
Academic Editor: Bruce Morley

Received: 15 May 2025

Revised: 19 June 2025

Accepted: 3 July 2025

Published: 5 July 2025

Citation: Lutz, C.; Becker, L.;

Kemmler, A.; Reuschel, S.; Sander, L.;

Stöver, B. Macroeconomic Impacts of

Climate Change, Climate Adaptation,

and Climate Mitigation in Germany.

Sustainability 2025, 17, 6175. https://

doi.org/10.3390/su17136175

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Macroeconomic Impacts of Climate Change, Climate Adaptation,
and Climate Mitigation in Germany
Christian Lutz 1,* , Lisa Becker 1 , Andreas Kemmler 2, Saskia Reuschel 1, Lukas Sander 2 and Britta Stöver 1

1 Institute of Economic Structures Research (GWS mbH), 49080 Osnabrueck, Germany
2 Prognos AG, 4052 Basel, Switzerland
* Correspondence: lutz@gws-os.com; Tel.: +49-541-40933-120

Abstract

This study examines the effects of climate mitigation, climate change as quantifiable
effects of additional extreme weather events, and adaptation investments on economic
growth in Germany. First, on the basis of a comprehensive literature review and further
considerations, important impact channels are discussed. Second, the macroeconometric
national model PANTA RHEI is used to quantify the effects. To this end, scenarios are
refined with and without additional climate change, and with and without additional cli-
mate protection to achieve national reduction targets until 2045, and defined for the first
time with and without adaptation to climate change. This is also the first combination
of all three climate dimensions within the model. The results show that, in the model,
the quantifiable effects of extreme weather events have a negative impact on GDP that
can be reduced by adaptation. By contrast, climate mitigation has a positive effect. As
only monetary effects are accounted for, negative effects of climate change and positive
impacts of climate policy are underestimated in broader terms. The model results help to
understand the interaction between mitigation and adaptation: without mitigation, the
impact of the climate crisis will increase significantly. Adaptation measures may then
have less impact or even become ineffective.

Keywords: macroeconomic effects; climate change; climate adaptation; climate mitigation;
extreme weather events; macroeconometric modeling; economic growth; scenario analysis

1. Introduction
Climate change, climate change adaptation, and climate change mitigation are still

mostly analyzed separately when assessing impact channels; interactions are often not
considered [1]. At the EU level, for example, separate impact assessments are conducted
for climate change [2] and adaptation [3] on the one hand, and for climate mitigation on
the other, whereby the respective other aspect is not included in the analysis. In addition to
institutional responsibilities, another reason for this separate consideration is that climate
change, adaptation, and mitigation differ strongly in their temporal and spatial effects.
Due to various inertias in natural systems, greenhouse gas (GHG) emissions affect the
climate—and, ultimately, economic development in terms of GDP—only with a time lag.
The effects of climate change are complex, highly region-specific, and, in the case of acute
damage from extreme weather events, always tied to the question of attribution to climate
change (for research on attribution, seeKlicken oder tippen Sie hier, um Text einzugeben.,
e.g., [4,5]). In contrast, mitigation and adaptation measures have immediate economic
effects and can be geographically localized. However, adaptation measures are spatially
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limited, and there are many challenges to the assessment of their benefits—especially as,
unlike mitigation, targets are currently rare. For these reasons, a direct comparison between
mitigation and adaptation measures is difficult.

In global considerations and modeling, there has been a long debate about the “op-
timal” climate policy mix between mitigation and adaptation, which is strongly linked
to the assessment of future damage and the discount rate suitable for its assessment as
well as the uncertainty about future available mitigation and adaptation measures. Many
environmental economists have argued in favor of less climate mitigation in the short
term (e.g., Nordhaus [6]), while Stern [7], among others, has emphasized the high costs
of climate change and the comparatively low costs of ambitious mitigation, thus calling
for comprehensive mitigation efforts in the short term. This debate was primarily based
on rather simple global impact assessment models that are not differentiated by sector
and often consider long time periods. In many cases, high discount rates have been used.
The assumption of high discount rates means that long-term damage caused by climate
change has hardly been considered in the calculations because its current value has been
estimated to be very low. As a result, the benefits of climate mitigation measures have
been significantly underestimated. Recent analysis determines a greater benefit of climate
mitigation and sees mitigation and adaptation as being more complementary. According to
the synthesis report of the 6th Assessment Report of the IPCC [8], successful adaptation
reduces the effects of climate change. At the same time, successful global climate mitigation
facilitates adaptation to climate change.

Studies conducted for the Network of Greening the Financial System (NGFS) [9]
distinguish between the economic risks (effects) of climate mitigation policy—so-called
transition risks—on the one hand, and the risks of climate change itself on the other, which
occur acutely in the form of extreme weather events or chronically due to the long-term
rise in temperature, such as long-term sea level rise. Climate mitigation policy therefore
endangers or changes economic growth through higher energy prices, the devaluation of
the capital stock, a possible mismatch in the labor market, changes in investments and
consumption and innovations. Acute physical risks of climate change, on the other hand,
have an impact through the destruction of capital, supply disruptions on the labor market
due to falling productivity in hot weather, lower agricultural production, the disruption
of production chains, and increased insurance costs or migration. Model results for a Net
Zero 2050 scenario with the NiGEM model show that the global effects of acute climate
change compared to a reference scenario are significantly greater by 2050 than the chronic
costs of climate change, which in turn are greater than the costs of climate mitigation,
i.e., achieving the global GHG reduction target [10]. In a scenario without additional
climate mitigation, the costs of climate change could more than double by 2050 compared
to the climate mitigation scenario in which GHG neutrality (Net Zero 2050) is achieved.
(Globally) successful climate mitigation can therefore greatly reduce the costs of climate
change. Adaptation measures are not considered in this model analysis.

The different levels, i.e., temporal, spatial and those regarding the affected sectors
at which climate mitigation and adaptation to climate change take place, are probably
the reason macroeconomic analyses with sectoral differentiation have not yet dealt with
all three effects simultaneously. For Germany, for example, there has so far been only an
assessment at the level of municipal concepts and strategies [11]. This assessment clearly
shows that there can be synergies and conflicting objectives. While individual measures
are aimed solely at climate mitigation or adaptation, there are also measures that combine
both. There are adaptation measures that have a negative impact on climate mitigation (so-
called maladaptation) and climate mitigation measures that are detrimental for adaptation
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to climate change. An assessment therefore depends on the specific implementation of
individual measures and cannot be generalized.

At the level of economic sectors, there currently exists no joint analysis of the economic
impacts of climate change, adaptation to climate change, and climate mitigation in Germany.
Various analyses are available on the impact of mitigation measures, most of which show
slightly positive effects [12–14]. Quantifications of the economic effects of climate change
at the national level indicate negative effects in the range of less than 1% of GDP by
2050 [15,16]. Initial quantifications of the macroeconomic effects of selected adaptation
measures are available [17]. The literature suggests that the three dimensions will mainly
affect different sectors of the economy, meaning that there will only be limited overlap in
impacts, while climate policy should be as comprehensive as possible.

Given the limited research on the joint analysis of the macroeconomic impacts of
climate change, adaptation, and mitigation, there is a need for research to analyze these
three dimensions in an integrated manner. Knowledge of economic trade-offs, synergies
and interdependencies is necessary for the development of effective and efficient climate
policy. We will investigate the following research questions: What are the individual
and combined macroeconomic effects of climate change, adaptation to climate change,
and climate protection measures in Germany until 2045? Which economic sectors are
particularly affected, both individually and overall? What synergies and trade-offs are
evident between the three dimensions, and what insights can be gained for a comprehensive
and consistent climate policy?

The aim of this paper is therefore to contribute to filling this research gap through the
differentiated modeling of the individual climate aspects, which are embedded in a common
model framework, and to quantify the joint impact on economic development in terms of
GDP and other macroeconomic indicators for Germany. The main new contributions of
our paper are, for Germany, further refinements to the modeling of climate change beyond
the current state of research, the first quantification of concrete adaptation measures within
a macroeconomic model, an update of previous models on the macroeconomic effects of
climate protection, and, most importantly, the first combination of all three climate aspects
within the macroeconometric model. In the following, the model used and the modeling
approaches for the three climate aspects are first presented (Section 2). The results are then
described in detail (Section 3) and discussed (Section 4). Section 5, which is brief, with
conclusions closes the paper.

2. Materials and Methods
2.1. Macroeconomic Model PANTA RHEI

The national model PANTA RHEI for Germany is used for the analysis presented
here [14,18] which is the environmental extension of the simulation and forecasting model
INFORGE [19,20]. A comprehensive model description is provided by [18]. According
to the classification of climate–economy models of [21], it is a macroeconometric model.
Macroeconometric and computable general equilibrium (CGE) models differentiate mul-
tiple economic sectors in contrast to impact assessment models. Long-term intersectoral
structural change in economic growth over time is mapped at the level of economic indus-
tries using input–output tables. Economy and energy systems are described in detail. One
advantage of macroeconometric models is the ability to track the time path of the economy
through short-run disequilibrium adjustments. Macroeconometric models such as PANTA
RHEI have long been used to simulate energy and climate policy [21].

In addition to comprehensive economic modeling, energy, emissions, and transport
and housing are covered in PANTA RHEI in detail. The entire model is solved iteratively
year by year and simultaneously, i.e., the mutual impact of model variables is considered
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simultaneously. The simulations run until 2050. For different applications of the model
regarding climate mitigation and adaption, see [17,22,23].

The model contains a large number of macroeconomic variables from national accounts
and input–output tables and provides sectoral information according to 63 economic
industries. The economic database is supplemented by energy balances [24] and emission
data [25] to represent the energy and environmental dimension in the model. The behavioral
parameters are estimated econometrically using time series data. This implies, in contrast to
CGE models, that the actors only have myopic expectations and make decisions according
to patterns observed in the past. Thus, no optimizing behavior is assumed, so that the
markets are not necessarily in equilibrium.

Adjustments to an intrasectoral structural change can be implemented through exoge-
nous specifications, e.g., if technological changes such as the transformation of the steel
industry towards green hydrogen or the shift in car production from combustion engines
to electric cars are to be included in the scenario.

It should always be kept in mind that all these models are simplified representations of
reality, so the assumptions and limitations must be considered carefully ([26]). At the same
time, however, the model types including macroeconometric models are established instru-
ments that are often used to analyze the interaction between climate and economy. The
literature overviews include model comparisons and highlight characteristics of different
model types including macroeconometric models ([21,27]).

2.2. Modeling Approaches for Climate Change, Climate Adaptation, and Climate Mitigation

Scenario analysis is used to assess the impact of climate change on the German econ-
omy and the effects of countermeasures. Scenario analysis shows possible developments
for the future and helps to evaluate policy measures in advance of these possible develop-
ments. Table 1 shows the different scenario projections used, which have been agreed upon
with the Federal Ministry of Economic Affairs and Climate Protection. There is a reference
(scenario 1) in which climate change does not continue and no further policy action is taken
on climate change mitigation or adaptation. Scenario 2 represents the impacts of climate
change in the form of extreme weather events, in addition to the impacts of climate change
already observed in the past. As the future effects of climate change are very uncertain,
we have assumed, in sensitivity calculation 2a, that the losses will be twice as high by
2050 as in scenario 2. Scenario 3 includes additional extreme weather events and climate
adaptation measures; a comparison with scenarios 1 and 2 shows the effect of climate
adaptation measures. In scenario 4, climate mitigation measures are implemented, that will
ensure a climate neutral Germany in 2045 according to national targets, so the impact of
mitigation measures can be quantified in comparison with scenario 1. Sensitivity 4a does
not assume the additionality of investments but examines complete crowding out. Scenario
5 is a combination of scenarios 3 and 4 and allows for an evaluation of climate change and
the combined climate change policies in comparison with scenario 1.

Table 1. An overview of the scenarios analyzed.

Scenario Extreme Weather
Events Mitigation Adaptation

1 Reference Status 2024 Policy status 2020 Policy status 2020
2 Extreme weather events (EW) Yes Policy status 2020 Policy status 2020
3 EW and adaptation (EWA) Yes Policy status 2020 Yes
3a Sensitivity of 2 and 3 Doubled Policy status 2020 Yes
4 Climate mitigation (CM) Status 2024 Target achievement Policy status 2020
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Table 1. Cont.

Scenario Extreme Weather
Events Mitigation Adaptation

4a Sensitivity of 4 Status 2024 Target achievement
(full crowding out) Policy status 2020

5 EW, A, CM (EWACM) Yes Target achievement Yes

2.2.1. Climate Change

According to current knowledge, the extreme weather events that can be linked
to climate change in Germany are heavy rainfall, floods, heatwaves and droughts [28].
Heatwaves and droughts are expected to increase in frequency and intensity, existing trends
towards low water levels will intensify, and heavy rainfall will become more frequent and
intense [29,30]. On the basis of climate projections for Germany, it can therefore be assumed
that the number of extreme weather events in Germany will increase—with a further
increase in the intensity of damage.

Based on these expected future extreme weather events, narratives on the economic
consequences are developed and scenario variables are derived, which make it possible
to estimate the impact of the quantifiable effects of extreme weather events on economic
and socio-economic variables. The focus is on effects that occur locally in Germany. Global
effects, which are likely to have a very strong impact on the German economy, are mapped
indirectly via interrelationships in international markets.

On the basis of the extreme weather events expected for Germany and a comprehensive
literature analysis, the fields of action and impact chains for modeling the climate change
scenario were selected for which valid and reliable parameters can be derived, which are
relevant for Germany in the future and are likely to be affected by climate change, and for
which monetary values can be derived. The scenario settings are summarized in Table 2.
Unless otherwise stated, changes between today and 2050 are interpolated linearly.

Table 2. Scenario settings for scenario 2 EW (extreme weather events).

Field of Action Climate Hazard and Impact Parameter References

Agriculture
Hazard: Heat, drought, heavy

rain, flood
Impact: Yield losses

Increase in import prices by 20% in
2050 (compared to reference)

combined with unchanged import
volumes, price increase in food
products of 5% (downstream

industry), higher rents for
agricultural land due to competition

for land of 50% in 2050

[31–35]

Forestry
Hazard: Heat, drought, heavy

rain, flood, storm
Impact: Lower yields

Higher prices of 30% in 2050, price
increase in wood products of 8%

(downstream industry), doubling of
depreciation (broken and damaged

timber), higher rents due to
competition for land of 50% in 2050

[36–42]

Fishery

Hazard: Temperature rise
Impact: Biodiversity loss, fish

diseases, algae, changes in
breeding behavior

Increase in import prices by 25% in
2050 [43–47]
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Table 2. Cont.

Field of Action Climate Hazard and Impact Parameter References

Water (management)

Hazard: Heat, drought, heavy
rain, flood

Impact: Higher efforts to
guarantee groundwater
quality, functionality of
networks and sewage

treatment plants

Increase in water demand by 10%
until 2050, higher production prices
due to +45% more use of electricity,

construction measures and
administration as well as +30% of

engineering services

[48–51]

Navigability of inland
waterways

Hazard: Heat, drought
Impact: Reduced navigability,
impairment of goods traffic

Intermediate input from wholesale
services to inland water transport

will triple by 2050 to meet delivery
obligations

[52–56]

International sales
markets (industry and

commerce)

Hazard: Heat, drought, heavy
rain, flood

Impact: Disruption of supply
chains, lower quantities of
goods and higher import

prices

Return to the average annual growth
rate over last 22 years of import
prices for goods in textiles and

clothing, printing, chemicals and
pharmaceuticals, rubber and plastic

products, glass, metal products,
electrical equipment, transport

equipment and furniture, and repair
and installation of machinery and

equipment,
lowering exports by 0.3% in 2050

[31,56–60]

Buildings

Hazard: Heavy rain, flood
Impact: Damage to and
destruction of buildings,

settlements and infrastructure

Depreciation of insurance industry is
50% higher in 2050, reduction in the
lifespan of all buildings by two years
and private households’ savings by

15 bn. EUR higher until 2050,
companies will increase their
depreciation by 0.2% by 2050

[16]

Human health and
healthcare system

Hazard: Heat
Impact: Heat stress on human
health, increase in emergency

cases and pressure on
healthcare system

Increase in heat-related hospital
admissions of 60% by 2050 [30,51,61–69]

2.2.2. Climate Adaptation

Adaptation can reduce the negative impacts of the climate crisis. Table 3 shows the
adaptation measures implemented in the scenario. The measures listed were assigned
to the fields of action of the German Climate Adaptation Strategy (DAS) including
estimated implementation horizons and translated into scenario parameters using the
following assumptions.

The climate damage of scenario 2 EW remain unchanged until adaptation measures
are fully implemented. The implementation horizon corresponds to the last column in
Table 3. It is assumed that changes in the production structure or price adjustments that
have already been implemented remain unchanged after the adaptation measure has taken
effect. Other losses, such as depreciation or health costs, slowly return to their original
path when the adjustment takes effect. Once the adaptation measures have been fully
implemented, they will unfold their full effect. The adaptation measures are implemented
domestically and thus address domestic climate impacts. The costs and negative impacts
on domestic industries caused by climate impacts abroad therefore remain unchanged.
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This is the case for all climate impacts that are expected to result in higher import prices
due to climate change. For international trade and fisheries, no adaptation measures are
specified, as the climate impacts and their effects on domestic industries occur exclusively
abroad. Summarizing, the adaptation scenario is an approximation and abstraction, i.e., it
is not a complete determination of the additional adaptation costs actually incurred. Rather,
the approximation is intended to estimate the direction and magnitude of the impact of
adaptation measures.

Table 3. Adaptation measures by field of action and implementation horizon.

Field of Action Adaptation Measure Implementation
Horizon (Years)

Mean Implementation
Horizon (Years)

Agriculture

Adaptation to heat waves 5

3.4

Renaturation 5
Measures to increase water efficiency 1

Soil protection through mats 1
Early warning systems and

information services 5

Forestry

Adaptation to heat waves 5

3.4

Renaturation 5
Measures to increase water efficiency 1

Soil protection through mats 1
Early warning systems and

information services 5

Fishery/international
sales markets -

Water (management)

Low water protection measures 5

4.2

Adaptation to heat waves 5
Renaturation 5

Measures to increase water efficiency 1
Soil protection through mats 1
Early warning systems and

information services 5

Navigability of inland
waterways

Low water protection measures 5
5Early warning systems and

information services 5

Buildings

Green roofs 1

6.2

Renaturation 5
Climate-adapted spatial planning 5

Flood protection 15
Early warning systems and

information services 5

Human health and
healthcare system

Adaptation to heat waves 5

4.2

Renaturation 5
Climate-adapted spatial planning 5

Open space greening 1
Early warning systems and

information services 5

A total of around EUR 50 billion will be invested until 2050. At 85%, the lion’s share is
accounted for by construction investment, with only 15% going to equipment investment.
This ratio remains unchanged throughout the observation period.
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The exact nature of climate change, i.e., the frequency, extent and intensity of extreme
weather events, is uncertain. To better understand the implications of a more severe
climate change and to assess the effectiveness of adaptation measures, we conducted
sensitivity analysis 3a. More precisely, the sensitivity calculation assumes that the originally
assumed direct consequences of climate change (scenario 2 EW) are doubled. This was then
compared with the initial level of climate adaptation in scenario 3 EWA and the impact of
doubling the adaptation measures.

2.2.3. Climate Mitigation

To model climate mitigation, the macroeconomic PANTA RHEI model is coupled
with data on the energy system from bottom-up models [14]. Supplement S1 provides an
overview of the input parameters. The additional investments in corresponding mitigation
measures, which are determined as the deviation from the reference development in the
bottom-up models and set in PANTA RHEI, are crucial in this context. We have therefore
calculated sensitivity 4a that does not assume the additionality of investments but examines
complete crowding out.

In PANTA RHEI, gross fixed capital formation is modeled separately for equipment,
buildings and other assets (particularly in the form of intellectual property). At the level
of economic industries, it is estimated as a function of the respective production, and
for certain industries, the capital stock and time trend are also included as explanatory
variables. Higher investments directly increase demand and thus gross domestic product.
In subsequent years, this is associated with higher depreciation, which increases the costs
of the industries, which therefore raise their prices ceteris paribus.

In addition to higher investments, the climate protection scenario also requires higher
carbon prices, which influence the level of energy prices and therefore lead to cost and price
increases, particularly in energy-intensive sectors of the economy. The higher revenues
from carbon pricing flow into the public budget and are not returned. However, they are
used to finance higher government investment, whereby the level of differential investment
does not depend on carbon revenues. In the model, the government’s financing balance
according to the national accounts results from higher revenues, higher government invest-
ment on the expenditure side and an improved general economic situation, which in turn
leads to higher revenues and lower government expenditure.

An electricity market model was also used to determine the effects of higher carbon
prices, changes in electricity supply, and changes in electricity demand compared to the
reference scenario on electricity prices for different consumer groups. According to this
analysis, prices in the first few years are significantly higher than in the reference scenario,
but this difference decreases over time and is only minor in 2045.

The higher energy efficiency achieved through mitigation measures and the increased
expansion of renewable energies will lead to a significant decline in imports of fossil fuels
compared to the reference scenario in the 2030s. Hydrogen and synthetic fuel imports
will only increase after 2035, so the monetary impact on energy imports will largely offset
each other again by 2045. Higher energy efficiency results in a permanent reduction in
energy costs.

3. Results
The following results are each presented as a deviation from the reference development

(scenario 1), which shows the effect of the assumed settings in the other scenarios (scenarios
2 to 5). The individual effects are described first (Sections 3.1–3.3), followed by the overall
effects caused jointly by climate change, climate change adaptation and climate mitigation
(Section 3.4).
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3.1. Impacts of Climate Change (Scenario 2 Compared to 1)

The results depicted in Figure 1 show that additional climate change in the form of
more severe extreme weather events would have a clear negative impact on economic
output and that the damage would increase as climate change progresses. In 2035, price-
adjusted GDP is 0.4% lower than in the reference case and 0.8% lower in 2045. In total, the
losses in price-adjusted GDP amount to EUR 300 billion by 2045. To put this in context,
the costs of the Ahr and Erft floods in 2021 are estimated at around EUR 40.5 billion [70].
This would mean that costs similar to those of this costly single event could be expected
approximately every three years.

Figure 1. Percentage change in price-adjusted GDP and its components (scenario 2 EW compared to
reference scenario).

The impact on the individual components of GDP is in some cases much greater than
for GDP in total. International trade in particular shows large deviations. Both exports
and imports will be more than EUR 500 billion lower in real terms by 2045 (−2.2% for
exports and −2.5% for imports). This is mainly due to the effects of climate change, which
occurs abroad and also affects domestic prices via trade structures. In addition to trade,
private consumption would also be negatively affected: private households would consume
EUR 200 bn less in price-adjusted terms by 2045 (−1% in 2045) due to the climate change
impacts. This is partly due to higher living costs (especially food and rent) and partly to a
higher propensity to save (provisions for claims). Increased provisions and write-downs
by companies for possible claims as a result of advancing climate change are reflected in
a decline in investment. There is also a price-increasing effect of climate change impacts:
overall, inflation rises by an average of 0.1 percentage points per year more than in the
reference scenario.

Output will fall by 1.2% in 2045 across all sectors of the economy, resulting in a lower
demand for around 120,000 workers. Compared to the reference scenario, the number of
employees in business-related services and public services will decrease the most. Their
numbers will fall according to Figure 2 by almost 50 thousand and just over 20 thousand
people, respectively, in 2045.
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Figure 2. Change in employment (scenario 2 EW compared to reference scenario) across economic
activities.

3.2. Impacts of Climate Change and Adaptation (Scenario 3 Compared to 1)

Investing in climate change adaptation helps to mitigate the effects of climate change
while having a positive impact on GDP. However, Figure 3 shows that not all losses can
be compensated: Price-adjusted GDP will still fall by just under 0.5% in 2045, respectively,
or EUR 210 billion cumulative over the entire period (in the climate change scenario
without adaptation, price-adjusted GDP will be 0.8% lower in 2045 or EUR 300 billion
cumulative). The comparatively low effect of adaptation in the scenario is due to the fact
that climate impacts occurring abroad and “imported” into Germany via trade cannot
be addressed by national adaptation measures. Accordingly, the relative deviations in
trade remain high. The adaptation measures have a clearly positive effect on investment in
construction. Private consumption, government consumption and investment in machinery
and equipment are at least less affected than without adjustment measures.

Figure 3. Percentage change in price-adjusted GDP and its components (scenario 3 EWA compared
to 1).
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The assumption of higher climate damage in sensitivity 3a means that the economic
effects more than double. Despite existing climate change adaptation measures, increased
climate change will reduce GDP by a cumulative EUR 590 billion by 2045, resulting in addi-
tional losses of EUR 380 billion. If increased climate adaptation measures are implemented
in anticipation of a more severe climate change, some of the newly incurred costs can be
offset: cumulatively, GDP will be reduced by EUR 410 billion by 2045.

3.3. Impacts of Climate Mitigation (Scenario 4 Compared to 1)

At a macroeconomic level, there are positive effects from the climate mitigation mea-
sures. Compared to scenario 1, price-adjusted GDP in scenario 4 is higher over the entire
analysis period, but the effects are high until 2035 and tend to weaken in the longer term;
while the deviation is 2.3% in 2030, it falls to 0.8% in 2045. Figure 4 also shows effects
for expenditure components of GDP, which provide information on which parts of the
economy benefit more from climate mitigation and which benefit less or are even weakened.
In particular, the relative effects on investments in equipment and buildings stand out
and are higher than in the reference scenario up to 2040. The climate mitigation scenario
assumes that the transformation towards climate neutrality will be largely completed by
2045, which means that less investment will be required in the climate protection scenario
in 2045 than in the reference development. There is also a positive effect on private and
government consumption: as a result of the higher overall economic output, disposable
incomes are higher, which drives consumption spending.

Figure 4. Relative deviations of price-adjusted GDP and its components in scenario 4 CM compared
to the reference.

Slightly higher electricity and carbon prices will have a slightly negative impact on
GDP, which will be particularly evident in exports. The trade balance deteriorates in the
climate mitigation scenario compared to the reference case: the higher price level due to
the carbon price paths has a lowering effect on exports and an increasing effect on imports,
while the latter are also increased by the additional demand. On the other hand, imports
of fossil fuels will decline significantly in the climate mitigation scenario. These negative
effects on the trade balance can be explained by the model limitations of PANTA RHEI, as
it is a national model that does not map changes in the rest of the world. If comparable
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climate mitigation efforts were implemented by Germany’s trading partners, this negative
competitive effect would be less pronounced or disappear.

In general, it should be noted that in the PANTA RHEI model, labor demand depends
on production and real wages. At the industry level, employment in the construction sector
benefits most from higher investment demand and the associated increase in production.
Related service sectors such as architectural services also grow visibly. In manufacturing,
the higher demand effect initially prevails, while rising prices later cause employment to
fall slightly. Higher production and rising prices drive real wages, which tend to have a
downward effect on employment. The total employment effect amounts to over 160,000 jobs
in 2030 (Figure 5). At the end of the transformation in 2045, the overall employment effect
is therefore only slight compared to the reference scenario. Slightly higher production is
largely offset by higher price levels.

Figure 5. Absolute deviations of employment in scenario 4 CM compared to the reference.

In the sensitivity calculation with complete crowding out, there is a somewhat different
time course for the macroeconomic results, which are less positive in the first few years
than in Scenario 2.

3.4. Impacts of Climate Change, Adaptation, and Mitigation (Scenario 5 Compared to 1)

The total effect of additional climate change in the form of extreme events, adaptation,
and mitigation (EWACM) is shown in Figure 6. Climate change will have increasingly
negative effects on GDP, which can be partially offset by adaptation measures. However,
these effects will increase significantly after 2045, especially if no effective climate protection
is achieved worldwide. In the short term, the effects of mitigation will dominate due to
the high additional investments required. However, the trade balance deteriorates, on
the one hand, due to the effects of climate mitigation (see Section 3.3) and, on the other
hand, because climate change impedes international trade. Until 2045, the overall effect
of EWACM will be small, as adaptation and mitigation can compensate negative impacts
of climate change. In the longer term however, the negative effects of climate change
will dominate.
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Figure 6. Absolute deviations of GDP in the different scenarios compared to the reference.

4. Discussion
The results describe for the first time the combined macroeconomic effects of additional

acute climate change, adaptation, and climate protection in Germany up to 2045, when the
country aims to be climate neutral.

A comparison of the economic sectors heavily affected by climate change, adaptation
and climate mitigation shows that the overlaps are limited. Climate change primarily
affects agriculture, transportation, healthcare, insurance and infrastructure. Adaptation
aims to reduce the damages caused by climate change, while the investments required to
adapt to the consequences of climate change are mainly made in the construction industry.
Climate mitigation leads to major changes in the energy sector, energy-intensive industry,
vehicles and building technology. The construction industry also plays a central role in
climate mitigation. This industry will be the major winner of climate mitigation in terms
of production and jobs, which could be a challenge with regard to labor supply and skill
needs. In agriculture, there may be competition for land due to biofuels, organic farming,
PV and wind power plants or the rewatering of peatlands, among other things.

It is important to note that the estimates of damages and losses caused by climate change
represent a lower bound: on the one hand, only damages on top of existing climate costs
from 2024 onwards were considered, and on the other hand, only climate impacts that can be
monetized were taken into account. That is, negative impacts that are difficult or impossible
to quantify in monetary terms, such as the loss of the quality of life, long-term psychological
effects, trauma, the loss of biodiversity, etc., were not included in the estimated costs. The
actual impact on the economy is therefore likely to be much more negative and will become
even more significant for Germany, especially after 2050 with increased chronical climate
impacts. Climate models, including for the IPCC [8], show that global warming, and thus
the risks and impacts of climate change, will increase in intensity and severity, particularly
after 2050, depending on the extent of climate protection efforts. If climate tipping points are
exceeded, the costs of extreme weather events for Germany could be considerably higher.
Multi-criteria analysis offers a framework to capture these aspects more effectively. However,
this would require a separate analysis that goes beyond the scope of this paper.

The costs of climate change represented by quantifiable impacts of extreme weather
events estimated here are comparable to the results of similar macroeconomic models
that focus on Germany and provide a detailed description of the economic structure in a
macroeconomic context (see Table 4).
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Table 4. Results on quantifiable effects of extreme weather events in various studies.

Model Analysis Period Damage Costs
(Losses in GDP) Damage Costs p.a.

PANTA RHEI (this study) 2025–2045 2045: −0.8%
until 2045: EUR −300 bn EUR 14.3 bn

PANTA RHEI [16] 2022–2050 until 2050: EUR −280,
−530, −910 bn EUR 9.7/18.2/31.4 bn

D.CLIMATE [15] 2020–2070 2070: EUR −1.2%
until 2070: EUR −730 bn EUR 14.3 bn

WIAGEM [71] 2026–2050 until 2050: EUR −410 bn EUR 17 bn

In contrast, the results from Kotz et al. [72] show much higher negative effects of
climate change, with a larger proportion of these already occurring in the reference scenario
regardless of the further scope of climate mitigation on a global level. A study for the EU
Commission, on the other hand, arrives at quantifiable effects of additional climate change
for Europe that are in good agreement with the presented results [2]. Depending on the
method used and the scenario design, the results vary greatly, so further research is needed
in any case.

In the literature on climate adaptation, the subject is often examined purely in terms of
damage reduction. Additionally, the literature primarily examines the cost–benefit effects
of specific, regionally tailored measures. Assessments of packages of measures, especially
at a national level, and their classification in terms of economic effects are rarely carried
out. This is largely because the impacts of climate change can vary greatly at a local level,
requiring regionally tailored adaptation measures. This local focus makes it difficult to
apply the results of specific models of regionally implemented individual measures to a
generally valid nationwide level. In other words, it is challenging to derive generally valid,
literature-based cost–benefit effects of climate adaptation measures.

Due to the lack of information on damage cost avoidance curves, we opted for a
simplified approach, estimating the total investment required for climate change adaptation
based on the total expected damages of climate change and cost–benefit analyses of various
adaptation measures. Based on the expected level of damage, the necessary investments
were estimated on the basis of static cost–benefit ratios while also assuming that all damages
can be completely avoided by the proposed set of adaptation measures. This leads to a
potential underestimation of actual adaptation costs.

In contrast, the literature on climate mitigation lists various channels through which
climate mitigation measures can have an impact on the economy as a whole. There is
a broad consensus that higher carbon prices and additional investments in the energy
transition are necessary to achieve ambitious climate targets. However, investments in
mitigation carry the risk of stranded assets if the capital stock is replaced prematurely.
In addition to investment effects, there are also substitution and price effects, which in
turn depend on elasticities and impact mechanisms. Climate mitigation investments are
generally aimed at either increasing energy efficiency or generating renewable energy.
The underlying transmission mechanisms for the expansion of renewable energies and
increased energy efficiency can vary significantly. The availability of qualified skilled
workers is crucial for the output effect of investments due to shortages in the labor market.
Climate mitigation should be implemented internationally and designed to be predictable
as far as possible, as this reduces the costs of (national) climate mitigation.

The macroeconomic effects of such mitigation measures are not clear-cut and depend
on many factors. More supply-oriented approaches tend to show slightly more negative
effects than demand-oriented approaches [73]. A meta-analysis by the International Mone-
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tary Fund [74] shows that there is no scientific consensus on the macroeconomic effects of
climate mitigation. While ex ante analyses tend to show slightly negative effects of between
0 and −0.5% of GDP after five years, empirical studies examining carbon pricing measures
that have actually been implemented show slightly positive effects [75].

A model study by the IMF [76] finds clear positive effects of global climate mitigation
for Germany. According to the socio-economic impact assessment for the 2023 projection
report, the with-further-measures scenario, which achieves the climate mitigation targets,
results in positive effects on GDP of 0.2 to 0.5% per year compared to a reference [12].

In addition to the instruments used, the question of whether higher investment rates
are possible so that investments in a decarbonized energy system can be made additionally,
or whether they crowd out other investments (in part or in full) (crowding-out effect), plays
a particularly important role. The assumption made here can be of decisive importance
for the magnitude and sign of the economic effects. For the results presented above, the
additionality of investments with no crowding out of other planned investments has been
assumed. This is an important reason for the reported positive impacts of mitigation.
The sensitivity analysis assuming complete crowding out, i.e., the displacement of other
planned investments, shows that this assumption plays an important role in the short term
but that the long-term economic benefits of climate protection in the form of lower energy
and emission costs outweigh this.

In this context, the importance of the international context must be taken into account,
which is usually ignored in national studies, while international studies often model
climate mitigation policy and the structure of the economy in an overly simplified manner.
International effects are primarily competitive effects when carbon costs increase in one
country relative to others and opportunities to export climate mitigation goods when
other countries pursue more stringent climate targets. At the same time, costs of climate
mitigation technologies decline with global expansion.

Climate change, adaptation, and climate mitigation are, of course, also linked to questions
of social equity and environmental discount. This applies to the effects between countries and
also within individual countries between different social groups. Other analyses have shown
that poorer households spend a larger share of their income on energy goods and are more
exposed to extreme weather events and other consequences of climate change than richer
households. These aspects are very important for climate policy-making and acceptance.
However, a more detailed analysis of justice issues is beyond the scope of this paper.

5. Conclusions
The following conclusions can be drawn for future research: The effects of mitigation

should always be considered together with the effects of climate change. This is because
mitigation in the sense of preventing climate change damage leads to significant positive
economic effects in the long term. However, due to the limitations in modeling climate change
impacts outlined above, the time lag between climate protection and climate change damage,
and the nature of climate mitigation as an international public good, this is not easily possible.
The focus is therefore generally on mapping direct, nationally effective macroeconomic effects
of climate mitigation in terms of changes in GDP or employment. Given the importance of
climate change, adaptation, and mitigation, it seems reasonable to bring together the analyses
that have so far been largely separate and to consider their combined effects.

For policymakers, the scenario results show, despite all the uncertainties, that the
negative consequences of extreme weather events can be reduced through adaptation
measures and that climate mitigation can even have a positive macroeconomic impact
under certain assumptions. According to these results, it therefore makes sense to jointly
promote and implement climate mitigation and adaptation measures. Considering climate
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aspects together can also be important in terms of sectoral impacts in order to identify
industries that are more affected and those that benefit more from climate policy and to
take this into account in policy-making.

Future analyses could focus more on the non-monetary aspects of climate change and
distributional justice in relation to the three climate dimensions, rather than considering
effects that are limited to quantifiable monetary impacts. It should be highlighted that the
effects of climate change and the positive effects of adaptation and climate mitigation are
therefore underestimated. Complementary methods such as multi-criteria analysis can
supplement the model results and thus also better incorporate social and environmental
impacts. This will be central to the acceptance and implementation of climate policy.
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