Forest Management contributes
to water resilience by restructuring existing forest
stands to improve infiltration, reduce runoff, and en-
hance groundwater recharge. Estimates of the forest
area in scope for such restructuring vary depending on
the definition applied. A narrow assessment would
focus solely on pine monocultures (~0.9 million ha)3?,
while broader estimates also would include other
coniferous monocultures such as spruce (~2.5 million
ha).**? From a purely water-optimization perspective,
even mixed forests dominated by coniferous species—
covering up to around 3.2 million ha***—could theoret-
ically be transformed to increase groundwater re-
charge. However, given the ecological advantages of
mixed forests,*** only a share of these will likely be
converted in practice.

Hydrologically, deciduous forests enable higher ground-
water recharge than coniferous stands.*>* Because conif-
erous trees retain their needles year-round, they intercept
rainfall and reduce infiltration, while deciduous trees

31 BMLEH (2024): Der Wald in Deutschland - Ausgewahlte Ergeb-

nisse der vierten Bundeswaldinventur

32BMLEH, Thiinen (2024): BUNDESWALDINVENTUR ERGEBNISDATENBANK
353 Oko-Institut eV. (2020): https://www.nabu.de/imperia/md/con-
tent/nabude/wald/200915-nabu-wasserhaushalt_wald.pdf

shed their leaves in winter, allowing greater percolation
and recharge during the dormant season. Research
estimates the resulting increase in groundwater recharge
from conversion to be between 500%* and 950 m?3 (50-95
mm) per hectare per year,?° with a midpoint of 700 m?
(70 mm),*>* depending on regional soil and climatic
conditions. In Brandenburg, recharge rates are expected
near the lower to mid-range, while wetter regions such as
Lower Saxony are likely to reach the upper end.**® Apply-
ing these rates to the applicable area range yields an
annual groundwater recharge potential of roughly 0.5
billion—3.0 billion m3, with the study proceeding on the
midpoint assumption—around 1.8 billion m? of addition-
al recharge per year (See Figure 26.)—as much as about
720,000 Olympic swimming pools or corresponding to an
average of around 70 mm per hectare per year (based on
2.5 million ha). Expressed more simply, this equates to
roughly 18 mm of rainfall per year if distributed evenly
across 10 million ha.

3 HAWK (2025): Studie belegt: Waldumbau als Schliissel zur Entlastung der Grundwass-
erbilanz in Grinheide | HAWK Hochschule fiir angewandte Wissenschaft und Kunst

35 Schultze & Scherzer (2015): https://www.lwk-nieder-
sachsen.de/services/download.cfm?pmofile=396

3% UBA (2024): Auswirkung des Klimawandels auf die Wasserverfligbarkeit - An-

passung an Tro-ckenheit und Diirre in Deutschland (WAD-Klim)

Figure 26: Sensitivity analysis of water benefits from Forest Management
based on groundwater recharge and forest area

Additional groundwater recharge from
pine-deciduous shift,in m3/ha/year

Based on HAWK
(Brandenburg)

Based on Oko-Institut e.V. ERECR G Bz

(Brandenburg)

& Scherzer
(Lower Saxony)

Million ha Applicable area options

~ 500 ~ 700 ~ 950

Increase in groundwater recharge, in B m3/year

0.9 Pine monoculture

2.5 Coniferous monoculture

3.2 Coniferous dominated mixed forests

Chosen scenario

~ 0.5 ~ 0.6 ~ 0.9
~ 1.3 ~ 18 ~ 24
~ 1.6 ~ 2.2 ~ 3.0

Source: HAWK, Oko-Institut eV., Schultze & Scherzer, BMLEH, BCG & NABU analysis
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These groundwater gains are supported by two com-
plementary mechanisms: First, the implementation of
minimal soil compaction measures as well as the
introduction of diverse and deeper-rooting species
improves soil structure, increases organic matter, and
enhances the forest floor’s water-holding capacity. This
allows more rainfall to infiltrate and be retained in the
soil rather than lost as surface runoff. This is also
shown by the study conducted in the Salle catchment,
that estimates slightly less compacted soils across
roughly 110,700 ha forest could store an additional 67
million m3 of water—equivalent to roughly one week
of the river’s average discharge. During extreme rain-
fall, this added retention capacity can reduce forest’s
peak runoff by about one day of peak flood discharge.
Second, beyond infiltration benefits, forest restructur-
ing also influences precipitation patterns. Increased
vegetation density, reflected in higher NDVI values,
enhances local rainfall through evapotranspiration
feedback. Based on research?®” showing that a one-unit
increase in NDVI generates approximately 2,970 m?
(297 mm) of additional rainfall per hectare per year,
shifting from coniferous forests (NDVI ~0.72) to mixed
or deciduous stands (~0.78) corresponds to an uplift of
around 150 m3 (15 mm) per hectare annually—on top
of Germany’s average precipitation of about 8,000 m?
(800 mm) per hectare.®*®

Implementation costs for forest conversion vary widely
and depend strongly on conditions on-site, manage-
ment objectives, and the chosen approach. In some
areas, natural regeneration can occur almost without
cost when existing vegetation and seed banks allow
forests to recover autonomously. In other cases, costs
can be considerably higher, particularly where fencing,
planting, selective thinning, or long-term maintenance
are required to protect young stands and guide struc-
tural transformation. Earlier studies have estimated
typical implementation costs in the range of €5,000—
6,500 per ha®** for replanting and full reforestation,
though actual values can deviate substantially in both
directions. Forgone timber revenues are expected to
remain limited or may even be offset over time. Decid-
uous species produce lower volumes but higher-quality
wood compared to fast-growing conifers such as
spruce and pine—species increasingly affected by
pests like the bark beetle, which have caused severe
economic losses across German forests in recent
years, 360361

37 Adhikari, Ibisch et al. (2025): Working landscapes under climate change
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e Sponge Cities. While the primary purpose of Sponge
Cities is to increase the livability in cities by engineer-
ing a better micro-climate and improve air quality,
they also contribute to restore elements of natural
water cycles by increasing local water retention, infil-
tration, and delayed runoff through a combination of
nature-based and engineered solutions®? that absorb,
store, clean and reuse rainwater in urban areas. Typical
measures include the greening of roofs and facades,
the installation of rain gardens and bioswales, and
unsealing paved surfaces, e.g., in residential, industrial,
and commercial areas.?®%343% The potential area
suitable for Sponge City implementation depends
strongly on the type of measure and urban context. In
the context of increasing available water volumes, two
measures are of particular importance: i) unsealing of
paved areas to enable infiltration of rainwater and ii)
allowing rainwater from roof areas to infiltrate into the
ground using e.g., sinking shafts instead of discharging
it through the sewer system. Based on these measures
the total area realistically applicable is estimated at
approximately 0.1 million%*-0.6 million hectares, with
a midpoint of around 0.3 million hectares.**" 3¢ (See
Figure 27.) This footprint is small compared to land-
scape-scale measures such as Regenerative Agricul-
ture or Forest Management. 363 36>

Also, the extent to which infiltrated water contributes
to net groundwater recharge depends strongly on
surface type, soil properties, vegetation cover, and
groundwater depth®®. In particular, vegetated systems,
especially those with deep-rooted trees, can exhibit
substantially higher evapotranspiration, which may
partially or fully offset gains in infiltration®®°. Empirical
studies from urban environments show that while
unsealed or sparsely vegetated urban soils can achieve
high percolation rates, park-like or tree-dominated
areas often exhibit lower groundwater recharge, and in
settings with shallow groundwater may even act as net
water consumers®,

Against this background, Sponge City interventions are
assumed to increase the effective share of rainfall avail-
able for potential groundwater recharge rather than
uniformly increasing recharge across all surface types®®*
39, Drawing on research from Kompetenzzentrum
Wasser Berlin®™, groundwater recharge rates can rise
from approximately 18% under predominantly sealed
conditions to up to around 25% under favorable infiltra-
tion-oriented designs®?, corresponding to an up-

#2Del Punta et al. (2024): https://www.bmbf-wax.de/wp-content/up-
loads/17_del-punta_et_al _icud2024-abimo_abstract poster.pdf

33 Heinrich-Boll-Stiftung, BUND (2025): Wasseratlas 2025 — Dat-
en und Fakten (ber die Grundlage allen Lebens

36 Destatis (2024): Floor area total according to types of use in Ger-
many - German Federal Statistical Office

35 Del Punta et al. (2025): VO9-DEL_PUNTA-Beitrag.pdf
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per-bound increase of roughly 7 percentage points. This
upper bound is most representative of measures such
as the unsealing of paved surfaces, permeable pave-
ments, infiltration zones, and lightly vegetated sys-
tems37%. To account for the substantial variability intro-
duced by vegetation cover, soil texture, and groundwater
conditions—ranging from sparsely vegetated infiltra-
tion-oriented surfaces with high percolation potential to
tree-dominated or groundwater-near systems with
strongly reduced or even negative net recharge®”>—two
additional scenarios are considered: a moderate in-
crease of 3.5 percentage points and a conservative
increase of 1 percentage point. (see Figure 27.)

Assuming Germany'’s average annual precipitation of
approximately 8,000 m? (800 mm) per hectare®”, these
scenarios imply an additional potential groundwater
recharge of roughly 80-560 m?3 per hectare and year.
Applied to our applicable area estimates, Sponge City
measures could generate an additional 10 million—340
million m3 of groundwater recharge per year, with the
study using a midpoint estimate of approximately 0.08
billion m3. (see Figure 27.) This is roughly equivalent to
32,000 Olympic swimming pools or corresponding to an
average increase of around 27 mm per hectare per year
(based on 0.3 million ha). This is only about 1% of the
total positive impact of the landscape level measure in
agriculture and forest landscapes, hence rather unim-
portant for the total water balance—again noting that

the primary purpose of Sponge Cities is not the contri-
bution to water balance but increasing livability for the
urban population. These values should be interpreted
as indicative order-of-magnitude estimates, with real-
ized groundwater recharge depending on local design
choices and site conditions.37437

Because Sponge City measures require substantial modi-
fications to existing urban infrastructure, implementation
costs are relatively high when deployed at scale. Providers
estimate average costs of around €50 per m? for standard
green-roof systems®” (approximately ~€500,000 per
hectare), with higher costs for roofs designed to maximize
water retention e.g., engineering sinking shafts at scale.
The unsealing of paved surfaces and their conversion into
green or permeable areas typically costs on the order of
€2 million per hectare, depending on surface type and
the extent of additional greening measures.>”® However,
these costs reflect full upfront implementation. In prac-
tice, Sponge City elements can be integrated gradually
through regular building renovations, roof replacements,
and street redevelopments. In new housing constructions
the cost of these measures are only marginally higher
than those of conventional buildings. Phasing implemen-
tation over existing infrastructure renewal cycles can
significantly reduce marginal costs, spread investments
over time, and improve economic feasibility, albeit at the
expense of slower system-wide impacts.

374 Del Punta et al. (2024): https://www.bmbf-wax.de/wp-content/up-
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Figure 27: Sensitivity analysis of water benefits from Sponge Cities de-
pending on groundwater recharge rate and applicable area

Average precipitation in Germany, in m3/ha/year

~ 8,000

Additional groundwater recharge, in %-points per year

Million ha Applicable area options

Conservative estimate

Moderate estimate Optimistic estimate

— extrapolated — extrapolated — based on
from KWB from KWB KWB research
~ 1% ~ 3.5% ~ 7%

Increase in groundwater recharge, in B m3/year

0.1 Total flat roof area
0.3 Unsealing of ~50% of all sealed area excl.
’ settlement
0.6 Unsealing of all sealed area excl. settlement

Chosen scenario

Source: KWB, Der Dichte Bau, UBA, Destatis, BCG & NABU analysis
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e Technical Supply Expansion. Large-scale engineered
supply measures—including desalination, river rerout-
ing, and long-distance water transfer pipelines—can
substantially increase available freshwater volumes by
sourcing water beyond local catchments. Among these,
desalination plays a particularly important role: by
converting seawater into potable water, it offers an
almost inexhaustible and climate-independent supply
option.”” However, this reliability comes at the cost of
high capital expenditure, energy intensity, and environ-
mental impact.3”’

Global reviews indicate that the cost of seawater de-
salination typically ranges between €0.40 and €1.80
per cubic meter,*”® depending on feedwater type, tech-
nology, and location. Brackish water desalination tends
to be cheaper but geographically limited, while seawa-
ter desalination is more energy-intensive but universal-
ly available.? Costs decrease where facilities benefit
from economies of scale, employ advanced reverse-os-
mosis membranes, and rely on low-carbon or low-cost
energy sources.’™ Conversely, smaller or older plants
powered by fossil fuels remain considerably more
expensive to operate. Despite such advances, desalina-
tion still entails significant environmental externalities,
including brine effluent disposal, which alone can
account for roughly 3% of total production costs, and a
large carbon footprint.3” According to the World Bank
Group, energy constitutes the largest recurring cost,
with modern reverse-osmosis systems consuming 3—7
kWh of electricity per cubic meter of water pro-
duced.’”™

A notable example is the Claude “Bud” Lewis Carlsbad
Desalination Plant in California, built at a cost of
approximately €0.9 billion.*® The plant produces
around 190,000 m3 of freshwater per day, supplying
about 10% of San Diego County’s demand.*® Con-
structed on an area of about 2.4 hectares (6 acres),*°
this equates to a capital cost of roughly €350 million
per hectare—a conversion made here only for compar-
ative purposes. Under its long-term water purchase
agreement, the delivered water price is set at around
€2.50 per m? for fiscal year 2024,%®* meaning that
desalinating 1 billion m? of water at this rate would
cost about €2.5 billion annually.

Comparable inter-basin transfer and river diversion
projects—such as China’s South-to-North Water Diver-
sion Project®? or the diversion of rivers like the Elbe or
Neisse to ensure the Spree receives sufficient water
after the lignite phaseout®*®*—can also deliver signifi-
cant additional volumes, yet require extensive civil

77 NEWater: What are the Pros and Cons of Desalination Plants?-NEWater
378 Wittholz et al. (2008): Estimating the cost of desalina-
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works, continuous pumping energy, and ongoing man-
agement of hydrological and ecological impacts in
donor basins. Overall, Technical Supply Expansion
offers reliability and scalability but remains among the
most capital- and energy-intensive pathways to increas-
ing water availability, thus making it far less efficient
compared to nature-based solutions.

e Dynamic Drainage. Drainage systems are widespread
across Germany—in agricultural areas, forests, and
urban landscapes®**—and were originally designed to
remove excess water from soils to make land usable
for farming or construction.®®> While this was beneficial
in the past, under today’s changing climate conditions
these systems have become increasingly counterpro-
ductive.*® Continuous drainage accelerates runoff,
limits infiltration, and removes water from the land-
scape precisely when it is most needed to buffer pro-
longed dry periods.*®¢ Dynamic Drainage modernizes
these conventional systems by enabling adaptive water
regulation: instead of discharging continuously, adjust-
able gates, valves, and smart control systems retain
water during wet periods and release it only when
needed.®®387.38 This approach reduces peak runoff
and flood risk, while improving soil moisture and
groundwater recharge.

Instead of focusing on the amount of water running
off, our calculation focuses on the volume that can be
retained in the ground through the implementation of
Dynamic Drainage solutions. Estimates of the reten-
tion potential vary depending on soil type, hydrological
conditions, and local topography. Accounts from a
farmer in Brandenburg reveal that he was able to
retain roughly 40% of the water previously lost through
conventional drainage by optimizing it for his purpos-
es.%® This corresponds to an additional roughly 1,000
m?3 (100 mm) of water per hectare per year. Other
research in Lower Saxony shows that smart drainages
were able to retain up to around 1,400 m3 (140 mm),3*°
with a midpoint of about 1,200 m? (120 mm) between
both estimates. In areas with naturally high drainage
flows—such as southern Bavaria, where runoff can
exceed 5,000 m3 (500 mm) per hectare annually®*—
the retention potential may be even higher.

For the quantitative assessment, this study focuses on
agricultural drainage systems, as they represent the
most extensive and best-documented application area
in Germany. Agricultural land covers roughly half of
the country’s total area,** and about 23% of it3—
equivalent to 4.1 million ha—is estimated to be artifi-
cially drained. Considering lower sensitivity bounds of
8-16%, the applicable area lies at roughly 1.4 million

38 Auerswald et al. (2024): EGUsphere - HESS Opinion: Floods and droughts — Land use, soil man-
agement, and landscape hydrology are more significant drivers than increasing temperatures
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or 2.9 million hectares, respectively. Applying the
estimated retention rates results in 1.4 billion-5.7
billion m? of additional water retained in the ground
per year, with the study proceeding on the midpoint
estimate of around 3.5 billion m3 per year (See Exhibit
28.)—roughly as large as 1.4 million filled Olympic
swimming pools or corresponding to an average of
around 120 mm per hectare per year (based on 2.9

million ha). Expressed more simply, that equals rough-
ly 35 mm of rainfall per year if distributed evenly
across 10 million ha. This figure should be seen as
indicative, as the extent, condition, and design of
Germany’s drainage infrastructure are not comprehen-
sively documented and local site conditions strongly
influence outcomes.

Figure 28: Sensitivity analysis of water benefits from Dynamic Drainage
based on water retention and applicable area

Additional water retained in the ground, in m3/ha/year

Million ha Applicable area options

Based on Farm
observation
(Brandenburg)

~ 1,000

Mid-point between Based on NDR article
data-points (Lower Saxony)

~ 1,200 ~ 1,400

Increase in groundwater recharge, in B m3/year

1.4 8% of total agricultural land is drained —
’ 1/3 of Auerswald et al. estimate

2.9 16% of total agricultural land is drained —
' 2/3 of Auerswald et al. estimate

4.1 ~23% of total agricultural land is drained —
based on Auerswald et al.

Chosen scenario

Source: LfU Brandenburg, NDR, Auerswald et al., BCG & NABU analysis

Implementation costs for Dynamic Drainage vary by
system sophistication and scale. Material costs for manu-
al or climate-adapted systems amount to roughly
€1,300-2,500 per hectare,**23%:3% while advanced, sen-
sor-controlled systems with automation can at least triple
costs®* reaching roughly €3,900-7,500 per hectare.
Material costs per hectare decrease with system size, as
larger collectors serve more area, but installation and
construction expenses can add significantly to material
costs.3* Costs for maintenance, interest, and deprecia-
tion are estimated to amount to roughly €700 per hect-
are per year.3’

392| BEG (2014): https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2a-
hUKEWjN7fzw6ZaQAXW7nPOHHQEVGR8QFNoECBKQAQ&uUrl=https%3A%2F%2Fwww.lbeg.nieder-
sachsen.de%2Fdownload%2F133097&usg=A0vVaw00STiMmM1XRX97F Dh7-LNW5&0pi=89978449
%3 Stowa: Controlled drainage | STOWA

4 Ingeniuergesellschaft Prof. Dr. Sieker mbH E-Mail correspondence (2025)

39 Geiger agri solutions ekoDrena Price list 2025 E-Mail correspondence (2025)

% Geiger agri solutions E-Mail correspondence (2025)

¥"Wageningen University & Research (2020) — E-Mail correspondence (2025)

BOSTON CONSULTING GROUP + NABU

~ 14 ~ 17 ~ 2.0
~ 29 ~ 3.5 ~ 4.1
~ 4.1 ~ 4.9 ~ 5.7

e Other Landscape-Level Methods. Other Landscape-Level
Methods—such as floodplain restoration, wetland reacti-
vation, terracing, and catchment-scale retention sys-
tems—influence water dynamics across entire hydrologi-
cal basins. By reestablishing natural retention areas,
reconnecting rivers with their floodplains, and restoring
the infiltration capacity of degraded soils and slopes,
these interventions can significantly increase water
storage and slow surface runoff, thereby stabilizing base-
flows and replenishing groundwater over wide areas.>*®

While their effects depend strongly on local topography,
soil characteristics, and hydrological connectivity, Other
Landscape-Level Methods can be implemented across
multiple scales. At the local level, farmers and landown-
ers can create small retention basins, ponds, or field
swales to collect runoff and store water for irrigation or

3% Heinrich-Boll-Stiftung, BUND (2025): Wasseratlas 2025 — Dat-
en und Fakten uber die Grundlage allen Lebens
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https://www.boell.de/sites/default/files/2025-06/wasseratlas2025_ii_web_20250404.pdf
https://www.boell.de/sites/default/files/2025-06/wasseratlas2025_ii_web_20250404.pdf

infiltration, directly improving local water availability and
drought resilience.> At the regional or catchment scale,
initiatives such as the Gesamtkonzept Elbe*® and other
European floodplain restoration programs (See the
sidebar “Room for the River (Netherlands) demonstrate
how reconnecting rivers to their floodplain landscapes
and reactivating natural retention areas can generate
substantial water gains, enhance groundwater recharge,
and buffer both floods and droughts. Together, these
interventions show that Other Landscape-Level Methods
form a flexible spectrum of solutions—ranging from
small-scale water retention to large-scale hydrological
restoration—capable of improving water balance and
ecosystem resilience across diverse spatial contexts. Their

3% Manheim Township: Detention vs Retention Basin | Manheim Township, PA - Official Website
“0Gesamtkonzept Elbe: Projektseite Gesamtkonzept Elbe - Startseite

Room for the River (Netherlands)

After severe floods in the early 1990s exposed the limits of
endlessly raising dikes, the Netherlands adopted a new
strategy: give rivers more space. In response, the Dutch
government launched the Room for the River program, a
national initiative designed to give rivers more space to
safely accommodate high water. The program, implement-
ed between 2006 and 2018, marked a paradigm shift in
Dutch water management—from defending against water
to living with it.

At more than 30 project sites along the Rhine-Meuse delta,
measures such as floodplain lowering and depoldering,
dike relocation, side channels and bypasses, and removal
of hydraulic obstacles restored rivers’ capacity to store and
convey water safely. In Nijmegen, for example, relocating
the Lent dike and creating the Spiegelwaal side channel
lowered extreme water levels by almost 30 cm and pro-
duced a new river park that combines safety, recreation,
and ecology.

With a total investment of around €2.2 billion, the program
was completed on time and within budget. It increased the
Rhine’s discharge capacity by about 10% and reduced
flood risk while delivering broad co-benefits: restored
wetlands and biodiversity, improved landscape quality, and

cost, however, typically falls on the higher end of na-
ture-based solutions—driven by planning complexity,
land-use trade-offs, and the need for coordinated, multis-
takeholder implementation.

Directionally, landscape-level interventions can be consid-
ered moderate to high in water impact—depending on
their scale—and moderate to high in cost, with signifi-
cant co-benefits for ecosystem resilience, flood protec-
tion, and biodiversity. In qualitative terms, they represent
a powerful but investment-intensive lever for restoring
the natural water balance and increasing long-term
landscape resilience in Germany.

new recreational areas. Evaluations found the investment
economically justified through avoided flood damage and
social and ecological gains.

These benefits are deeply connected to the dynamics of
small water cycles. By giving rivers room to breathe, restor-
ing wetlands, and creating diverse landscape mosaics
around them, the program reactivated natural processes
that link water, vegetation, and climate. Greener land-
scapes enhance evapotranspiration, which supports local
rainfall. Expanded riverbeds and healthy soils then capture
and store that water, slowing runoff and reducing flood
peaks. This interplay between water retention, vegetation,
and climate regulation shows that when the water balance
is managed as an integrated system, nature and infrastruc-
ture can reinforce one another to deliver powerful, self-sus-
taining resilience.

Building on this success, the Dutch government launched
Room for the River 2.0 in 2025, extending the concept to
address low-water periods, sedimentation, and freshwater
shortages under a changing climate. The initiative reinforc-
es the Netherlands’ global reputation for landscape-scale,
nature-based water management, showing that flood
protection and ecological restoration can advance together
toward long-term climate resilience.40% 402 403,404,405, 406, 407, 408

“1Rijkswaterstaat: Room for the River

42 Stowa: Room for the river | STOWA

%3 Eyropean Environment Agency (2018): Interview — The Dutch

make room for the river — European Environment Agency

“4H+N+S: Room for the River Nijmegen - HNS

5 Climate Adapt (2020): Room for the River Waal — protecting the city of Nijmegen | Case stud-
ies | Discover the key services, thematic features and tools of Climate-ADAPT Climate-ADAPT
46 Deltares (2025): Working on a future-proof river area | Deltares

47 Dutch Water Sector (2025): Room for the river 2.0: preparing the Neth-

erlands for future high and low water | Dutch Water Sector

8 Haskoning: Room for the river | Haskoning



https://www.manheimtownship.org/1173/Detention-vs-Retention-Basin#:~:text=The%20Difference%20Between%20a%20Detention,will%20become%20their%20own%20ecosystem.
https://www.gesamtkonzept-elbe.de/Webs/Projektseite/GkElbe2020/DE/Home/home_node.html
https://www.rijkswaterstaat.nl/en/projects/iconic-structures/room-for-the-river
https://www.stowa.nl/deltafacts/waterveiligheid/waterveiligheidsbeleid-en-regelgeving/room-river
https://www.eea.europa.eu/signals-archived/signals-2018-content-list/articles/interview-2014-the-dutch-make
https://www.eea.europa.eu/signals-archived/signals-2018-content-list/articles/interview-2014-the-dutch-make
https://hnsland.nl/en/projects/room-river-nijmegen/
https://climate-adapt.eea.europa.eu/en/metadata/case-studies/room-for-the-river-waal-2013-protecting-the-city-of-nijmegen
https://climate-adapt.eea.europa.eu/en/metadata/case-studies/room-for-the-river-waal-2013-protecting-the-city-of-nijmegen
https://www.deltares.nl/en/stories/working-on-a-future-proof-river-area
https://www.dutchwatersector.com/news/room-for-the-river-20-preparing-the-netherlands-for-future-high-and-low-water
https://www.dutchwatersector.com/news/room-for-the-river-20-preparing-the-netherlands-for-future-high-and-low-water
https://www.haskoning.com/en/projects/room-for-the-river

Putting our Solutions into Perspective. When comparing
the different measures that expand water availability, clear
patterns emerge in both water impact magnitude and
cost-efficiency. Additionally, as mentioned above, some
solutions also exhibit greater “leverage” due to their wide
applicability across Germany’s land types. Regenerative
Agriculture can be applied to roughly half of Germany’s
land area, covering both cropland and grassland. Forest
Management can have relevance across about 30% of the
country, primarily in forested regions. Dynamic Drainage
can be introduced across multiple land types—from agri-
cultural fields to urban and forested areas—but is particu-
larly effective and scalable within agricultural landscapes.
By contrast, Sponge Cities and other infrastructure-based
measures can address only smaller, more fragmented
surface areas, mainly in urban environments.

On a per-hectare basis, Regenerative Agriculture, Dynamic
Drainage, and Forest Management demonstrate the high-
est potential to increase water retention and groundwater
recharge. Applied across all of Germany, these three na-
ture-based solutions could add up to approximately 7.7
billion m? of additional water annually (See Exhibit 29.)—a
volume corresponding to roughly 77 mm of rainfall per
year if distributed evenly across 10 million hectares. Put
differently, it exceeds Germany'’s total public water ex-
traction in 2022. Among them, Dynamic Drainage provides
the single largest contribution, retaining around 3.5 billion
m? per year, followed by Regenerative Agriculture with
around 2.4 billion m3, and Forestry Management with
about 1.8 billion m3.

Figure 29: Germany could gain ~ 7.7B m3 water—exceeding 2022 public
water extraction—via Regen. Ag., Dynamic Drainage and Forest Mgmt.
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These measures stand out not only for their collective scale
but also for their favorable cost profile. Regenerative Agricul-
ture can even generate net economic gains through improved
soil productivity and reduced input costs. Forest Manage-
ment, depending on site conditions, management objectives,
and approach, can range from virtually cost-free—where
natural regeneration occurs—to more capital-intensive, where
fencing, planting, and long-term maintenance are required.

BOSTON CONSULTING GROUP + NABU

Beyond their immediate cost advantages, such green solu-
tions have self-renewing effects: They continuously enhance
soil fertility, water retention, and carbon storage, meaning that
the value of the initial investment grows over time rather than
depreciating. Dynamic Drainage delivers substantial water
gains at moderate investment levels, offering one of the most
cost-efficient technological upgrades in agricultural water
management, though not with the same self-regenerative
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capacity of ecosystem-based approaches. While it retains
substantial amounts of water locally, its benefits depend on
active management. Nevertheless, it not only complements
but is also a necessary precondition for green solutions to be
able to unlock their potential: Their positive impact will re-
main limited if water continues to be drained from the sys-
tem. It is therefore essential for making landscape hydrology
more balanced and resilient.

Sponge Cities, by contrast, demonstrate strong local effective-
ness but limited national impact. With an estimated 50
million m3 of additional groundwater recharge per year, their
contribution remains small in aggregate due to their limited
applicable area. Yet, their co-benefits for urban cooling, air
quality, and livability make them a valuable complementary
measure in densely populated regions.

At the other end of the spectrum, technological solutions
such as desalination and large-scale inter-basin transfers can,
in principle, provide unlimited volumes of freshwater, but at
significantly higher cost. For example, desalinating 1 billion
m?3 of water costs roughly €2.5 billion per year at current
electricity prices—orders of magnitude higher than most
nature-based approaches.

Taken together, the analysis highlights that nature-based and
landscape-oriented solutions—particularly Regenerative
Agriculture, Dynamic Drainage, and Forest Management—of-
fer the greatest water returns for the lowest relative cost. They
strengthen both water security and ecosystem resilience,
while technological options, though virtually limitless in

output, come with substantial economic and environmental
trade-offs.

Closing Germany’s Water Storage Gap. Earlier sections of this
study showed that Germany’s water balance has been in
long-term decline. Despite annual fluctuations between
wetter and drier years, the cumulative storage trend between
2001 and 2022 has been consistently negative, amounting to
a total loss of around 60 billion m?in stored water. This deficit
reflects the combined effects of reduced infiltration, accelerat-
ed runoff, and increasing evaporation under a changing
climate. The key question is whether targeted measures can
reverse this depletion and rebuild storage capacity over time.

The results of this analysis indicate that they can. Assum-
ing slightly changing environmental conditions; for exam-
ple, marginal increases in precipitation based on a higher
average atmosphere temperature and water holding capac-
ity of the air,® the combined implementation of Regenera-
tive Agriculture, Forest Management, and Dynamic Drain-
age could offset the cumulative storage deficit by 2040. If
implementation begins within the next 3-5 years, the
following 10-12 years would be sufficient to realize the full
hydrological benefits. Together, these three measures could
add 7 billion-7.5 billion m3 of water annually, wequating to
roughly 70 billion—90 billion m? by 2040—equivalent to at
least 1.5 times Lake Constance’s volume and enough to
fully close the historic storage gap that accumulated be-
tween 2001 and 2022 in Germany and contribute to stabi-
lizing its long-term water balance. (See Exhibit 30.)

49 DVGW (2022): auswirkung-klimawandel-wasserdargebot-zukunft-wasser-factsheet.pdf

Figure 30: Germany could gain ~ 7.7B m3 water—exceeding 2022 public
water extraction—via Regen. Ag., Dynamic Drainage and Forestry Mgmt.
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In practical terms, this would mean that by the early 2040s,
Germany could transition from a trajectory of depletion to
one of recovery. Accelerating the rollout of these large-
scale, nature-based solutions over the coming decade is
therefore crucial.

Alleviating the Cost of Inaction. Restoring Germany’s
water storage capacity through Regenerative Agriculture,
Forest Management, and Dynamic Drainage not only
addresses physical scarcity but also helps to reduce the
economic burden of water stress. As outlined in the chap-
ter “The Cost of Inaction - Doing nothing is the more ex-
pensive option”, total climate-related water losses were
estimated to be at least €500 billion—625 billion between
2025 and 2050, equivalent to at least €20 billion—25 billion
in annual economic costs across sectors such as agricul-
ture, industry, households, and municipal services. Impor-
tantly, the measures assessed here are not expected to
eliminate water-related costs entirely, but to substantially
reduce them—particularly the underlying damages and
associated costs that sit “Below the surface” of the ice-
berg—by addressing key drivers of chronic water stress. In
doing so, they can in turn also help mitigate the more
visible, acute impacts from floods, droughts, and water
pollution that appear at the “Tip of the iceberg.”

To assess the potential economic relief from targeted
action, a set of assumption-based scenarios was modelled
based on the following assumptions:

« Aninvestment of roughly €15 billion-20 billion is need-
ed for the combined implementation of the three green,
nature-based/mixed solutions.

o Between 5% and 20% of the total cost of inaction can
be avoided by 2050.

BOSTON CONSULTING GROUP + NABU

This corresponds to €25 billion—125 billion in avoided
damages, yielding a return on investment of roughly one to
eight times the initial outlay.

These estimates are indicative and designed to show the
order of magnitude rather than precise prediction. Actual
benefits will depend on implementation speed, scope,
climatic trends, regional conditions as well as the exact
solutions selected. Other large-scale Landscape-Level
Methods are not included in the core solution set assessed
here; however, they can deliver additional benefits, particu-
larly reducing “Tip of the iceberg” costs e.g., through im-
proved flood protection, moisture-driven drought resilience
and the natural filtering function of soils. However, the
contrast with technical supply measures such as desalina-
tion or large-scale water transfers is stark: While they can,
in principle, add unlimited volumes of water, they come at
high capital and energy costs, limited ecological value, and
no improvement in natural buffering capacity. In contrast,
nature-based and mixed solutions strengthen the very
systems that regulate water—soils, vegetation, and ground-
water—thereby reducing vulnerability, restoring ecosys-
tems, and mitigating the compounding economic impacts
of droughts and floods.

In this sense, investing in regenerative, landscape-based
water management serves not only as an environmental
restoration strategy but also as a financial hedge against
climate inaction. By harvesting “low hanging fruits” and
positioning the management of water availability as a true
priority, these measures deliver water resilience and eco-
nomic return, while laying the groundwork for long-term
investments into water security.

65



7. The Implementation Ecosystem—
What we need to get right to get 1t
done

7.1 The Reasons for Investing in Water
Resilience

A Mixed Outlook. At present, water pricing in Germany
remains highly fragmented, varying not only between
federal states but also across user groups and sectors.**
Industrial users often face markedly different fees com-
pared to drinking water providers, while certain sectors
even benefit from partial exemptions. In some federal
states, water extraction is free of charge for agricultural
users and some industries. Such differences in water pric-
ing are common also in other countries and cause agricul-
ture users in particular to benefit from not paying the true
cost of water (see also BCG study “Watering Growth”).

“OBUND (2025): BUND Bericht: Wasserentnahmeentgelte der Lander (Stand: 06/25)

This patchwork system means that the current Wasserent-
nahmeentgelt, commonly referred to as Wassercent (See
the sidebar “The “Wassercent”: Putting a Price on a Vital
Resource.”), where applied, fails to reflect either the true
value or scarcity of water.#* As a result, it creates little
incentive for efficiency, innovation, or reinvestment in
water-saving and replenishment measures.

A ZEIT (2025): Wasser: Betriebe zahlen auch in Dirrezeiten kein Grundwasser-Entgelt | DIE ZEIT
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The “Wassercent”: Putting a Price on a
Vital Resource

The Wasserentnahmeentgelt, commonly referred to as the
Wassercent, is the fee levied by most German federal
states for extracting groundwater or surface water. It was
introduced to implement the polluter-pays principle of the
EU Water Framework Directive and to fund measures for
water protection, ecosystem restoration, and infrastructure
maintenance. Yet, despite its shared legal foundation, the
Wassercent remains a patchwork system, marked by signif-
icant regional variation and widespread exemptions.

As of 2025, 13 of 16 federal states currently apply a Was-
sercent, while Bavaria, Hesse, and Thuringia have not yet
introduced one or, as in the case in Bavaria, are consider-
ing a rollout. The rates for groundwater extraction for
drinking water supply generally range between €0.05 and
€0.30/m?3, depending on the region. Berlin charges the
highest with around €0.31/m?3, followed by Hamburg, Lower
Saxony, and Schleswig-Holstein with roughly €0.15-0.18/
m?. In most other states—such as North Rhine-Westphalia,
Saxony, or Rhineland-Palatinate—fees for groundwater
extraction are between €0.05 and €0.10/m?3, and for surface
water use typically far lower, often below €0.05/m3. Despite
the strained groundwater conditions in Brandenburg, the
federal state is among those charging the lowest for
groundwater extraction, namely a fee of €0.10-0.11/m3. In
some states, charges for cooling water are reduced, while
in some states it 1s equally expensive compared to water
for other use cases.

The complexity of these differences is further compounded
by broad sectoral exemptions. In nearly all states, agricul-
ture, mining, hydropower, and large parts of industry are
either fully or partially exempt from the fee. Only Rhine-
land-Palatinate has recently begun phasing out blanket
exemptions for irrigation and forestry. As a result, such
disparities create competitive distortions between neigh-
boring states—for instance, Berlin charges some of the
highest extraction costs, while adjacent Saxony and Meck-
lenburg-Vorpommern levy minimal or no charges at all.

Nationwide, the Wassercent generates around €430 million
per year, but the use of these revenues also varies consid-
erably. In some federal states, proceeds flow directly into
water management, infrastructure, or conservation pro-
grams, while in others, they are absorbed into the general
state budget without earmarking.

Environmental organizations argue that the Wassercent’s
current design and rate levels are insufficient to drive
efficiency or incentivize conservation—especially given the
widespread exemptions for heavy users. They call for a
harmonized national pricing system that aligns industrial
and agricultural use with sustainability goals and channels
revenues consistently into ecosystem restoration and water
protection. Utility associations such as the VKU also advo-
cate reform but from a different perspective: They empha-
size the need to use Wassercent revenues more consistent-
ly and transparently to finance investments in water and
wastewater infrastructure, securing the resources needed
to adapt networks to climate change. Economic stakehold-
ers such as the chambers of industry and commerce (IHK),
in turn, criticize the fragmented system for creating com-
petitive distortions between states and uneven cost bur-
dens across sectors, which undermine fair market condi-
tions. Together, these perspectives highlight that a
coherent reform of the Wassercent is needed—one that
balances ecological incentives, infrastructure investment,

and economic fairness within a unified national frame-
WoOrk 412,413,414, 415, 416, 417

Such underpricing may appear advantageous for heavy

“2|HK (2016): bundeslaendervergleich-wasserentnahmeentgelte-data.pdf

“BBUND (2025): BUND Bericht: Wasserentnahmeentgelte der Lander (Stand: 06/25)

“14UBA (2022): Microsoft Word - Tabelle Wasserentnahmeent-

gelte der_Laender_Stand 2022 Endfassung (003).docx

415 Kommunal (2025): Wassercent in Bayern: Neue Steuer trifft auch Kommunen | KOMMUNAL
“8VKU (2025): Studie_Investitionen_Wasserwirtschaft: VKU

“7|HK (2016): bundeslaendervergleich-wasserentnahmeentgelte-data.pdf
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https://www.ihk.de/blueprint/servlet/resource/blob/6138280/06006a1427091f32e92b23cc159e95e5/bundeslaendervergleich-wasserentnahmeentgelte-data.pdf

water users in the short term, but in the long run it erodes
sustainability and economic resilience. When water scarci-
ty intensifies, the costs inevitably ripple through the entire
economy. Competition for limited resources drives up
allocation and production costs; while households and
essential services also feel the effects of higher costs, they
take priority for allocation, while industry and business
absorb the shortfall. The consequence is higher input costs,
lower productivity, and a decline in Germany’s attractive-
ness as an industrial and investment location.**%4° In
effect, a pricing system designed to keep water cheap today
risks making it unaffordable tomorrow—both economically
and environmentally.

Turning the Tide. To avoid such a trajectory, Germany must
begin to treat water as the strategic resource it truly is.48
The evidence is overwhelming: Investing in Germany’s
water balance and resilience is both economically attrac-
tive and ecologically essential. The implementation of
Regenerative Agriculture, Forest Management, and Dy-
namic Drainage alone could add an amount of water
higher than Germany’s total public abstraction in 2022
back to the national balance each year.*°

Beyond their hydrological impact, these measures deliver
significant ecological and economic dividends—improving
soil health, biodiversity, and local climate regulation while
also strengthening Germany’s position as a stable and
competitive business location. A secure and predictable
water supply underpins industrial productivity, agricultural
viability, and societal well-being. Without it, long-term
economic growth and quality of life are at risk.

Encouraging investment in sustainable, nature-based
solutions, complemented by targeted technological mea-
sures, will therefore be critical to expanding the total
amount of water available, while simultaneously optimiz-
ing existing use. This dual approach not only safeguards
ecosystems but also fortifies the foundations of the Ger-
man economy, ensuring that people, nature, and industry
can continue to thrive together.

This priority aligns closely with the EU Water Resilience
Strategy,*?* which stresses that strategic investment in
water resilience is essential for Europe’s long-term compet-
itiveness and security. The strategy highlights that targeted
funding in both nature-based and technological solu-
tions—from ecosystem restoration and soil management
to efficient water systems and innovation—offers the
highest returns for strengthening resilience. It underscores
that investing in water is investing in the economy, as
healthy water systems underpin productivity, supply securi-
ty, and sustainable growth.
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7.2 The Power of Shared Responsibility and
Collaboration

A Multi-Stakeholder Approach. Achieving water resilience
cannot be the responsibility of a single actor. No sector can
carry the weight alone. Germany’s water security depends
on the collective engagement of public institutions, private
companies, land managers, and citizens alike. While water
utilities form the operational backbone of the system, they
cannot by themselves shoulder the growing pressures of
drought, pollution, and infrastructural renewal. Ensuring
long-term water resilience requires a joint effort that inte-
grates all stakeholders—from agriculture and forestry to
industry, municipalities, and research.

Both the EU Water Resilience Strategy*** and Germany’s
National Water Strategy*?? strongly emphasize this collabo-
rative approach. The EU framework calls for a “whole of
society” response, mobilizing actors across policy areas
and sectors, and encouraging partnerships between gov-
ernments, business, and civil society to drive investment
and the implementation of water resilience measures.
Similarly, Germany’s National Water Strategy underscores
the need for joint action by federal, state, and municipal
authorities, coordinated with agriculture, industry, and
citizens, to lay the foundation for sustainable water use
and secure supply nationwide.

In practice, this means that all actors must play their part:

o Public authorities provide the legal frameworks,
incentives, and infrastructure investment.

e Businesses and industry must integrate water
efficiency and reuse into their operations.

o Farmers and landowners contribute through regen-
erative practices that restore small water cycles.

o Citizens participate through responsible consumption
and awareness.

Water is both an economic input and a shared public good.
Its resilience depends on shared responsibility. Only by
aligning public and private action can Germany build the
collective capacity needed to safeguard its ecosystems,
economy, and society against future water crises.

22BMUV (2023): BMUKN: Nationale Wasserstrategie | Publikation
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7.3 Building Financing and Enabling
Mechanisms

Financing the Transition. The evidence is clear: Investing
in water resilience is no longer optional—it is essential. Yet
while the need is evident, the key question remains of how
to finance this transition. Building a water-secure Germany
will require substantial and sustained investment—far
beyond what utilities or local authorities can shoulder
alone. To make this shift, existing financial instruments
must be reevaluated, new incentives introduced, and both
public and private capital mobilized. What matters now is
creating the right mix of funding, incentives, and partner-
ships to translate ambition into implementation.

7.3.1 BUILDING ON EXISTING FINANCIAL
RESOURCES

Mobilizing Existing Resources. The implementation of
Germany’s National Water Strategy is intended to rely on a
mix of financial instruments, primarily by leveraging exist-
ing funding vehicles and programs to support the rollout of
the measures defined in the strategy.”® One potential
funding source is the federal budget. The federal budget for
2026, allocates resources to water-related areas such as
waterways, water infrastructure, flood protection, and to
climate-adaptation measures that also influence water
management and water availability and are financed
across several ministries, for example the Federal Ministry
for Agriculture, Food and Regional Identity (BMLEH) or the
Federal Ministry for Environment, Nature Conservation
and Nuclear Safety (BMUKN).4%425 Yet in the overall
context and volume of the total federal budget, these
expenditures represent only a small fraction of total minis-
terial investments, underlining that water resilience is not
yet a central budgetary focus.*?® Another major funding
vehicle 1s the federal Infrastruktur-Sondervermogen, with a
total volume of €500 billion.**” Of this, €300 billion are
allocated to the federal government, €100 billion to the
states and municipalities, and the remaining €100 billion
to the Klima- und Transformationsfonds (KTF). The funds
assigned to the federal government and the states/munici-
palities are largely dedicated to investments in transport
infrastructure, buildings, energy efficiency, digitalization,
and healthcare infrastructure, while the KTF focuses on the
energy transition, climate neutrality, and transformation
measures. In the 2026 budget, the climate-protection tasks
that were newly transferred to the BMUKN and BMLEH
are now financed mainly through the KTF.4%42° While
some of these investments include water-related and
ecosystem-based solutions, the majority of KTF funding
remains concentrated on energy efficiency and mobility.
“2BMUV: BMUKN: Nationale Wasserstrategie | Publikation
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Although these priorities are critical for Germany’s mod-
ernization and decarbonization efforts, water infrastruc-
ture, ecosystem restoration, and climate adaptation mea-
sures have yet to be established as more central funding
priorities within this framework.

However, calls to reconsider this allocation are growing
louder, particularly from within the water utility sector
itself. The Verband Kommunaler Unternehmen (VKU),*°
representing municipal utilities, has warned that Germa-
ny’s drinking water and wastewater infrastructure requires
billions in additional investment to remain resilient under
increasing climatic and demographic pressure. The VKU
estimates a funding need of around €40 billion annually
instead of the current annual investments of roughly €10
billion for infrastructure modernization, renewal, and
adaptation to droughts and extreme rainfall events,
amounting to a total investment need of €800 billion in the
next 20 years. Of the total investment need, roughly 10—
15% are assumed to be required for climate-change adap-
tion, amounting to roughly €80 billion—120 billion over the
next two decades. Not only the VKU, but other associa-
tions** such as the Allianz der offentlichen Wasser-
wirtschaft e V. (AOW)*3? or Bauindustrie*® have therefore
urged that a portion of the Infrastruktur-Sondervermogen
be earmarked specifically for upgrading and climate-proof-
ing water networks and waterways.

Yet, while water infrastructure investment is undeniably
essential, building water resilience must also reach beyond
pipelines and treatment plants. As demonstrated by the
solutions developed in this study—for example Regenera-
tive Agriculture, Forest Management, and Dynamic Drain-
age—the stability of Germany’s water balance also de-
pends on actions in agriculture, forestry, and urban
planning. Increasing the share of the Sondervermogen that
is allocated to such measures could bridge existing financ-
ing gaps and catalyze a systemic shift toward integrated
water management, combining technological infrastruc-
ture with landscape restoration and ecosystem services.

This approach is fully in line with the EU Water Resilience
Strategy, which highlights that current annual water invest-
ments across the EU fall short and calls on Member States
to reorient existing budgets to close the gap.*** The Europe-
an Commission explicitly encourages Member States to
prioritize water resilience within their investment frame-
works, linking it to competitiveness, security of supply, and
environmental protection.

Reallocating part of Germany’s existing infrastructure
funding toward water-related projects would not create a
new financial burden—it would future-proof the invest-
ments already planned. By embedding water resilience
into the country’s broader infrastructure and transforma-
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tion agenda more fundamentally, Germany can ensure
that its roads, grids, and industries remain functional and
competitive even under growing climatic stress. At the
same time, it would elevate landscape restoration and
ecosystem services from peripheral considerations to
central pillars of national investment—transforming an
environmental necessity into a foundation for long-term
economic stability.

7.3.2 CREATING NEW INCENTIVES

Beyond Existing Funding Mechanisms. \While reallocating
existing public funds is an important first step, it alone will
not be sufficient to finance Germany'’s transition to water
resilience. Complementary financing and investment
models as well as incentive structures are needed to mobi-
lize additional capital, including from the private sector.
Public resources can lay the foundation, but long-term
transformation depends on mechanisms that make water
stewardship economically meaningful and reward those
who invest in it. Encouraging such innovation will demand
financial instruments and market-based incentives that
assign tangible value to water as a shared resource. Devel-
oping these approaches can broaden the financial base for
action, foster collaboration across sectors, and ensure that
investment in water security becomes a sustained, collec-
tive effort rather than a one-off public initiative.

The Investment Dilemma. Despite its central role in eco-
nomic stability and social well-being, water is not an obvi-
ous investment case. Traditional infrastructure projects
such as desalination plants, pipelines, or wastewater treat-
ment systems tend to attract investors because they gener-
ate direct, measurable returns through tariffs or service
fees. In contrast, nature-based solutions, like Regenerative
Agriculture, forest management, or soil restoration, pro-
duce primarily diffuse, long-term public benefits that are
harder to monetize. They strengthen the water cycle, re-
duce climate risks, and secure future supply, but their
payoffs are distributed across ecosystems, sectors, and
time.

This imbalance is reinforced by the low cost of water ex-
traction in Germany. When the marginal cost of using or
abstracting water is lower than the cost of restoring or
retaining it, there is little financial incentive to invest in
replenishment or retention measures. As a result, capital
tends to flow toward optimization and efficiency improve-
ments—such as leakage reduction, reuse, or metering—
rather than toward solutions that expand total water avail-
ability. While optimization is vital, it does not address the
core quantity challenge: ensuring that more water enters
and stays in the system.

In this context, green water investments struggle to com-
pete with gray infrastructure, even though they can deliver
greater systemic resilience per euro spent. Their benefits
rarely appear on balance sheets or yield immediate reve-
nue. Consequently, the measures most critical for long-
term water security often remain underfinanced, not be-
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cause they lack value but because that value is diffuse,
indirect, and poorly reflected in current economic metrics.
This imbalance needs to change. A growing body of scien-
tific evidence—featured in our study and reinforced by the
findings of our own analysis—shows that nature-based and
regenerative approaches provide measurable, long-term
returns in resilience, climate stability, and resource security
that far exceed their initial cost. Recognizing and integrat-
ing these benefits into investment and policy frameworks
is essential for ensuring true water security.

The Disconnect Between Creators and Users. Financing
water resilience is further complicated by a mismatch
between those who create water security and those who
benefit from it. In Germany, farmers, forest owners, and
land managers are the primary implementers of green
solutions that enhance infiltration, retention, and ground-
water recharge. Through regenerative practices, reforesta-
tion, or floodplain restoration, they strengthen the water
cycle and provide benefits that extend well beyond their
own land—helping municipalities, industries, and house-
holds downstream.

However, these “creators of water resilience” rarely receive
adequate recognition or compensation for the public value
they generate. Their efforts produce collective and delayed
benefits that are difficult to capture in conventional eco-
nomic systems. Meanwhile, the main users and beneficia-
ries—industries, utilities, and households—primarily
operate on the abstraction and consumption side of the
water cycle. For them, the connection between upstream
ecosystem management and supply reliability often re-
mains indirect or time-lagged: By the time scarcity be-
comes tangible, the opportunity for preventive investment
has often been missed.

This asymmetry results in uneven financial responsibility:
Those who can most efficiently restore water availability
lack incentives to do so, while those who depend on these
ecosystem services are not required—or encouraged—to
cofinance them. The result is a disconnect between cre-
ators and users, both spatially and temporally. To close this
gap, a shift in perspective is needed. Recognizing the
shared value chain of water is essential to build fair, coordi-
nated investment mechanisms and ensure that all actors
contribute to maintaining the balance of the water cycle.

The Mindset Shift. Closing the gap between creators and
users of water resilience will require more than new financ-
ing instruments. It demands a fundamental shift in mind-
set. Water must be understood not as an isolated input or
a private commodity but as a shared system of interdepen-
dence. Every actor—whether a farmer retaining rainwater
in the soil, a company cooling its machinery, or a munici-
pality maintaining drainage infrastructure—contributes to
and depends on the same hydrological cycle. Investments
made in one part of that system can create value for many
others. Recognizing this mutual dependency is the first
step toward a more balanced and cooperative approach to
financing water security.

EVERY DROP COUNTS—PATHWAYS TO RESTORE GERMANY’S WATER BALANCE



Such a shift also requires seeing water investments through
a broader lens. An agricultural measure that improves infil-
tration may not yield a direct return for the farmer, but it
reduces flood risks for communities downstream and stabi-
lizes water availability for industries and households. Simi-
larly, corporate or municipal investments in reforestation or
retention landscapes may not translate into immediate
profit, but they alleviate the pressure on central infrastruc-
ture and safeguard long-term access to water—an increas-
ingly critical license to operate in a changing climate. When
businesses and public institutions begin to view water not
just as a cost factor but as a strategic asset, the investment
logic starts to align with the true value of water.

To enable this mindset shift, financial and policy nudges

are needed to make the shared value of water more visible.

Instruments such as stormwater fees (Niederschlagswas-
sergebUhr®%), tax incentives, or preferential financing rates
and subsidies for water-positive (co)investments** can
reward those who contribute to system-wide resilience.
Likewise, corporate accounting frameworks that recognize
water risk and water stewardship as material factors can
help shift investment behavior. Ultimately, the goal is to
foster a cross-sector financing culture—one where public
and private actors jointly invest in the natural and techno-
logical systems that sustain Germany’s water balance.

Credit Systems: Monetizing Environmental Stewardship.
Over the past two decades, credit systems have become
influential market-based tools to align economic activity
with environmental goals. By assigning measurable value
to ecological improvements or avoided damage, they inter-
nalize the costs of degradation and reward restoration. The
best-known example is the carbon credit system, which
caps total emissions and allows companies to trade allow-
ances, embedding the cost of pollution into business mod-
els and mobilizing investment toward decarbonization.*”
The same logic now extends to biodiversity and nature
credits, which quantify ecological gains such as habitat
restoration or improved species diversity. Verified credits
can be traded in either compliance or voluntary markets,
as demonstrated by pilots like the UK’s biodiversity net-
gain schemes*® or Germany’s Okokonto*? models.

The Credit System for Water. Applying this principle to
water is the next logical step. Water credits—or, as de-
scribed in the EU Water Resilience Strategy,*° “nature
credits”™—aim to quantify and monetize measurable im-
provements in water availability, quality, or efficiency. They
create financial value for actions that save, recharge, or
purify water, turning sustainable management into an
investable outcome. Farmers, municipalities, and indus-
tries could generate credits through certified projects that
retain or restore water, while others could purchase them
to offset consumption or meet regulatory obligations.
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The EU Water Resilience Strategy explicitly outlines the
Roadmap for Nature Credits to scale such mechanisms
and mobilize private investment in water resilience and
ecosystem restoration. Although still in its infancy, practical
models already demonstrate how this concept could work.
In the United States, the EPA’'s Water Quality Trading Pro-
gram*? allows facilities to meet discharge limits by pur-
chasing credits from others who reduce nutrient pollution
more cost-effectively. Arizona’s Groundwater Banking*2 44
system enables users to store surplus water in aquifers and
later withdraw or trade it during dry periods. In Africa, the
Green Water Credits Initiative*** compensates farmers for
soil and land management practices that increase infiltra-
tion and reduce erosion, rewarding actions that sustain
local water cycles and downstream availability. A similar
model is now emerging in Europe: In the United Kingdom,
the Wildfarmed Water Premium?+ brings together public
and private actors to share the costs of water protection. By
co-funding regenerative farmers who reduce runoff and
pesticide use in drinking-water catchments, water compa-
nies lower the need for expensive downstream treatment,
while farmers receive stable income streams for ecosystem
services that benefit society at large. This cost-sharing
approach reflects a broader shift—away from paying solely
for water extraction and treatment, toward jointly investing
in the living systems that keep water clean in the first
place. Together, these examples show how financial incen-
tives can translate stewardship into measurable outcomes
and highlight the potential of water credits as a bridge
between ecological and economic value creation.

The Local Nature of Water Credits: Valuing a Resource That
Defies Uniform Markets. Unlike carbon, which mixes evenly
in the atmosphere and has a global effect regardless of
where emissions come from, water is inherently local. Its
value, scarcity, and impact depend on geography, seasonali-
ty, and hydrological context. A cubic meter of water saved in
one region cannot alleviate scarcity in another, nor can clean
water restored upstream automatically offset pollution
downstream. This spatial and temporal variability makes
water credits uniquely complex to design and trade.

Effective systems must therefore operate at the catchment
or subbasin level, not within a uniform global market. The
timing of availability is as critical as its volume: An addi-
tional cubic meter captured during winter floods does not
have the same value as one retained during a summer
drought. Likewise, the economic and ecological value of
water differs sharply between regions: Where abundant
rainfall offers limited marginal benefit, scarcity dramatical-
ly increases the impact of each unit saved. Seasonal and
annual variability add further complexity, as the same
intervention can yield different outcomes depending on
rainfall, temperature, and demand.
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Opportunities and Limitations. Properly designed, water
credits could create financial incentives for sustainable
water use and unlock private investment in retention,
recharge, and pollution reduction measures. They could
complement public funds, improve data transparency, and
offer new income opportunities for farmers, landowners,
and other actors implementing water-benefit projects. By
monetizing measurable improvements in water availability
and quality, water credits can help turn stewardship from a
public obligation into an economic opportunity.

Yet, water’s local and variable nature makes such systems
complex to design and verify. Regional differences in hy-
drology and scarcity, challenges in quantifying benefits, and
risks of excessive bureaucracy all pose significant hurdles.
Equity concerns may also arise, as larger players typically
have greater capacity to participate than smaller ones.
Finally, a moral hazard exists if companies simply buy
credits instead of reducing their own water use, undermin-
ing behavioral change.

Despite these challenges, water credits could serve as a
complementary tool if existing instruments fail to mobilize
action at scale, ultimately necessary to trigger the invest-
ment and cooperation required for long-term resilience.

Applying a Water Credit System in Germany. A German
water credit system could become a practical mechanism
to channel investment into actions that strengthen the
country’s hydrological balance. Its initial focus would likely
be on water availability—rewarding measures that en-
hance retention, infiltration, and groundwater recharge—
while leaving room for later expansion into credits linked
to water quality and efficiency improvements. By assigning
tangible value to these activities, the system could mobilize
funding for green and hybrid solutions that complement
traditional infrastructure and help close existing invest-
ment gaps.

Given Germany’s federal structure and established water
governance, such a system would most effectively start as
a voluntary instrument. Participation could extend across
sectors—agriculture, forestry, industry, utilities, and munic-
ipalities—allowing stakeholders to invest directly in wa-
ter-positive projects or cofinance measures where benefits
are shared. Rather than replacing existing regulation, the
mechanism would create additional incentives for steward-
ship, enabling both public and private actors to contribute
visibly to national water resilience.

To ensure feasibility, a practice-based approach would be
the most pragmatic starting point. Linking credits directly
to verified practices—such as cover cropping, agroforestry
& reforestation, soil decompaction, or wetland resto-
ration—would minimize administrative effort while ensur-
ing that certified activities deliver measurable hydrological
benefits. Although an outcome-based model would be
preferable in the long term, it would require extensive
monitoring and data collection. Selected indicators, such
as vegetation cover or evapotranspiration, could eventually
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be tracked through satellite-based methods (such as
NDVI), but most effects would remain difficult to quantify
consistently across regions.

Ensuring comparability and credibility across catchments
will be central to the system’s integrity. Credit valuation
should be grounded in regional hydrological modelling that
reflects local water stress, soil and groundwater conditions,
and seasonal variation. A standardized weighting factor
could then normalize credits beyond individual catch-
ments, incorporating both the hydrological importance and
scarcity value of each intervention. In this way, a cubic
meter of water retained in drought-prone Brandenburg
would be appropriately weighted against one in wetter
Schleswig-Holstein—creating a transparent and equitable
market framework across Germany.

7.4 Toward a Water-Resilient Germany

Taken together, the measures outlined in this study—span-
ning Regenerative Agriculture, Forest Management, Dy-
namic Drainage, and complementary technological innova-
tions—form a roadmap for restoring Germany’s water
balance. The evidence is clear: Investing in water resilience
is not only environmentally necessary but economically
sensible, safeguarding competitiveness, livelihoods, and
long-term stability. Achieving this transformation, however,
will require coordinated effort across all levels of govern-
ment, industry, and society.

Building on the foundations of Germany’s National Water
Strategy, this effort should bring together the country’s key
water actors: the government, municipal utilities, industry
associations, farmers and forest owners, research institu-
tions, and the financial sector. Their shared mandate must
be to align policy, funding, and innovation with the com-
mon goal of making water security via availability a pillar
of economic strategy and climate adaptation.

If implemented with urgency and collaboration, these
measures can transform Germany’s water challenges into
an opportunity—to secure the country’s hydrological fu-
ture, strengthen its natural capital, and thus build a resil-
ient economic foundation.
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8. Glossary

Definition

Term

Aquifer

A subsurface layer of permeable rock or sediment that stores and transmits groundwater. It
serves as a natural reservoir that sustains rivers, wetlands, and drinking-water supply

Biotic Pump

Describes how forests and vegetation generate pressure gradients through evapotranspira-
tion, drawing moist air inland and thus sustaining continental rainfall

Blue Water

Liquid freshwater from surface or groundwater sources, such as rivers, lakes, reservoirs and
aquifers that can be directly abstracted for irrigation, domestic, or industrial use

Carbon Sponge (Soil
Carbon Sponge)

The porous, rich structure of healthy soil that stores water and car-bon, linking both cycles
by enhancing infiltration, evapotranspiration, cloud formation, and climate cooling while
supporting plant growth

Catchment (River Basin)

An area where all precipitation drains to and is collected in a shared outlet such as a river
or sea—the fundamental spatial unit for integrated water management

Compaction

The compression of soil particles that reduces pore space, infiltration, and water retention,
weakening the soil’s sponge function, increasing runoff, and limiting plant growth, as well
as groundwater recharge

Cost of Inaction

The cumulative social, economic, and ecological losses from not addressing water stress,
including both visible and hidden, chronic impacts as well as direct and indirect costs

Environmental-Econom-
ic Accounting (EEA)

A framework linking water, economy, and environment by integrating natural and human
water system components, tracking abstraction, use, return, and storage for a comprehen-
sive national water balance

Evapotranspiration (ET)

The combined transfer of water from land to atmosphere through evaporation and plant
transpiration, driving local cooling and rainfall formation

Green Water

Water and moisture from precipitation that is stored in soil and vegetation that is
evaporated, transpired, or used directly by forests, plants, or livestock




Term Definition

Grav Water Water that has been used in households and carries impurities (from showers, sinks, and
Y laundry, excl. toilets) but can be treated and reused

Groundwater Measures the ratio of groundwater abstraction to its long-term recharge—values above 0.2

Exploitation Index

indicate structural overuse and risk of aquifer depletion

Groundwater Recharge

The infiltration of water from the surface through soil and rock into aquifers, replenishing
underground storage and ensuring long-term supply stability

Hydrological Balance
(Water Balance)

Accounting of natural water inflows, outflows, and storage changes (excl. human influence);
covering precipitation, evapotranspiration, and runoff; showing if a system is gaining or
losing water over time

Infiltration

The downward movement of water through soil into deeper soil layers, with high infiltration
rates preventing runoff, enhancing groundwater recharge, and reducing erosion

Land-Atmosphere
Coupling

Interaction between soil moisture, vegetation, and climate, where changes in land cover
influence temperature, humidity, and precipitation

Local (Small) Water
Cycles

A self-contained loop of evaporation, condensation, and rainfall that transports water from
land via the atmosphere back to land surfaces, with healthy small cycles sustaining local
rainfall and buffering drought

Marginal Cost of Water  An analytical tool showing the relationship between water management solutions’ ability
Availability (MaCoWA) to create/retain additional water and required investment cost, helping to compare their
Curve cost-effectiveness

The portion of precipitation flowing over land surfaces instead of infiltrating soil, often
Runoff . . . . L .

intensified by sealing or compaction and contributing to floods and erosion

. . Covering soil with impermeable materials such as asphalt or concrete, which blocks infil-

Soil Sealing

tration, increases runoff, and disrupts water and carbon cycles

Sponge Landscape

A land system—natural or engineered—that absorbs, stores, and slowly releases water,
reducing flood peaks and replenishing groundwater

Surface Water

All water visible above ground, including oceans, rivers, lakes, and wetlands, forming the
most accessible component of blue-water resources

Water Exploitation In-
dex (WEI+)

An indicator measuring total water consumption (difference between abstraction and
returns) as a share of renewable water resources, with values above 20% signaling water
scarcity and unsustainable use

Water Risk Matrix

A BCG framework assessing water challenges across three dimensions—quantity, quality,
and accessibility—and their environmental, economic, and social impacts

Water Stress Index (WSI)

Represents the ratio of total water demand to available water supply, with levels above 40%
indicating high competition among users and scarcity risk

Water Use Index (WNI)

Compares total annual water withdrawals to renewable water resources at the national
level, providing an aggregate measure of use intensity, with levels above 20% indicating
water stress

Wassercent (Water
Extraction Fee)
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A levy applied by most German federal states on surface and groundwater abstraction to
reflect environmental costs and fund water protection
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9. Appendix

APPENDIX TABLE 1 — TIP OF THE ICEBERG

Assumptions/Estimates

Floods

Source

Frequency Data Points

Floods of the type “July 2021 will become 1.2-9.0x more
frequent:

o Today such floods occur every 400 years

e With climate change, floods will occur every ~330 years
(1.2x) to ~45 years (9%)

GWS (2022): Schaden der Sturzfluten und Uberschwem-
mungen im Juli 2021 in Deutschland

Kreienkamp et al. (2023): Attribution of the heavy rainfall

events leading to severe flooding in Western Europe

during July 2021 | Climatic Change



https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_Detailuntersuchung%20Flut_AP2_3b_.pdf
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_Detailuntersuchung%20Flut_AP2_3b_.pdf
https://link.springer.com/article/10.1007/s10584-023-03502-7
https://link.springer.com/article/10.1007/s10584-023-03502-7
https://link.springer.com/article/10.1007/s10584-023-03502-7

Assumptions/Estimates

Damage Data Points

Source

~€1.5B average annual gross value added (GVA) loss from
floods:

e GVA loss estimates from floods in 2025 is ~€730M and in
2029 is ~€2.3B

o  Future average annual loss will remain constant at aver-
age GVA loss from 2025 and 2029

Usman et al. (2025): Dry-roasted NUTS: early estimates
of the regional impact of 2025 extreme weather by
Sehrish Usman, Miles Parker, Mathilde Vallat :: SSRN

~€2B average annual insurance claims expenditure for
floods:

e 2002-2024 average annual insurance claims for property
insurance: natural hazards amount to ~€2B (excl. car
insurance, as it is assumed that most of the damage in
this category comes from storms and hail and not from
floods) (converted from the 2023 to 2024 level)

e  Future average annual insurance claims expenditure will
remain constant at 2002-2024 average

GDV (2025): Langzeitbilanz: Schaden durch Naturge-
fahren in Deutschland

GDV (2024): naturgefahrenreport-2024-datenser-
vice-download-data.pdf

Use of Verbraucherpreisindex: Deutschland, Jahre to
convert total insurance claim data into ‘24 price levels
using 1 (VPI 2024/2023)

~€4.3B average annual insurance claims expenditure for
floods:

e Analysis of 2002—2024 claims for property insurance
reveals a five-year moving average CAGR of ~3%

e Applying this CAGR to the 2002—-2024 average annual
claims for property insurance of ~€2B leads to ~€4.3B in
2050

e Future average annual claims will stay constant at
~€4.3B

GDV (2025): Langzeitbilanz: Schaden durch Naturge-
fahren in Deutschland

GDV (2024): naturgefahrenreport-2024-datenser-
vice-download-data.pdf

~€6B average annual damage from floods:

e In 2002-2024, the average annual insurance claims for
property insurance were ~€2B

o Total damage is ~3.0x higher than insurance claims
expenditure

e  Future average annual claims will remain constant at
~€6B

GDV (2025): Langzeitbilanz: Schaden durch Naturge-
fahren in Deutschland

GDV (2024): naturgefahrenreport-2024-datenser-
vice-download-data.pdf

GWS (2022): Ubersicht vergangener Extremwetter-
schaden in Deutschland
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https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5484206
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5484206
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5484206
https://www.gdv.de/gdv/medien/medieninformationen/langzeitbilanz-schaeden-durch-naturgefahren-in-deutschland-184764
https://www.gdv.de/gdv/medien/medieninformationen/langzeitbilanz-schaeden-durch-naturgefahren-in-deutschland-184764
https://www.gdv.de/resource/blob/183710/ce0eff6cd00569d1f67d1289b16a7325/naturgefahrenreport-2024-datenservice-download-data.pdf
https://www.gdv.de/resource/blob/183710/ce0eff6cd00569d1f67d1289b16a7325/naturgefahrenreport-2024-datenservice-download-data.pdf
https://www-genesis.destatis.de/datenbank/online/table/61111-0001/table-toolbar#filter=
https://www.gdv.de/gdv/medien/medieninformationen/langzeitbilanz-schaeden-durch-naturgefahren-in-deutschland-184764
https://www.gdv.de/gdv/medien/medieninformationen/langzeitbilanz-schaeden-durch-naturgefahren-in-deutschland-184764
https://www.gdv.de/resource/blob/183710/ce0eff6cd00569d1f67d1289b16a7325/naturgefahrenreport-2024-datenservice-download-data.pdf
https://www.gdv.de/resource/blob/183710/ce0eff6cd00569d1f67d1289b16a7325/naturgefahrenreport-2024-datenservice-download-data.pdf
https://www.gdv.de/gdv/medien/medieninformationen/langzeitbilanz-schaeden-durch-naturgefahren-in-deutschland-184764
https://www.gdv.de/gdv/medien/medieninformationen/langzeitbilanz-schaeden-durch-naturgefahren-in-deutschland-184764
https://www.gdv.de/resource/blob/183710/ce0eff6cd00569d1f67d1289b16a7325/naturgefahrenreport-2024-datenservice-download-data.pdf
https://www.gdv.de/resource/blob/183710/ce0eff6cd00569d1f67d1289b16a7325/naturgefahrenreport-2024-datenservice-download-data.pdf
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_%C3%9Cbersicht vergangener Extremwettersch%C3%A4den_AP2_1.pdf
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_%C3%9Cbersicht vergangener Extremwettersch%C3%A4den_AP2_1.pdf

Assumptions/Estimates
~€13B average annual damage from floods:

o  Future average annual expenditure claims will be equal
to ~€4.3B

o Total damage is ~3.0x higher than the insurance claims
expenditure

o Future average annual claims will remain constant at
~£13B

Source

GDV (2025): Langzeitbilanz: Schaden durch Naturge-
fahren in Deutschland

GDV (2024): naturgefahrenreport-2024-datenser-
vice-download-data.pdf

GWS (2022): Ubersicht vergangener Extremwetter-
schaden in Deutschland

~€3.7B average annual damage from floods:

e In 2000-2021, total damage from floods and torrential
rains amounted to €82.5B (converted from 2021 to 2024
level)

o Total damage is distributed equally across 22 years and
will remain constant

GWS (2022): Ubersicht vergangener Extremwetter-
schaden in Deutschland

Use of Verbraucherpreisindex: Deutschland, Jahre to
convert total damage costs into ‘24 price levels using
factor 1.16 (VPI 2024/2021)

Average Expected Annual Flood Damage

~€6B average expected annual flood damage across Germa-
ny:

e Data derived from long-term historical time series—such
as insurance claims (~€2B, ~€4.3B, ~€6B, and ~€13B)
and comprehensive extreme-weather event analyses
(~€3.7B) including direct and indirect costs—are consid-
ered to have higher reliability and are thus used to arrive
at the average expected annual flood damage

Drought & Heat

Frequency Data Points

BCG & NABU analysis (2025)

Two-year droughts will become 7x more frequent, assuming
the RCP 8.5 climate scenario:

e Two-year droughts occurred every ~78 years between
1850 and 2005

o Two-year droughts will occur every ~11 years between
2051 and 2100

Hari et al. (2020): Increased future occurrences of the
exceptional 2018-2019 Central European drought under

global warming | Scientific Reports

Droughts of the type “Summer 2022” will become 5% more
frequent:

e They occurred every 100 years in preindustrial times

e They will occur every 20 years in the current climate

Schumacher et al. (2024): ESD - Detecting the human
fingerprint in the summer 2022 western—central Europe-

an soil drought

BOSTON CONSULTING GROUP + NABU
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https://www.gdv.de/gdv/medien/medieninformationen/langzeitbilanz-schaeden-durch-naturgefahren-in-deutschland-184764
https://www.gdv.de/gdv/medien/medieninformationen/langzeitbilanz-schaeden-durch-naturgefahren-in-deutschland-184764
https://www.gdv.de/resource/blob/183710/ce0eff6cd00569d1f67d1289b16a7325/naturgefahrenreport-2024-datenservice-download-data.pdf
https://www.gdv.de/resource/blob/183710/ce0eff6cd00569d1f67d1289b16a7325/naturgefahrenreport-2024-datenservice-download-data.pdf
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_%C3%9Cbersicht vergangener Extremwettersch%C3%A4den_AP2_1.pdf
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_%C3%9Cbersicht vergangener Extremwettersch%C3%A4den_AP2_1.pdf
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_%C3%9Cbersicht vergangener Extremwettersch%C3%A4den_AP2_1.pdf
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_%C3%9Cbersicht vergangener Extremwettersch%C3%A4den_AP2_1.pdf
https://www-genesis.destatis.de/datenbank/online/table/61111-0001/table-toolbar#filter=
https://www.nature.com/articles/s41598-020-68872-9
https://www.nature.com/articles/s41598-020-68872-9
https://www.nature.com/articles/s41598-020-68872-9
https://esd.copernicus.org/articles/15/131/2024/#section4
https://esd.copernicus.org/articles/15/131/2024/#section4
https://esd.copernicus.org/articles/15/131/2024/#section4

Assumptions/Estimates

Depending on temperature rise, drought frequency will in-
crease by 2.0-4.1x

e Inthe pre-1990s, droughts occurred every 10 years

o Iftemperatures increase by 1.5°C, droughts will occur
every ~5 years

o Iftemperatures increase by 4°C, droughts will occur
every ~2.5 years

Source

UBA (2022): Durre als Folge des Klimawandels | Umwelt-
bundesamt

Damage Data Points

~€150M average annual gross value added (GVA) loss from
drought:

o GVA loss estimate from drought in 2025 is ~€80M and in
2029 is ~€220M

e  Future average annual loss will remain constant at an
average GVA loss from 2025 and 2029

Usman et al. (2025): Dry-roasted NUTS: early estimates
of the regional impact of 2025 extreme weather by
Sehrish Usman, Miles Parker, Mathilde Vallat :: SSRN

~€2B average annual damage from heat and drought:

e In 2000-2021, the total damage from heat and droughts
amounted to €48.3B (converted from the 2021 to 2024
level)

o Total damage is distributed equally across 22 years and
will remain constant

GWS (2022): Ubersicht vergangener Extremwetter-
schaden in Deutschland

Use of Verbraucherpreisindex: Deutschland, Jahre to
convert total damage costs into ‘24 price levels using
factor 1.16 (VPI 2024/2021)

Frequency x Damage Data Points

~€2B average annual loss from drought:

o If 2-year droughts occurred every ~78 years in 1850-2005
and will occur every ~11 years in 2051-2100; then, under
a linear trend, they should occur ~4x more often, so
every ~19 years in 2006-2050

e The cost of the 2018/19 drought amounted to ~£40.5B
(converted from the 2021 to 2024 level) and is considered
representative of damage magnitude of a 2-year drought

Hari et al. (2020): Increased future occurrences of the
exceptional 2018-2019 Central European drought under
global warming | Scientific Reports

GWS (2022): Schaden der Durre- und Hitzeextreme 2018
und 2019

Use of Verbraucherpreisindex: Deutschland, Jahre to
convert convert total damage costs into ‘24 price levels
using factor 1.16 (VPI 2024/2021)

~€1B/€2B average annual loss from drought depending on
climate scenario:

e Droughts will occur every ~5 years for +1.5°C and every
~2.5 years for +2°C scenarios

o A 10-year drought will cause ~£5B (converted from the
2021 to 2024 level) in damage—equal to the average
damage cost of a drought in 2000-2021

UBA (2022): Durre als Folge des Klimawandels | Umwelt-
bundesamt

GWS (2022): Ubersicht vergangener Extremwetter-
schaden in Deutschland

Use of Verbraucherpreisindex: Deutschland, Jahre to
convert total damage costs into ‘24 price levels using
factor 1.16 (VPI 2024/2021)
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https://www.umweltbundesamt.de/themen/klima-energie/grundlagen-des-klimawandels/zu-erwartende-klimaaenderungen-bis-2100/duerre-als-folge-des-klimawandels?utm_source=chatgpt.com#was-sind-durren-welche-arten-von-durren-gibt-es
https://www.umweltbundesamt.de/themen/klima-energie/grundlagen-des-klimawandels/zu-erwartende-klimaaenderungen-bis-2100/duerre-als-folge-des-klimawandels?utm_source=chatgpt.com#was-sind-durren-welche-arten-von-durren-gibt-es
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5484206
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5484206
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5484206
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_%C3%9Cbersicht vergangener Extremwettersch%C3%A4den_AP2_1.pdf
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_%C3%9Cbersicht vergangener Extremwettersch%C3%A4den_AP2_1.pdf
https://www-genesis.destatis.de/datenbank/online/table/61111-0001/table-toolbar#filter=
https://www.nature.com/articles/s41598-020-68872-9
https://www.nature.com/articles/s41598-020-68872-9
https://www.nature.com/articles/s41598-020-68872-9
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_Detailuntersuchung Hitzesommer 18_19_AP2_3a_.pdf
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_Detailuntersuchung Hitzesommer 18_19_AP2_3a_.pdf
https://www-genesis.destatis.de/datenbank/online/table/61111-0001/table-toolbar#filter=
https://www.umweltbundesamt.de/themen/klima-energie/grundlagen-des-klimawandels/zu-erwartende-klimaaenderungen-bis-2100/duerre-als-folge-des-klimawandels?utm_source=chatgpt.com#was-sind-durren-welche-arten-von-durren-gibt-es
https://www.umweltbundesamt.de/themen/klima-energie/grundlagen-des-klimawandels/zu-erwartende-klimaaenderungen-bis-2100/duerre-als-folge-des-klimawandels?utm_source=chatgpt.com#was-sind-durren-welche-arten-von-durren-gibt-es
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_%C3%9Cbersicht vergangener Extremwettersch%C3%A4den_AP2_1.pdf
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_%C3%9Cbersicht vergangener Extremwettersch%C3%A4den_AP2_1.pdf
https://www-genesis.destatis.de/datenbank/online/table/61111-0001/table-toolbar#filter=

Assumptions/Estimates

Average Expected Annual Drought Damage

Source

At least ~€3B average expected annual drought damage
across Germany:

e The 2018/2019 drought (~€2B) and the drought occur-
rences in 2000-2021 (~€2B) have been extensively ana-
lyzed. Therefore, these figures provide a robust empirical
basis for estimating long-term impacts and are thus used
to arrive at the average expected annual drought damage

e Given health-related costs are typically excluded from
these estimates, it is assumed that at least an additional
~€1B needs to be added for hospitalization, treatment,
and long-term effects such as mortality and reduced
quality of life

GWS (2022): GWS Research Report 2022#02 Volk-
swirtschaftliche Folgekosten durch Klimawandel

GWS (2022): Schaden der Durre- und Hitzeextreme 2018

und 2019

GWS (2022): Ubersicht vergangener Extremwetter-
schaden in Deutschland

BCG & NABU analysis (2025)

Water Pollution

Water ecosystem

£580M-767M annual cost for removal of nitrate from drink-
ing water:

Reaching a nitrate level of 37.5 mg/l costs €580M—-684M per
year

Reaching a nitrate level of 25 mg/l costs €615M-725M per
year

Reaching a nitrate level of 10 mg/l costs €651M—-767M per
year

UBA (2017): Factsheet Nitratkosten

>€800M annual cost for removal of existing PFAS from envi-
ronment:

e Includes only PFAS that are already in the environment,
not exclusively referring to PFAS in water

Tagesschau (2025): Drohende Milliarden-Kosten wegen

PFAS-Verschmutzung | tagesschau.de

>€17B annual cost for removal of existing and new PFAS
from environment:

e Includes PFAS that are already in and will enter the
environment, not exclusively referring to PFAS in water

Tagesschau (2025): Drohende Milliarden-Kosten wegen

PFAS-Verschmutzung | tagesschau.de

~€900M annual cost for water restoration in Germany:

o Teltow-Flaming water restoration costs ~€150M over 30
years, (~€5M per year for an area of ~2,000 km?)

e Assuming Teltow-Flaming has water conditions and
composition representative of all of Germany: ~€5M
extrapolated to German area (357,000 km?) is ~€900M
annually

MAZ (2019): Kreistag fUr Machbarkeitsstudie zur San-
ierung der Seen und Flusse in Teltow-Flaming -
Entschlammung des Rangsdorfer See moglich

Landkreis Teltow-Flaming: Geschichte - Landkreis Tel-
tow-Flaming

BMLEH (2023): BMEL-Statistik: Bodennutzung in
Deutschland
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https://papers.gws-os.com/gws-researchreport22-2.pdf
https://papers.gws-os.com/gws-researchreport22-2.pdf
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_Detailuntersuchung Hitzesommer 18_19_AP2_3a_.pdf
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_Detailuntersuchung Hitzesommer 18_19_AP2_3a_.pdf
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_%C3%9Cbersicht vergangener Extremwettersch%C3%A4den_AP2_1.pdf
https://www.prognos.com/sites/default/files/2022-07/Prognos_KlimawandelfolgenDeutschland_%C3%9Cbersicht vergangener Extremwettersch%C3%A4den_AP2_1.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/2546/dokumente/factsheet_kosten_nitrat_trinkwasser_0.pdf
https://www.tagesschau.de/investigativ/ndr-wdr/pfas-chemikalien-kosten-100.html
https://www.tagesschau.de/investigativ/ndr-wdr/pfas-chemikalien-kosten-100.html
https://www.tagesschau.de/investigativ/ndr-wdr/pfas-chemikalien-kosten-100.html
https://www.tagesschau.de/investigativ/ndr-wdr/pfas-chemikalien-kosten-100.html
https://www.maz-online.de/lokales/teltow-flaeming/luckenwalde/rettung-der-seen-in-teltow-flaeming-soll-150-millionen-euro-kosten-67OLHKGSTBLK5GKG4HGJMOEDDQ.html
https://www.maz-online.de/lokales/teltow-flaeming/luckenwalde/rettung-der-seen-in-teltow-flaeming-soll-150-millionen-euro-kosten-67OLHKGSTBLK5GKG4HGJMOEDDQ.html
https://www.maz-online.de/lokales/teltow-flaeming/luckenwalde/rettung-der-seen-in-teltow-flaeming-soll-150-millionen-euro-kosten-67OLHKGSTBLK5GKG4HGJMOEDDQ.html
https://www.teltow-flaeming.de/geschichte
https://www.teltow-flaeming.de/geschichte
https://www.bmel-statistik.de/landwirtschaft/bodennutzung-und-pflanzliche-erzeugung/allgemeines-zur-bodennutzung#:~:text=Wie%20wird%20die%20Gesamtfl%C3%A4che%20Deutschlands%20genutzt?&text=Die%20H%C3%A4lfte%20der%20Fl%C3%A4che%20Deutschlands,mit%20825.000%20Hektar%20eher%20klein.
https://www.bmel-statistik.de/landwirtschaft/bodennutzung-und-pflanzliche-erzeugung/allgemeines-zur-bodennutzung#:~:text=Wie%20wird%20die%20Gesamtfl%C3%A4che%20Deutschlands%20genutzt?&text=Die%20H%C3%A4lfte%20der%20Fl%C3%A4che%20Deutschlands,mit%20825.000%20Hektar%20eher%20klein.

Assumptions/Estimates

Infrastructure

Source

~€750 annual operating and maintenance costs for 4th water
filtration level

OPEX after full rollout of 4th water filtration level in 2046 are
~€550M

Maintenance after 2046 will cost as much as the average
CAPEX in 2026-2045, amounting to ~€200M per year

VKU (2024): Erweiterte Herstellerverantwortung und
Kosten der Viertbehandlung

~€2.5B average annual investment for operating and mainte-
nance of WRRL

e Between 2010 and 2027 ~€61.5B will be invested in the
implementation of the WRRL (Wasserrahmenrichtlinie):

e Operating and maintenance costs are ~4% of total invest-
ment costs

LAWA Expertenkreis (2021): lawa.de/documents/ab-
schlussbericht-kosten-umsetzung-eg-wrrl-barriere-
frei 1689845137.pdf

CCWP (2018): Appendix F - CCCWP Gl Cost Estimation
Method

~€14.7B average annual investment in water infrastructure:

o Investment of €284B in drinking water supply infrastruc-
ture, lifetime ~60 years, leading to ~€4.7B per year

e Investment of €256B in wastewater infrastructure, life-
time ~80 years, leading to ~€3.2B per year

e Investment of €102B in wastewater treatment, lifetime
~35 years, leading to ~€2.9B per year

e Investment of €154B in stormwater overflow system,
lifetime ~40 years, leading to ~€3.9B per year

VKU (2025): Studie_Investitionen Wasserwirtschaft: VKU

Penalties

~£370M annual EU penalties in case of nitrate level viola-
tions:

e Incase of EU sentencing, Germany would have had to
pay penalties of ~€17M once plus an additional ~€1M
daily

SZ (2023): Nitrat-Streit beendet: Deutschland entgeht
Millionenstrafe der EU - Wirtschaft - SZ.de
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https://www.vku.de/fileadmin/user_upload/Verbandsseite/Themen/Preise_und_Gebuehren/VKU_FMC_Studie_Ergebnisse.pdf
https://www.vku.de/fileadmin/user_upload/Verbandsseite/Themen/Preise_und_Gebuehren/VKU_FMC_Studie_Ergebnisse.pdf
https://www.lawa.de/documents/abschlussbericht-kosten-umsetzung-eg-wrrl-barrierefrei_1689845137.pdf
https://www.lawa.de/documents/abschlussbericht-kosten-umsetzung-eg-wrrl-barrierefrei_1689845137.pdf
https://www.lawa.de/documents/abschlussbericht-kosten-umsetzung-eg-wrrl-barrierefrei_1689845137.pdf
https://cccleanwater.org/wp-content/uploads/2024/05/Appendix-F-CCCWP-GI-Cost-Estimation-Method.pdf
https://cccleanwater.org/wp-content/uploads/2024/05/Appendix-F-CCCWP-GI-Cost-Estimation-Method.pdf
https://www.vku.de/studie-investitionen-wasserwirtschaft/
https://www.sueddeutsche.de/wirtschaft/nitrat-eu-kommission-strafverfahren-deutschland-millionenstrafe-1.5894571
https://www.sueddeutsche.de/wirtschaft/nitrat-eu-kommission-strafverfahren-deutschland-millionenstrafe-1.5894571

Assumptions/Estimates

Average Expected Annual Water Pollution Damage

Source

~€4B average expected annual water pollution damage
across Germany:

e Penalty data remains limited and primarily nitrate-specif-
ic, making them less reliable for projecting broader fu-
ture liabilities

o Ecosystem restoration (€580M-767M and ~£900M) and
infrastructure investments (~€750M, ~€2.5B, and
~€14.7B) provide relatively robust indicators of water
pollution costs

e PFAS-related estimates encompass environmental ele-
ments beyond water systems, meaning that only a share
of those costs are water-specific (~50%)

BCG & NABU analysis (2025)
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APPENDIX TABLE 2 — BELOW THE SURFACE

Modelling Step Substep

Water stress assess- Boundary data
ment for agriculture

Why

Provide polygons/IDs
to disaggregate SPAM
and join climate at
admin-3 levels

How

Collect official ad-
min-3 boundaries
data

Source

HDX, Administrative
Division for Germany

Crop calendar

Align crop growth
stages with monthly
timing to accurately
reflect seasonal water
demand

Build monthly crop
calendars for all crops
in Brandenburg, by
assigning each crop’s
phenological stage
(establishment, vege-
tative, reproductive,
and maturity) to
specific months

USDA, adapted with
sources on Branden-
burg

Crop KC coefficients

Convert ETo to
crop-specific ETC per
stage, which translates
into demand

For each crop and
stage, set a corre-
sponding Kc coeffi-
cient from FAO-56

FAQ, “Chapter 6 - ETc
- Single crop coeffi-
cient (KC)”

ET data

Determine the cli-
mate-based baseline
for how much water
crops would need
under future condi-
tions

Collected monthly
high-resolution 0.25°
evapotranspiration
data as the driver for
calculating water
demand

NASA NCC, Nex-GD-
DP CMIP6 data

Crop data

Scale modeled water
demand (ETC) from
per-hectare values to
total demand based
on cultivated area per
crop and region

Use harvested area
data by crop and
administrative unit to
weight and aggregate
ETC values, producing
total water demand
per crop and geogra-
phy

SPAM, Spatial Produc-
tion Allocation Model

Crop mix demand

Estimate monthly
water demand by crop
and admin unit (feeds
water stress)

Merge crop mix with
monthly ETo by unit
- join calendar stage
+ Kc - compute total
water demand

N/A

Precipitation data

Quantify natural water
input available (rain-
fall) for crops each
month across regions

NEX-GDDP CMIP6
daily precipitation ~
filter by SSP, spatially
join to admin poly-
gons, aggregate

NASA NCC, Nex-GD-
DP CMIP6 data
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https://data.humdata.org/dataset/kontur-boundaries-germany
https://ipad.fas.usda.gov/rssiws/al/crop_calendar/europe.aspx
https://www.fao.org/4/X0490E/x0490e0b.htm
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp-cmip6
https://www.mapspam.info/
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp-cmip6

Modelling Step Substep

Water stress assess- Runoff data
ment for agriculture

Why

Estimate the portion
of rainfall that flows
off the land instead of
infiltrating, to derive

How

Fit a precipitation—
runoff regression
using CMIP6 daily
data, then apply it to

Source

CMIP6, Coupled
Model Intercompari-
son Project Phase 6,
and NASA NCC,

the water available to  NEX-GDDP daily Nex-GDDP data
crops series to generate
monthly runoff esti-
mates per admin-3
unit
Rainfed supply Determine how much  Calculate rainfed N/A
rainfall effectively supply as total rainfall
contributes to meet-  minus runoff over
ing crop water needs  each crop area
each month
Water stress index Summarize the bal- Calculate the WSI'as ~ N/A

(WSI)

ance between water
demand and available
supply into one com-
parable metric per
region

the ratio of total de-
mand to total supply
for each crop, year,
and admin-3 unit

Cost of inaction

Quantify the econom-
ic loss from water
stress in a do-nothing
scenario by linking
reduced yields to
market value

Estimate yield loss
using the crop’s yield—
water response curve
and multiply the lost
production by crop
market price to obtain
the cost of inaction in
monetary terms

Aquacrop, The FAO
Crop Water Productivi-
ty Model

Industrial water de-
mand baseline

Demand assess-
ment for industry

Provide a current,
credible anchor for
projecting industrial
water demand

Collect the latest
industrial water with-
drawal baseline and
use it as the reference
level for extrapolation

Aquastat, Germany’s
industrial withdrawal
for 2021

Industrial water use
efficiency

Represent expected
efficiency gains that
reduce industrial
water demand
through technological
progress

Collect historic indus-
trial water use effi-
ciency (WUE) data for
Germany and use it to
project improvements
in water intensity over
time

Aquastat, all of Ger-
many’s historical
industrial WUE values
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https://cds.climate.copernicus.eu/datasets/projections-cmip6?tab=overview
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp-cmip6
https://www.fao.org/aquacrop/en/
https://data.apps.fao.org/aquastat/?lang=en
https://data.apps.fao.org/aquastat/?lang=en

Modelling Step

Demand assess-
ment for industry

Demand assess-
ment for domestic
and municipal use

84

Substep

GDP per SSP

Why

Capture the effect of
economic growth on
future industrial water
demand across cli-
mate scenarios

How

Use GDP projections
from the [IASA SSP
database to scale
industrial water de-
mand according to
each scenario’s eco-
nomic trajectory

Source

[IASA, SSP public
database

Population data

Disaggregate national
or regional water
demand to local
(admin-3) level based
on population distri-
bution

Use high-resolution
gridded population
data to allocate water
demand across ad-
min-3 units

Eurostat, gridded
population data from
2021 census

Domestic and munici-
pal water demand
baseline

Provide a current,
credible anchor for
projecting domestic
and municipal water
demand

Collect the latest
service sector water
withdrawal baseline
and use it as the
reference level for
extrapolation

Aquastat, Germany’s
service sector with-
drawal for 2021

Service sector water use
efficiency

Represent expected
efficiency gains that
reduce service sector
water demand
through technological
progress

Collect historic service
sector water use
efficiency (WUE) data
for Germany and use
it to project improve-
ments in water inten-
sity over time

Aquastat, all of Ger-
many’s historical
industrial WUE values

GDP per capita per SSP

Capture the effect of
economic growth on
future service sector
water demand across
climate scenarios

Use GDP projections
to scale domestic and
municipal water de-
mand according to
each scenario’s eco-
nomic trajectory

[IASA, SSP public
database and gridded
data

National statistics of
admin-1 GDP in Ger-
many

Align national GDP
projections with re-
gional (admin-1)
economic structures
for spatial consistency

Apply the RAS balanc-
ing method to redis-
tribute national GDP
values across admin-1
regions while preserv-
ing total GDP consis-
tency

Statistische Amter des
Bundes und der
Lander, Statistikportal
— Kreisebene BIP/
BWS (2024)

Light and population
data

Distribute regional
industrial demand to
local units based on
proxies of economic
and population activi-

ty

Combine high-resolu-
tion gridded popula-
tion data and night-
time light intensity to
proportionally down-
scale industrial de-
mand from admin-1
to admin-3

Eurostat, gridded
population data from
2021 census; light
data

EVERY DROP COUNTS—PATHWAYS TO RESTORE GERMANY’S WATER BALANCE


https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=30
https://ec.europa.eu/eurostat/web/gisco/geodata/population-distribution/population-grids
https://data.apps.fao.org/aquastat/?lang=en
https://data.apps.fao.org/aquastat/?lang=en
https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=30
https://github.com/Nowosad/global_population_and_gdp
https://github.com/Nowosad/global_population_and_gdp
https://www.statistikportal.de/de/vgrdl/ergebnisse-kreisebene/bruttoinlandsprodukt-bruttowertschoepfung-kreise
https://ec.europa.eu/eurostat/web/gisco/geodata/population-distribution/population-grids
https://www.nature.com/articles/s41597-022-01322-5
https://www.nature.com/articles/s41597-022-01322-5

Modelling Step

Demand assess-
ment for domestic
and municipal use

Supply assessment
for domestic and
municipal use

Substep Why How Source
Water recycling factor ~ Account for the share  Collect data on recy-

of water that is re- cled water rates and

used, reducing total the proportion of used

freshwater withdrawal —water that is treated

needs and reused to adjust

net water demand

Groundwater input Use consistent inputs  Reproject both data- PCR-GLOBWB
(recession, recharge) for groundwater be- sets to a common groundwater prop-
alignment havior and recharge grid, patch small gaps, erties (4TU/

and clip recession
rates to plausible
bounds

Recharge to monthly/
annual totals

Express recharge as
yearly and monthly
volumes to enable
consistent year-over-
year comparison and
aggregation by area

Convert monthly
recharge to depth per
cell, aggregate over
area, and sum by year
to obtain annual
groundwater recharge
per area

Initial storage (previ-
ous-year average)

Initialize each simula-
tion year with a realis-
tic groundwater level
based on prior re-
charge behavior

Set the starting stor-
age for each year
using the previous
year’s average daily

recharge scaled by the

local groundwater
recession rate

Monthly reservoir and
outputs

Model how groundwa-
ter recharge translates
into monthly outflows
and yearly storage
changes across re-
gions

Update storage and
outflow each month,
sum results by year,
and aggregate across
grid cells to obtain
regional groundwater
totals in cubic kilome-
ters (Bm?3)

THREDDS server)

PCR-GLOBWB?2 Ver-
sion 2019 11 Beta:
Groundwater Proper-
ties (5 Arc-Min). 4TU.
ResearchData/
THREDDS Data Serv-
er, Nov. 14, 2019

ISIMIP (h0o8 MPI-
ESM1-2 HR, SSP5-
8.5, W5ES5 bias cor-
rection)

ISIMIP: h08 MPI-
ESM1-2 HR W5ES
SSP5-8.5 2015s0c¢
Default gr Dataset.
Potsdam Institute for
Climate Impact Re-
search (PIK)
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https://opendap.4tu.nl/thredds/catalog/data2/pcrglobwb/version_2019_11_beta/pcrglobwb2_input/global_05min/groundwater/properties/catalog.html
https://opendap.4tu.nl/thredds/catalog/data2/pcrglobwb/version_2019_11_beta/pcrglobwb2_input/global_05min/groundwater/properties/catalog.html
https://data.isimip.org/search/query/h08_mpi-esm1-2-hr_w5e5_ssp585_2015soc_default_qr/
https://data.isimip.org/search/query/h08_mpi-esm1-2-hr_w5e5_ssp585_2015soc_default_qr/
https://data.isimip.org/search/query/h08_mpi-esm1-2-hr_w5e5_ssp585_2015soc_default_qr/
https://data.isimip.org/search/query/h08_mpi-esm1-2-hr_w5e5_ssp585_2015soc_default_qr/

Why

Identify spatial corre-
spondence between
water supply points
and industrial de-
mand areas under
modeled constraints

How

Load river discharge,
administrative bound-
ary, and industrial
demand datasets,
then configure envi-
ronmental flow share,
abstraction caps, and
connectivity parame-
ters for allocation

Identify where supply
can be taken and how
much

Select inland river
cells as potential
outlets; set an annual
abstraction budget per
outlet after reserving
environmental flow

Modelling Step Substep
Supply assessment  Supply and demand
for industry alignment
Outlets and budgets
Admin snapping and

connectivity

Connect industrial
demand points to
nearby river outlets in
a hydrologically con-
sistent way

Snap each district to
its nearest river cell,
connect to a limited
set of nearby or
same-basin outlets,
and distribute outlet
budgets with greater
weight to closer sourc-
es

Potential and alloca-
tion

Allocate available
water among districts
while respecting
outlet limits and
assessing unmet
demand

Distribute supply
across districts with-
out exceeding outlet
budgets or total de-
mand, then compute
allocated volumes,
unmet demand, and
water stress per dis-
trict

Source
Discharge:

HypflowSci6 v1.0
(PCR-GLOBWB CMIP6
IPSL-CMB6A-LR SSP5-
8.5 outputs). Geo.
Public Data (Utrecht

University)

Boundaries:

HDX, Administrative
Division for Germany

Water stress index
calculation

Water stress assess-
ment for both in-
dustry and domes-
tic and municipal
use

Summarize water
availability pressure by
comparing total de-
mand to available
supply for each region
and crop

Calculated the WSI as
demand over supply
for each (admin-3,
crop, year)

N/A

Cost of inaction esti-
mate

Quantify the econom-
ic impact of unmet
water demand using
projected efficiency
levels

Calculated the cost of
inaction (COIl) as the
unmet water demand
multiplied by the
projected water use
efficiency (WUE)

Aquastat, Germany’s
service sector and
industrial sector WUE
historic values
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https://geo.public.data.uu.nl/vault-pcrglobwb-cmip6/research-pcrglobwb-cmip6%5B1690540205%5D/original/hypflowsci6_v1.0/output/ipsl-cm6a-lr/ssp585/
https://geo.public.data.uu.nl/vault-pcrglobwb-cmip6/research-pcrglobwb-cmip6%5B1690540205%5D/original/hypflowsci6_v1.0/output/ipsl-cm6a-lr/ssp585/
https://geo.public.data.uu.nl/vault-pcrglobwb-cmip6/research-pcrglobwb-cmip6%5B1690540205%5D/original/hypflowsci6_v1.0/output/ipsl-cm6a-lr/ssp585/
https://data.humdata.org/dataset/kontur-boundaries-germany

Figure 31: Industrial water stress is driven by an increase in unmet water
demand, leading to a yearly cost of inaction of up to 2% of GDP

The average water stress across Brandenburg is expected to more than triple by 2050 ...
Water stress today (2020-2025) Increase in water stress? by 2040-2050

Water stress Increase in
index? water stress?

5 2.0

Potsdam
A=+2.0

1.0
< BB average (1.3)

1.0

... with a cost of inaction largely driven by unmet industrial water demand

0/, Inunmet water demand by 2050, 0/, In Potsdam’s water stress by __"0/, inannual estimated economic
+13 /0 primarily driven by an increase in +80 /0 2050, rising from 2.4 in 2025 to 1 2 /0 losses? due to unmet water
INCrease  industrial water needs INCrease 4 4in 2050; Oberhavel sees its of Brand. demand in 2050; projected to

Projected to increase from 10% water stress increase by +75% GDP rise from ~€0.9B losses in 2025
in 2025 to 23% in 2050 (0.9 to 1.6 by 2050) (~€1.8-3.6B)

1. Water stress = Water demand/Water supply. The 2050 analysis included the modelling of closure of the Lausitz brown coal mines and their effects
on the Spree river

2. Difference between averaged water stress over 2040-2050 period, and the value for 2025
3. According to the FAO AQUASTAT Industrial Water Use Intensity index

Sources: Amt fur Statistik Berlin-Brandenburg; https://data.ece.iiasa.ac.at/ssp/; Japan’s CGER (Center for Global Environmental Research); Muraka-
mi, Daisuke, and Yoshiki Yamagata. “Estimation of gridded population and GDP scenarios with spatially explicit statistical downscaling.” Sustainabil-

ity 11.7 (2019): 2106.



Figure 32: Water stress is driven by a decrease in groundwater availability,
leading to a yearly cost of inaction of up to 5% of Brandenburg GDP

Domestic & Municipal water stress is expected to intensify by 2050, with Potsdam area most at risk...

Water stress today (2020-2025) Increase in water stress! by 2040-2050
Water stress Increase in
indext water stress?
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... with a cost of inaction driven by a decrease in groundwater supply
+ 0 In groundvyater supply available IL 0 In Potsdarn“s water stress __E0/, inannual estimated economic
12 /0 by 2050, with the Northern area . 50 /0 by 2050, rising from 3 3 5 /0 losses3 due to unmet water
decrease of Brandenburg most exposed INCreéase  in 2025 to 4.6 in 2050 of Brand. demand in 2050; projected to
GDP rise from ~€4B losses in 2025
(~€5.3-9B)

1. Water stress = Water demand/Water supply. Water demand from Berlin is accounted for by assuming external supply is coming from Brandenburg
2. Difference between averaged water stress over 2040-2050 period, and the value for 2025
3. According to the FAO AQUASTAT Domestic Water Use Intensity index

Sources: Amt fur Statistik Berlin-Brandenburg; https://data.ece.iiasa.ac.at/ssp/; Japan’s CGER (Center for Global Environmental Research); Muraka-

mi, Daisuke, and Yoshiki Yamagata. “Estimation of gridded population and GDP scenarios with spatially explicit statistical downscaling.” Sustainabil-
ity 11.7 (2019): 2106.

Figure 33: Brandenburg is expected to face continuous agricultural water
stress, with yearly losses of €270M-€380M by 2050

Brandenburg is expected to continue to face similar and significant agricultural water stress ...

Water stress today (2020-2025) Increase in water stress? expected by 2040-2050
Water stress Increase in
indext ” water stress
4 A,
3.0 5 2.0
' Prignitz

A=+0.1
< BB average (2.1) .
2.0

1.0
2 1.0

Elbe-Elster I 0.0 0.0

WSI=2.1
... threatening the production of main regional cereals & vegetables

0 By 2050 in highly agricultural areas such as L By 2050 due to yearly
Up to 50 /0 Prignitz, with a stress index of 2.0. €27o 380M production losses driven by
unmet water Across Brandenburg, the crops where production yearly economic loss et crop water needs
demands is the most threatened are Wheat, Maize, and
Other Vegetables

1. Cropland area and crop mix are considered constant over time to isolate the effect of climate change

Sources: Natural Earth States and Provinces boundaries without large lakes; MAPSPAM
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https://data.ece.iiasa.ac.at/ssp/

APPENDIX TABLE 3 — SOLUTION EFFECTIVENESS IN BRANDENBURG

Modelling Step

Regenerative Agri-
culture: Crop rota-
tion

Substep

ETO data by admin-3

Why

Provide monthly
reference evapotrans-
piration at district
level to drive
stage-specific crop
water demand calcu-
lations

How

Aggregate NEX-GDDP
daily ETo to monthly
values, merge histori-
cal (<2015) and
SSP585 (22015) peri-
ods, then area-weight
grid cells to admin-3
polygons using an
equal-area projection

Source

NASA NCC, Nex-GD-
DP CMIP6 data

Water-intensity ranking
(targets)

Identify lower wa-
ter-use crops to priori-
tize when reallocating
cultivation areas

Calculate annual
water intensity per
crop as the sum of
monthly ETo x KC
values (m3/ha/year)
and rank crops in
ascending order to
select eligible low-in-
tensity targets

FAO-56 (dual-KC),
internal crop calen-
dars; NEX-GDDP ETo

Rotation caps by crop ~ Prevent dominance of Apply crop-specific N/A
high-water or mono- area caps per admin-3
culture crops and unit, redistribute
promote diversified, excess area to other
water-efficient rota- permitted crops based
tions on remaining capacity,

and maintain total
cultivated area con-
stant

Minimum shares Maintain essential Apply minimum crop  N/A

(floors)

crop presence to meet
agronomic and mar-
ket requirements

share thresholds per
unit, reallocate excess
area from other crops
above their floors, and
renormalize total area
to 100%

Yearly rotation mix
table

Extend the optimized
crop rotation mix
consistently across all
modeled years to
track long-term effects

Replicate crop share
distributions by year,
generate annual area/
harvest/production
(A/H/P) records, and
retain baseline yields
to compute yearly
production

Areas and yields from
SPAM (Spatial produc-
tion allocation model)
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https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp-cmip6
https://www.fao.org/4/X0490E/x0490e0c.htm
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp-cmip6
https://www.mapspam.info/

Modelling Step

Regenerative Agri-
culture: Crop rota-
tion

Regenerative Agri-
culture: Cover crops

90

Substep

Rotation demand
recomputation (crop
mix demand redone)

Why

Measure how revised
crop rotations change
total water demand
compared to the
baseline scenario

How

Recalculate per-hect-
are water need (ETo x
KC x 10), multiply by
updated crop areas,
and aggregate results
monthly and annually
to quantify total and
saved demand

Source

N/A

Past rainfed supply
data

To recalculate water
stress

Use saved past rainfed
supply data

N/A

Adjusted water stress

Have a single index to
summarize water
stress situation for
each admin-3

Calculate the WSI as
demand over supply
for each (admin-3,
crop, year)

N/A

Reduction in cost of
inaction

Estimate the mone-
tary benefit of imple-
menting interventions
compared to main-
taining current water
stress conditions

Compute production
loss using each crop’s
yield—water response
curve and multiply by
market value to derive
the avoided Cost of
Inaction in dollars

FAO’s Aquacrop (Crop
Water Productivity

Model)

Monthly cover fraction

Represent seasonal
variation in soil cover
to capture when
mulch or vegetation
influences water
balance

Define monthly cover
fractions (0-1) for
each month based on
Brandenburg patterns,
with higher winter
cover (~0.6) and lower
summer cover (0.1—
0.3), adjusted using
local remote sensing
and LPIS data

Eurostat AEI — Soil
cover, EU winter 2016
breakdown

Evaporation share of
evapotranspiration by
crop stage

Distinguish the por-
tion of evapotranspira-
tion that comes from
soil evaporation and
can be reduced by
surface cover

Assign evaporation
shares by crop stage
(e.g., 0.80 establish-
ment, 0.40 vegetative,
0.10 reproductive, 0.25
maturity, 0.00 empty)
and link them to
monthly crop stages
using crop calendars

FAO-56 (Chapter 7)

Mulch/cover strength
scale

Translate surface
cover into percentage
of ET reduction.

effective_fraction =
fao_mulch_scale x
cover_frac[month] x
evap_share[stage] x
growth (year) clip
between 0 and max
reduction

FAO-56, dual-KC and
effects of soil mulches
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https://www.fao.org/aquacrop/en/
https://ec.europa.eu/eurostat/statistics-explained/index.php?oldid=685792
https://ec.europa.eu/eurostat/statistics-explained/index.php?oldid=685792
https://www.fao.org/4/X0490E/x0490e0c.htm

Modelling Step

Regenerative Agri-

Substep

Runoff capture factor

culture: Cover crops for supply

Forest Management
(forest optimization
impact on ground-
water and surface
water)

Why

Cover increases infil-
tration/retention -
less runoff loss

How

Reduce the runoff by
the capture factor (%)

Source

Soil Use & Manage-
ment (2024), Western
Europe meta-analysis

Adjusted demand Demand after Subtract the reduction N/A
crop-cover effect on demand via evapo-
ration reduction
Adjusted supply Supply after cov- Readd the runoff N/A
er-driven runoff cap- reduced as volume to
ture the baseline supply
Adjusted water stress Have one index that Calculated the WSl as  N/A

summarizes water
stress situation for an
admin-3

demand over supply
for each (admin-3,
crop, year)

Reduction in cost of
inaction

Have a dollar amount
for the do-nothing
scenario of current
water stress situation

Calculated the COI as
the production lost
due to the crop’s yield
curve then multiplied
by crop market value
to get a dollar value

Aquacrop, The FAO
Crop Water Productivi-
ty Model

Boundary data

Provide polygons/IDs
to disaggregate SPAM
and join climate at
admin-3

Load official admin-3;
harmonize 1Ds; vali-
date topology; use as
spatial join key for
rasters/tables

HDX — Administrative
Division for Germany

Elevation (DEM)

Slope affects runoff/
infiltration; ML feature

Load DEM - slope
(°/%); area-weight to
admin-3; standardize
feature

/elevation.pkl

GW recharge baseline

Baseline supply to
adjust with forest
levers

Read admin-3 GW;
later: Recharge adj =
Recharge baseline x
(1+ m_recharge)

Project datasets

Forest cover (*/DEU.
xlsx*, admin-2)

Driver of hydrologic
response; basis for
levers

Load forest shares/
types; map to ad-
min-3; define scenari-
os (baseline, broad-
leaf, mixed)

Internal compilation

OR recharge (NetCDF
2015-2100)

Monthly recharge
trajectory under SSPs

Open NetCDF; subset
region/SSP; aggregate
to admin-3 monthly
means

Pcr glowb
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https://geo.public.data.uu.nl/vault-pcrglobwb-cmip6/research-pcrglobwb-cmip6%5B1690540205%5D/original/hypflowsci6_v1.0/output/ipsl-cm6a-lr/ssp585/

Modelling Step

Forest Management
(forest optimization
impact on ground-
water and surface
water)

Domestic stress
analysis with levers

Industrial stress
with mine closure

92

Substep

Rainfed agri supply (/
rainfed_supply 22%
runoff_adjusted.csv)

Why

Links land-cover
changes to agri supply
used in stress Predict
landscape effects on
runoff/recharge | Train

How

Load monthly rainfed
supply; adjust with
runoff deltas from
forest scenarios

Source

Project CSV

Hydrological ML (XG-
Boost)

Runoff/Recharge =
f(ForestCover, Precipi-
tation, Slope) *; vali-
date; infer per scenar-
io

Project model/data

Forest lever implemen-
tation (type/area multi-
pliers)

Simulate
conifer > broadleaf/
mixed effects

Apply multipliers:
"Runoff_adj = Runoff
baseline x (1 + m_run-
off)"; "Recharge ad]
= Recharge baseline x
(1+m_recharge)’

Peer-reviewed litera-
ture synthesis

Stress integration (to
agri & GW)

Translate forest im-
pacts into availability

Adjust agri supply via
runoff deltas; GW via
recharge multipliers;
output: “/merged_for-
est_rain_Broadleaf.
parquet”, “/gw_for-
ests.parquet’

N/A

Forest scenario inputs

Bring forest-improved
recharge/supply into
domestic stress

Join GW deltas to
admin-3 supply
timeseries

Forest_cover optimiza-
tion outputs

Domestic demand
projections

Future household
demand driver

Load admin-3 month-
ly/annual demand;
align to decades; QC

*/domestic_water_de-
mand_admin3.par-
quet”, SSP585

Berlin baseline and
transfers

Model Berlin—Bran-
denburg coupling
(10% import)

Export_to Berlin =
0.10 x Demand_Ber-
lin*; allocate to con-
nected admin-3

/gw_annual_supply
admn3.parquet”

Knapsack optimization
(100,000 ha)

Prioritize highest
monetary benefit per
ha

Maximize *) Saved
COl i" st. "y Area i<
100,000 ha™ (0/1
selection by admin-3)

Domestic optimiza-
tion module

Stress baselines
2025/2050

Reference stress to
compare/amplify

Load admin-3 stress;
clip extremes; prep for
scenario overlay

Project datasets

Mine closure impacts
(district declines)

Reflect decline in
mining regions

Apply rates: Od-
er-Spree 50%, Ober-
spreewald-Lausitz 70%,
Dahme-Spreewald
70%, Cottbus 50%.

Peer-reviewed litera-
ture
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Effects of Regenerative Agriculture on Soil-Water Storage
Assumptions/Estimates

Amount of arable land in Brandenburg: 0.99M ha

Source

Statistik Berlin Brandenburg (2025): Die Brandenburger
Landwirtschaft in Zahlen

e Changeindry bulk density (App): -0.1 g cm™

e Change in porosity: +3.7% (= 0.037, dimensionless)
o Particle density: 2.65 g cm™

e Soildepth: 0.30 m

e Result: additional storage of 11 L m™%/ 110 m?3 ha™*

Reck, UfU eV. (2025): UfU-Hintergrundpapier

Since storage capacity increases linearly with depth, at 0.60
m depth the storage is doubled:

e 11LmM™2x(0.60/0.30)=22L m?2=220m?3ha?

Reck, UfU eV. (2025): UfU-Hintergrundpapier

Green-Moist-Cool Effect
Assumptions/Estimates
e Aone-unitincrease in NDVI leads to —1.97 °C

e« Aone-unitincrease in NDVI leads to +297 mm in precipi-
tation

e +1°C leads to a precipitation reduction of -4.05 mm

Source

Adhikari, Ibisch et al. (2025): Working landscapes under
climate change need to be green, moist and cool - a case
study of Germany

APPENDIX TABLE 4 — DRAINAGE AND ITS HIDDEN IMPACT
Assumptions/Estimates

Lightly drained area: 35.66 I/min on 15.6 ha = 120 mm/year
or 1,200 m3/ha/year

Source

NABU & BCG analysis based on data from LfU Branden-
burg (2025)

Moderately drained area: 18.77 I/min on 3.9 ha = 250 mm/a
or 2500 m3/ha/year

LfU Brandeburg (2025)

Heavily drained area: 72.84 I/min on 7.34 ha = 520 mm/a or
5200 m3/ha/year

NABU & BCG analysis based on data from LfU Branden-
burg (2025)

Amount of arable land in Brandenburg: 0.99M ha

Statistik Berlin Brandenburg (2025): Die Brandenburger
Landwirtschaft in Zahlen

30-40% of Brandenburg’s arable land are drained, roughly
300K—400K ha

NABU & BCG analysis (2025)
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https://www.statistik-berlin-brandenburg.de/079-2025
https://www.statistik-berlin-brandenburg.de/079-2025
https://www.statistik-berlin-brandenburg.de/079-2025
https://www.statistik-berlin-brandenburg.de/079-2025
https://www.ufu.de/wp-content/uploads/2025/11/BODENplus_Studie_Bodenschutz-.pdf
https://www.ufu.de/wp-content/uploads/2025/11/BODENplus_Studie_Bodenschutz-.pdf
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872

APPENDIX TABLE 5 — SOLUTION EFFECTIVENESS ACROSS GERMANY

Figure 34: Technological solutions provide unlimited water but are costly,
while nature-based options boost water availability at lower or positive cost

Cost in €/ha

200,000 L. L
Individual solution impacts

Costs vary widely — from zero
with natural regeneration
to high with active replanting

l

4,000

2,000

-2,000 o e

Regen. Forest
Ag. Management

Costs and water output vary
widely — depending on plant
size, technology, and location

2,000 2,500
Water availability in m3/ha/year

Dynamic Sponge Techn.
Drainage Cities Sup. Exp.

Solutions with potential economic
& water benefits

Solutions with potential water benefits but economic costs

mé/ha/year  ~ 180 ~ 700 ~1,200 i ~280 | ®
€/ha  ~-255 ~0 - > 5,000-6,500 ~ 3,800 i ~ 500K i
. Economically positive . Economically costly —— Axis break due to markedly higher costs

Note: Other Landscape-Level Solutions are excluded from the visual, given their impact cannot be meaningfully represented via a single quantitative
range. Water Use Optimization and Gray Water Reuse are not shown either, since the visual includes only measures that expand overall water avail-
ability — the two solutions improve efficiency, but do not add new water

Source: BCG & NABU analysis

Assumptions/Estimates

Regenerative Agriculture

Source

Precipitation uplift per NDVI unit: 2,970 m3/ha/year

Adhikari, Ibisch et al. (2025): Working landscapes under
climate change need to be green, moist and cool - a case
study of Germany

NDVI for bare acre: ~0.2

Adhikari, Ibisch et al. (2025): Working landscapes under
climate change need to be green, moist and cool - a case
study of Germany

NDVI for acre with cover crops/grassland: ~0.55

Adhikari, Ibisch et al. (2025): Working landscapes under
climate change need to be green, moist and cool - a case
study of Germany

Average annual precipitation: ~8,000 m3/ha/year

UBA (2017): Wasserwirtschaftin Deutschland — Grundla-
gen, Belastungen, MaBnahmen

9%
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https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/uba_wasserwirtschaft_in_deutschland_2017_web_aktualisiert.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/uba_wasserwirtschaft_in_deutschland_2017_web_aktualisiert.pdf

Assumptions/Estimates

Average groundwater recharge Germany—Ilow: ~750 m3/ha/
year

Source

UBA (2024): Auswirkung des Klimawandels auf die Was-
serverfugbarkeit - Anpassung an Tro-ckenheit und DUrre
in Deutschland (WAD-Klim)

Average groundwater recharge Germany—medium: ~1,500
m3/ha/year

UBA (2024): Auswirkung des Klimawandels auf die Was-
serverfugbarkeit - Anpassung an Tro-ckenheit und Durre
in Deutschland (WAD-Klim)

Average groundwater recharge Germany—high: ~2,000 m3/
ha/year

UBA (2024): Auswirkung des Klimawandels auf die Was-
serverfugbarkeit - Anpassung an Tro-ckenheit und DUrre
in Deutschland (WAD-Klim)

Applicable agricultural land: 13.3M ha
e 10.0M ha cropland

e 3.3M ha grassland

NABU & BCG (2023): the-case-for-regenerative-agricul-
ture-mar2023.pdf

Profitability: €225/ha/year (€152/hain Stage 1,€73/hain
Stage 2)

NABU & BCG (2023): the-case-for-regenerative-agricul-
ture-mar2023.pdf

Forest Management

Additional groundwater recharge from conversion of pine
monocultures to mixed stands in Brandenburg: 400 m3/ha/
year

HAWK (2025): Studie belegt: Waldumbau als Schlussel
zur Entlastung der Grundwasserbilanz in Grinheide |
HAWK Hochschule fur angewandte Wissenschaft und
Kunst

Groundwater recharge in Brandenburg:

e Pine: 80,000 m3/ha over 120 years

e Beech: more than double the amount
Groundwater recharge in Lower Saxony:

e Pine: 1,100 m3/ha/year

o Oak/beech: 1,830 m3/ha/year

Oko-Institut eV. (2020): https://www.nabu.de/imperia/
md/content/nabude/wald/200915-nabu-wasserhaushalt

wald.pdf

Schultze & Scherzer (2015): https://www.lwk-nieder-
sachsen.de/services/download.cfm?pmofile=396

Groundwater recharge in Lower Saxony:
e Pine: 1,100 m3/ha/year

o Oak: 2,060 m3/ha/year

Schultze & Scherzer (2015): https://www.lwk-nieder-
sachsen.de/services/download.cfm?pmofile=396

Pine monoculture area: ~0.9M ha

BMLEH (2024): Der Wald in Deutschland - Ausgewahlte
Ergebnisse der vierten Bundeswaldinventur

Coniferous monoculture area: ~2.5M ha

BMLEH, Thinen (2024): BUNDESWALDINVENTUR
ERGEBNISDATENBANK

Coniferous dominated mixed forests: ~3.2M ha

BMLEH, Thinen (2024): BUNDESWALDINVENTUR
ERGEBNISDATENBANK
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https://www.umweltbundesamt.de/sites/default/files/medien/2875/dokumente/143_2024_texte_wadklim.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/2875/dokumente/143_2024_texte_wadklim.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/2875/dokumente/143_2024_texte_wadklim.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/2875/dokumente/143_2024_texte_wadklim.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/2875/dokumente/143_2024_texte_wadklim.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/2875/dokumente/143_2024_texte_wadklim.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/2875/dokumente/143_2024_texte_wadklim.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/2875/dokumente/143_2024_texte_wadklim.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/2875/dokumente/143_2024_texte_wadklim.pdf
https://web-assets.bcg.com/20/43/809680664811998e155baeee1e30/the-case-for-regenerative-agriculture-mar2023.pdf
https://web-assets.bcg.com/20/43/809680664811998e155baeee1e30/the-case-for-regenerative-agriculture-mar2023.pdf
https://web-assets.bcg.com/20/43/809680664811998e155baeee1e30/the-case-for-regenerative-agriculture-mar2023.pdf
https://web-assets.bcg.com/20/43/809680664811998e155baeee1e30/the-case-for-regenerative-agriculture-mar2023.pdf
https://www.hawk.de/de/newsportal/pressemeldungen/studie-belegt-waldumbau-als-schluessel-zur-entlastung-der-grundwasserbilanz-gruenheide
https://www.hawk.de/de/newsportal/pressemeldungen/studie-belegt-waldumbau-als-schluessel-zur-entlastung-der-grundwasserbilanz-gruenheide
https://www.hawk.de/de/newsportal/pressemeldungen/studie-belegt-waldumbau-als-schluessel-zur-entlastung-der-grundwasserbilanz-gruenheide
https://www.hawk.de/de/newsportal/pressemeldungen/studie-belegt-waldumbau-als-schluessel-zur-entlastung-der-grundwasserbilanz-gruenheide
https://www.nabu.de/imperia/md/content/nabude/wald/200915-nabu-wasserhaushalt_wald.pdf 
https://www.nabu.de/imperia/md/content/nabude/wald/200915-nabu-wasserhaushalt_wald.pdf 
https://www.nabu.de/imperia/md/content/nabude/wald/200915-nabu-wasserhaushalt_wald.pdf 
https://www.lwk-niedersachsen.de/services/download.cfm?pmofile=396 
https://www.lwk-niedersachsen.de/services/download.cfm?pmofile=396 
https://www.lwk-niedersachsen.de/services/download.cfm?pmofile=396 
https://www.lwk-niedersachsen.de/services/download.cfm?pmofile=396 
https://www.bmleh.de/SharedDocs/Downloads/DE/Broschueren/vierte-bundeswaldinventur.pdf?__blob=publicationFile&v=17
https://www.bmleh.de/SharedDocs/Downloads/DE/Broschueren/vierte-bundeswaldinventur.pdf?__blob=publicationFile&v=17
https://bwi.info/inhalt1.3.aspx?Text=1.07%20Laubwald%20/%20Nadelwald%20in%20der%20Hauptbestockung&prRolle=public&prInv=BWI2022&prKapitel=1.07
https://bwi.info/inhalt1.3.aspx?Text=1.07%20Laubwald%20/%20Nadelwald%20in%20der%20Hauptbestockung&prRolle=public&prInv=BWI2022&prKapitel=1.07
https://bwi.info/inhalt1.3.aspx?Text=1.07%20Laubwald%20/%20Nadelwald%20in%20der%20Hauptbestockung&prRolle=public&prInv=BWI2022&prKapitel=1.07
https://bwi.info/inhalt1.3.aspx?Text=1.07%20Laubwald%20/%20Nadelwald%20in%20der%20Hauptbestockung&prRolle=public&prInv=BWI2022&prKapitel=1.07

Assumptions/Estimates

Precipitation uplift per NDVI unit: 2,970 m3/ha/year

Source

Adhikari, Ibisch et al. (2025): Working landscapes under
climate change need to be green, moist and cool - a case
study of Germany

NDVI for coniferous forests: ~0.72

Adhikari, Ibisch et al. (2025): Working landscapes under
climate change need to be green, moist and cool - a case
study of Germany

NDVI for mixed or deciduous stands: ~0.78

Adhikari, Ibisch et al. (2025): Working landscapes under
climate change need to be green, moist and cool - a case
study of Germany

Implementation costs for replanting and full reforestation:
€5,000-6,500 per hectare

UBA (2023): FW-R-1 Indikator Foerderung Waldumbau

Sponge Cities

Average annual precipitation: ~8,000 m3/ha/year

UBA (2017): Wasserwirtschaftin Deutschland — Grundla-
gen, Belastungen, Malknahmen

Groundwater recharge rate under permeable surface condi-
tions: 25%

Kompetenzzentrum Wasser Berlin Presentation (2025)

Groundwater recharge rate under nonpermeable surface
conditions: 18%

Kompetenzzentrum Wasser Berlin Presentation (2025)

Area with flat roofs in Germany: ~0.12M ha

Der Dichte Bau: Flachdacher - Der dichte Bau

German settlement and transport area: ~15%, equivalent to
5.4M ha of total German area (35.8M ha)

BMEL: BMEL-Statistik: Bodennutzung in Deutschland

Settlement and transport area sealed: ~45%, equivalent to
2.4M ha

UBA (2025): Bodenversiegelung | Umweltbundesamt

German living space and industrial and commercial space:
~5%, equivalent to 1.8M ha of total German area

Destatis (2024): Floor area total according to types of use
in Germany - German Federal Statistical Office

Average costs for installation of basic green roof: €50 per m?,
or roughly €500,000 per hectare

Sedum Dachbegrinung: SedumDachbegrinung | Dach
begrunen leicht gemacht

Average costs for conversion of sealed surfaces into green,
permeable areas: €2M per hectare

Regenwasseragentur: Entsiegelung von Flachen in Berlin:
Jetzt informieren und loslegen

Dynamic Drainage

Water loss through drainage in Brandenburg: ~2,500 m3/ha/
year

LfU Brandenburg (2025)

Water retention after drainage optimization: 40%

LfU Brandenburg (2025)

Water retained in ground via smart drainage in Lower Saxony:

~1,400 m3/ha/year

NDR (2025): Mit smarten Drainagen gegen Trockenheit
und Starkregen | ndr.de
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https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://zenodo.org/records/17174872
https://www.umweltbundesamt.de/sites/default/files/medien/5612/dokumente/fw-r-1_indikator_foerderung_waldumbau.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/uba_wasserwirtschaft_in_deutschland_2017_web_aktualisiert.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/uba_wasserwirtschaft_in_deutschland_2017_web_aktualisiert.pdf
https://www.derdichtebau.de/flachdaecher/
https://www.bmel-statistik.de/landwirtschaft/bodennutzung-und-pflanzliche-erzeugung/allgemeines-zur-bodennutzung
https://www.umweltbundesamt.de/daten/flaeche-boden-land-oekosysteme/boden/bodenversiegelung
https://www.destatis.de/EN/Themes/Economic-Sectors-Enterprises/Agriculture-Forestry-Fisheries/Land-Use/Tables/areas-new.html?utm_source=chatgpt.com
https://www.destatis.de/EN/Themes/Economic-Sectors-Enterprises/Agriculture-Forestry-Fisheries/Land-Use/Tables/areas-new.html?utm_source=chatgpt.com
https://www.sedumdachbegruenung.de/?gad_source=1&gad_campaignid=21009340972&gclid=EAIaIQobChMIsdHyheTakAMV6pmDBx1LUQXaEAAYASAAEgI3W_D_BwE
https://www.sedumdachbegruenung.de/?gad_source=1&gad_campaignid=21009340972&gclid=EAIaIQobChMIsdHyheTakAMV6pmDBx1LUQXaEAAYASAAEgI3W_D_BwE
https://regenwasseragentur.berlin/inspirieren-lassen/ratgeber/entsiegelung/#kosten
https://regenwasseragentur.berlin/inspirieren-lassen/ratgeber/entsiegelung/#kosten
https://www.ndr.de/nachrichten/niedersachsen/osnabrueck_emsland/mit-smarten-drainagen-gegen-trockenheit-und-starkregen,drainage-100.html
https://www.ndr.de/nachrichten/niedersachsen/osnabrueck_emsland/mit-smarten-drainagen-gegen-trockenheit-und-starkregen,drainage-100.html

Assumptions/Estimates

Amount of German agricultural land drained: ~23%

Source

Auerswald et al. (2024): EGUsphere - HESS Opinion:
Floods and droughts — Land use, soil management, and
landscape hydrology are more significant drivers than
increasing temperatures

Material costs for manual or climate-adapted systems:
€1,300-2,500 per hectare

Stowa: Controlled drainage | STOWA

Ingeniuergesellschaft Prof. Dr. Sieker mbH E-Mail corre-
spondence (2025)

LBEG (2014): Link

Advanced, sensor-controlled systems with automation: can at
least triple costs; using material costs from above, reaching
€3,900-7,500 per hectare

Geiger agri solutions ekoDrena Price list 2025 E-Mail
correspondence (2025)

Costs for maintenance, interest and depreciation: €700 ha/
year

Wageningen University & Research (2020) — E-Mail corre-
spondence (2025)

BOSTON CONSULTING GROUP + NABU
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https://egusphere.copernicus.org/preprints/2024/egusphere-2024-1702/
https://egusphere.copernicus.org/preprints/2024/egusphere-2024-1702/
https://egusphere.copernicus.org/preprints/2024/egusphere-2024-1702/
https://egusphere.copernicus.org/preprints/2024/egusphere-2024-1702/
https://www.stowa.nl/deltafacts/zoetwatervoorziening/delta-facts-english-versions/controlled-drainage#Costs
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwjN7fzw6ZaQAxW7nP0HHQEvGR8QFnoECBkQAQ&url=https%3A%2F%2Fwww.lbeg.niedersachsen.de%2Fdownload%2F133097&usg=AOvVaw0oSTiMm1XRX97FDh7-LNW5&opi=89978449
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