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Climate change and climate policy:
analytical requirements and options from
a central bank perspective

Ever since the start of the Industrial Revolution, the global average temperature has been increas-
ing significantly. Most of this global warming is attributable to human activities. The effects of
climate change on people and the environment are already being felt, and there is a risk of con-
siderable damage in the long term. With that in mind, there is a broad consensus that appropri-
ate measures need to be taken to combat climate change. Initiatives to this end are under way.
Both climate change and climate policy will have far-reaching implications for macroeconomic
developments, which is why central banks need to engage with this topic.

Alongside the macroeconomic effects of extreme weather events and gradually rising tempera-
tures, attention is likely to turn to the impact of climate policy, in particular, in the near future.
Measures such as significantly increasing the cost of greenhouse gas emissions are aimed at trig-
gering far-reaching economic adjustment processes. This means that it is not only climate change
itself but also climate policy that will affect different sectors to varying degrees. It stands to rea-
son that certain regions, too, will be more heavily affected than others. These disparities could
affect macroeconomic dynamics and monetary policy transmission. Climate change and climate
policy may also give rise to risk concentrations that contribute to the build-up of systemic risk in
the financial system and thus pose a potential threat to financial stability. The Bundesbank pre-
sented an initial analysis of the risks posed by climate action to the German financial system as
part of its 2021 Financial Stability Review. Additionally, climate change and climate policy have a
significant global dimension. All countries need to play their part in combating climate change.
Action lacking sufficient coordination at the international level may result in distortions. All of this
poses additional challenges to macroeconomic analysis, which is key to monetary policy and
macroprudential decision-making. The Bundesbank is therefore adapting its analytical toolkit with
the aim of being able to adequately study adjustment processes driven by climate change and
climate policy, examining their sectoral and regional dimensions in an international context.
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Global warming
as a conse-
quence of
anthropogenic
greenhouse gas
emissions

Effects of
climate change
already being
felt

Relevance of climate change
and climate policy for central
banks

Ever since the start of the Industrial Revolution,
the global average temperature has been rising
significantly. It has been proven that most of
this global warming is due to anthropogenic
emissions of greenhouse gases.! There is also
strong evidence to suggest that rising tempera-
tures will spur further changes in the climate.?

Some of the effects triggered by global climate
change are already being felt. These include
the greater frequency and intensity of extreme
weather events such as heat waves, dry spells
and torrential rainfall.3 Such effects are ex-
pected to be amplified as the climate continues
to warm. Climate action is therefore one of the
biggest challenges facing society today, and it
is the task of governments and parliaments to
set this in motion via climate policy.
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Sources: European Environment Agency, Met Office Hadley
Centre and Climatic Research Unit. * Deviation of the annual
average near-surface air temperature from the mean value for
the years from 1850 to 1899. 1 Defined here as the land mass
from 34°N to 72°N and —25°E to 45°E.
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Particular political challenges arise from the
global dimension of climate change and cli-
mate policy. Global efforts are required to com-
bat climate change. This is why, on top of na-
tional initiatives, international agreements such
as the Paris Agreement have a crucial role to
play. In addition, the risk of irreversible climate
change means there is greater urgency to act.*

Central banks also have to deal with climate
change and climate policy. Climate change and
climate policy influence macroeconomic devel-
opments and may affect price and financial sta-
bility. This may make it more difficult for central
banks to fulfil their tasks.>

For example, physical risks such as rising aver-
age temperatures or more frequent extreme
weather events may cause lasting harm to ag-
gregate potential growth. Since the equilibrium
real interest rate also depends on aggregate
potential output, this would narrow the room
for manoeuvre for conventional monetary pol-
icy measures. A lower equilibrium real interest
rate increases the likelihood of monetary policy
hitting the zero lower bound.® The conse-
quences of climate change may also put pres-
sure on the financial system and thereby make
monetary policy transmission more difficult if,
for example, extreme weather events are ac-
companied by substantial financial losses.

There are also transition risks associated with
greening the economy. Measures such as sig-
nificantly increasing the cost of greenhouse gas
emissions are aimed at triggering far-reaching
economic adjustment processes. This, too, may
make it more difficult to safeguard price and
financial stability if, for example, profound
structural change triggers a widespread revalu-

1 See Intergovernmental Panel on Climate Change (2021).
2 See Intergovernmental Panel on Climate Change (2018).
3 See Intergovernmental Panel on Climate Change (2021).
4 The likelihood of irreversible climate change increases in
line with average global warming. See Intergovernmental
Panel on Climate Change (2021).

5 See also Deutsche Bundesbank (2021a).

6 See also Deutsche Bundesbank (2017a).
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sion, these
include ...

... regional and
sectoral differ-
ences in import-
ance of climate
risks

ation of assets.” Risks could also arise from
changes in consumer behaviour brought on by
the transition or from technological progress
driven by climate policy.

Physical and transition risks can be considered
dynamic processes that interact with one an-
other. These risks can be reduced in general by
a forward-looking, predictable climate policy,
whereas physical risks will mount in the face of
climate policy inaction, with the threat of ab-
rupt climate policy adjustments further down
the line and ensuing transition risks.

Climate change and climate policy therefore
present monetary policy analysis with new
challenges, too. Expectations or uncertainty
about the occurrence and extent of climate
damage as well as the future course of climate
policy may influence economic activity.® Cli-
mate risks may also make it more difficult to
identify economic drivers and prepare macro-
economic projections.®

The global dimension of climate change and
climate policy makes macroeconomic analysis
particularly challenging. Looking at countries in
isolation paints an incomplete picture of both
the causes and the consequences of climate
change.’® The effects of climate action, too,
are felt across national borders.

The international distribution of physical and
transition risks is also relevant to monetary pol-
icy because of its possible consequences, espe-
cially for a currency union such as the euro
area. It is a similar story with respect to the ac-
cumulation of climate risks in certain sectors.
Climate change and climate policy may give
rise to risk concentrations that contribute to
the build-up of systemic risk in the financial sys-
tem and pose a potential threat to financial sta-
bility."
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Adjusting the analytical toolkit

To meet these challenges, it is necessary to re-
view and, where necessary, adjust the monet-
ary policy analytical toolkit. This is also true of
macroeconomic analysis, which is key to mon-
etary policy decision-making. Following the
Eurosystem'’s latest monetary policy strategy re-
view, the ECB therefore announced that it
would expand its analytical capacity in macro-
economic modelling with regard to climate
change and climate policy."

This includes, inter alia, incorporating macro-
economic climate models, known as integrated
assessment models (IAMs). The combination of
model elements from economics and climate
research is characteristic of this model class.
The idea behind this is to capture the interde-
pendence of climate and economic activity in a
relatively simple way."® In an IAM, it is usually
assumed that greenhouse gases are emitted in
the course of economic activity. This subse-
quently leads to an increase in the global aver-
age temperature, which in turn has an impact
on economic activity. This can be represented,
for example, by a functional relationship be-
tween the average global temperature and
output: the damage function.

On the basis of such models, costs and benefits
can be weighed against each other to deter-
mine optimal emission pathways and thus con-
sistent climate action.™ Alternatively, a climate
policy goal can be specified directly, for ex-
ample in the form of a global average tempera-
ture or a cap on greenhouse gas emissions. The
agents in the model then make their decisions
subject to this constraint.

7 See, inter alia, Deutsche Bundesbank (2021b).

8 See, inter alia, Deutsche Bundesbank (2018).

9 See Drudi et al. (2021).

10 See also Hsiang and Kopp (2018).

11 See Deutsche Bundesbank (2021b).

12 See European Central Bank (2021).

13 See, inter alia, Nordhaus (2013) and Hassler et al.
(2016).

14 See, inter alia, Weitzmann (2012) and Nordhaus (2013).
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Deployment and
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conventional
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Greenhouse
effect amplified
by use of fossil
fuels
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CO, concentration before 1960 based on studies of ice cores.
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However, the macroeconomic effects of cli-
mate change and climate policy can also be
examined using modelling approaches that
more closely resemble the macroeconomic an-
alysis traditionally conducted by central banks.
For example, established econometric methods
can be used to estimate the macroeconomic
impact of climate change.” In addition, struc-
tural macroeconomic models, such as dynamic
stochastic general equilibrium (DSGE) models, ¢
can be modified in such a way that they can be
used to investigate the consequences of ex-
treme weather and the effects of climate pol-
icy."”” Using models of this kind, macroeco-
nomic adjustment processes can be examined
in more detail than is possible with macroeco-
nomic climate models. The environmental
multi-sector DSGE model EMuSe, which was
developed at the Bundesbank, can be used in
particular to analyse adjustment processes
driven by climate policy in an international con-
text and flexibly adapted to various policy ques-
tions (see the box on pp. 50 ff.)."®

Macroeconomic effects of
climate change

The concentration of greenhouse gases in the
atmosphere has been rising steadily for around
200 years." This trend, which is due largely to

the use of fossil fuels, is amplifying the natural
greenhouse effect. In Earth’s atmosphere, the
balance between incoming and outgoing solar
radiation is changing in such a way that net
solar radiation is increasing.2® Climate projec-
tions show that, in the absence of climate pol-
icy intervention, this trend will continue.?'
However, there is still uncertainty as to how
much the heightened concentration of green-
house gases in the atmosphere will affect the
global average temperature.?? The expected re-
gional distribution of temperature changes is
especially fraught with uncertainty. In addition
to rising global temperatures, climate change is
accompanied by a host of other effects, some
varying quite widely from region to region.
These include rising sea levels, changing pre-
Cipitation patterns and more frequent and
more extreme weather events.?3

It is already clear today that climate change will
bring irreversible changes in its wake.?4 In add-
ition to the direct effects, this will result in fur-
ther adjustment processes. Both the direct con-
sequences and the adjustment processes that
they trigger will affect the economy as a whole.

15 See, inter alia, Dell et al. (2014), Burke et al. (2015) and
Gallic and Vermandel (2020).

16 A characteristic feature of this model class is the ap-
proach of explaining macroeconomic relationships and de-
velopments based on the individual optimal decisions of
(typically) rational economic agents. This model framework
is presented in detail, inter alia, in Christiano et al. (2018).

17 See, inter alia, Gallic and Vermandel (2020), Heutel
(2012) and Golosov et al. (2014).

18 A detailed description of the environmental multi-sector
DSGE model EMuSe can be found in Hinterlang et al.
(2021).

19 For example, the CO, concentration in Earth’s atmos-
phere is almost 1.5 times higher than it was in pre-industrial
times. The concentration of methane in the atmosphere
saw an even larger increase in the same period, to more
than 2.5 times the pre-industrial level. See Intergovernmen-
tal Panel on Climate Change (2021).

20 See North (2015).

21 See, inter alia, Intergovernmental Panel on Climate
Change (2021) and Network of Central Banks and Super-
visors for Greening the Financial System (2021a).

22 This uncertainty is reflected in the range of temperature
increases to be expected as a result of the rising concentra-
tion of greenhouse gases, which was calculated using vari-
ous climate science methods. See Intergovernmental Panel
on Climate Change (2021).

23 See Intergovernmental Panel on Climate Change (2014).
24 See Intergovernmental Panel on Climate Change (2021).

Climate change
as a trigger for
adjustment
processes
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Gradual temperature increase

The gradual increase in average temperatures
affects economic activity in a variety of ways,
with the impact depending on the initial tem-
perature. Human health and performance suf-
fer at high temperatures.?> As a result, when
certain temperature thresholds are exceeded, it
is not just productivity but also labour input
that decreases.?® Climate-related migration can
also have repercussions for employment.?’
Where initial temperatures are low, however, a
temperature increase could have a positive ef-
fect on labour input and productivity.?®

The increase in average temperatures also af-
fects the production factor capital. A distinc-
tion should be made between different types
of capital. On the one hand, a lasting impact
on natural capital is foreseeable. For example,
increasing water scarcity may affect output in
certain regions.2® By contrast, some countries
would stand to benefit temporarily from a tem-
perature rise, since the production conditions
for certain goods, such as those in agriculture,
would improve.3°

On the other hand, gradual warming may have
consequences for the physical capital stock. For
example, infrastructure and production facil-
ities could conceivably be damaged or age
faster as a result of increased temperatures.?!
Indirect effects stem from the need to adjust
the capital stock to evolving environmental
conditions or from changes in investment be-
haviour.32 This is detrimental if, on account of
climate considerations, it comes at the expense
of more productive investment alternatives and
the efficiency gains that they would have
brought with them have to be sacrificed.?® A
downturn in investor sentiment triggered by
climate change — for example, as a result of in-
creased uncertainty or more pessimistic expect-
ations about the future — may even dampen
the general propensity to invest, with far-
reaching consequences for growth and pros-
perity.34
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A temperature increase can also have eco-
nomic effects via structural changes in de-
mand. Economic agents’ preferences could
conceivably change as a result of improved in-
formation about the long-term impact of con-
sumption and investment decisions on the cli-
mate.3>

The effects described here may vary signifi-
cantly across regions, economic sectors and
periods under consideration. For example, the
adverse effects of temperature increases will be
particularly evident in regions that are already
hot.36 When certain thresholds, or climatic tip-
ping points,3” are reached, the effects on the
economy as a whole can sometimes be devas-
tating.3® From a sectoral perspective, there is
strong evidence of adverse implications for
agriculture, in particular.3® However, there are
signs pointing to output losses in manufactur-

25 Temperature-related productivity losses are identified in
panel analyses (see Hsiang (2010) for Central and South
America and Colacito et al. (2018) and Deryugina and
Hsiang (2014) for the United States) and in experimental
studies (see Seppanen et al. (2005)). Regarding the health
consequences of rising temperatures, see, inter alia,
Vicedo-Cabrera et al. (2021).

26 See Graff Zivin and Neidell (2014) and Hsiang et al.
(2017) for the United States, Hsiang (2010) for Central and
South America, Somanathan et al. (2021) for India and
Burke et al. (2015) for a global panel.

27 See, inter alia, Black et al. (2011), Oppenheimer (2013)
and Missirian and Schlenker (2017).

28 See also Tol (2018).

29 See, inter alia, World Bank (2016) and Dolan et al.
(2021).

30 See, inter alia, Burke et al. (2015) and Tol (2018).

31 See, inter alia, Dietz and Stern (2015).

32 See, inter alia, Fankhauser et al. (1999), Batten (2018)
and Andersson et al. (2020).

33 See, inter alia, Stern (2013) and Moyer et al. (2014).
34 Diminishing investment in research and development
can also put the brakes on technological progress. See,
inter alia, Dietz and Stern (2015) and Letta and Tol (2019).
35 See, inter alia, Moran et al. (2020) and Reisch et al.
(2021).

36 See Dell et al. (2012) and Burke et al. (2015).

37 Tipping points refer to critical thresholds in a system
that, when exceeded, can lead to a significant change in
the state of the system, often with an understanding that
the change is irreversible. See Intergovernmental Panel on
Climate Change (2018).

38 See Burke et al. (2015), Intergovernmental Panel on Cli-
mate Change (2018) and the box on pp. 39 ff.

39 See, inter alia, Deschénes and Greenstone (2007),
Schlenker and Roberts (2009), Fisher et al. (2012), Graff
Zivin and Neidell (2014), Burke and Emerick (2016), Colac-
ito et al. (2018) and Acevedo et al. (2020) for the United
States and Lesk et al. (2016) and Burke et al. (2015) for a
global country panel.
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Empirical find-
ings show non-
linear relation-
ship between
temperature and
economic
growth

In Europe,
effects vary
widely from
region to region

Estimates of
climate-related
output losses
fraught with
considerable
uncertainty

ing and certain services sectors, t00.4° In add-
ition, it must be borne in mind that the macro-
economic impact at the sectoral or local level is
also associated with spillover effects resulting
from economic and financial linkages.

The macroeconomic importance of tempera-
ture changes very much depends on whether
their effects are permanent.#' A number of em-
pirical studies indicate that changes in the aver-
age temperature affect aggregate growth, with
evidence of non-linear relationships.4? Bundes-
bank estimations for a panel of European coun-
tries come to a similar conclusion (for details,
see the box on pp. 39ff.). According to these
results, an increase in the annual average tem-
perature dampens economic growth when a
certain threshold is exceeded. The estimated
threshold for the annual average temperature
is just over 9°C.

Based on the estimations, the effects of the
gradual warming observed in recent decades
have varied widely across Europe. While this
warming seems to have boosted economic de-
velopments in some northern European coun-
tries so far because of their lower initial tem-
peratures, the opposite was the case for a
number of southern countries. It also follows
from the estimations that a progressive tem-
perature increase would adversely affect
macroeconomic developments in Europe in the
long term, with considerable growth differen-
tials sometimes emerging, even amongst euro
area economies.** Compared with other world
regions, however, the loss in output growth in
Europe would be rather small (see also the box
on pp. 43f.).44

Estimates of this kind are fraught with consid-
erable uncertainty. First, there is a fundamental
degree of estimation and specification uncer-
tainty. For example, international interdepend-
encies are not adequately taken into account in
the approach adopted here, but they can be
significant. Second, it should be noted that the
estimations reflect historical developments.
Any statements they lead to regarding the fu-

ture must come with a caveat. They would
need adjusting if there were significant techno-
logical advances that had an impact on the cli-
mate or if climatic tipping points became rele-
vant, for example.

Nevertheless, the findings described above cor-
respond to projections of macroeconomic cli-
mate models. According to IAM simulations,
too, labour productivity in Europe would suffer
as a result of progressive warming. However,
losses would be significantly lower than in
other regions of the world.#> Within Europe,
damage in the south would be significantly
greater in the long term than in the centre or
north of the continent.

However, IAM simulations are likewise subject
to significant model uncertainty, particularly in
terms of the specification of the damage func-
tion. Depending on the assumed functional re-
lationship and the parametrisation, there can
be major differences in terms of probable eco-
nomic losses.46:47

40 Output losses in certain services sectors are identified by
Hsiang (2010) for Central and South American countries
and by Colacito et al. (2018) for the United States. Effects
on output in manufacturing or industry are shown by Ace-
vedo et al. (2020) for the United States, Deschénes et al.
(2018) for firms in China and Dell et al. (2012) in a global
panel. Burke et al. (2015) document non-linear effects for
the agricultural and non-agricultural sector.

41 See Fankhauser and Tol (2005), Stern (2013), Tol (2018)
and Piontek et al. (2019).

42 See, inter alia, Dell et al. (2012), Dell et al. (2014) and
Burke et al. (2015).

43 For example, the projected cumulative damage is many
times higher for Spain and Portugal than for Germany.

44 Burke et al. (2015) even derive positive macroeconomic
effects of a progressive rise in temperature for Europe from
an estimation using global data.

45 |AM projections on the impact of climate change on
labour productivity can be accessed via the NGFS CA
Climate Impact Explorer: http://climate-impact-explorer.
climateanalytics.org/. See also Network of Central Banks
and Supervisors for Greening the Financial System (2021a).
46 In addition, the assessment of future damage can de-
pend to a large extent on other factors, such as the social
discount rate. See also Bauer and Rudebusch (2021).

47 The damage functions in macroeconomic climate
models are therefore a contentious topic. See, inter alia,
Weitzmann (2012) and Pindyck (2013).
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The impact of changing temperatures on macroeconomic

developments in Europe

Over the last few decades, average tem-
peratures in Europe have increased mark-
edly. This global warming impacts upon
economic activity in various ways. Inter-
national studies show that high tempera-
tures lead to reduced working hours and
lower labour productivity." Barely any stud-
ies of this nature have been conducted for
Europe.?

Panel regressions provide a means of study-
ing the impact of changing temperatures
on economic growth. The growth rate of
gross domestic product (GDP) in year ¢
in country ¢ (Ay;,) is regressed on the re-
spective average annual temperature
(T;;).2 Based on relevant studies, it is as-
sumed that temperature changes them-
selves are not influenced by economic
growth.# The model also incorporates the
average precipitation (R;,) and lagged val-
ues of the GDP growth rate (Ay,,,), coun-

try fixed (a,) and year fixed effects (a,) and
aresidual: (g,,):®

1 See, inter alia, Hsiang (2010), Dell et al. (2014), Graff
Zivin and Neidell (2014), Deryugina and Hsiang (2014),
Burke et al. (2015) and Colacito et al. (2018).

2 One exception is Holtermann and Rische (2020),
which focuses on the relationship between regional
growth and temperatures in the European Nomenclat-
ure of Territorial Units for Statistics (NUTS)-classified
regions of the EU15 countries.

3 The model is based on earlier studies of the global
impact of rising temperatures; see Burke et al. (2015)
and Dell et al. (2012).

4 See Auffhammer et al. (2013).

5 In view of the strong correlation between precipita-
tion and temperature data, it seems appropriate to in-
clude both variables (see Auffhammer et al. (2013)).
The country fixed effects control for time-invariant dif-
ferences between the growth rates, while year fixed
effects capture joint trend movements and year-
specific one-off effects. The estimated temperature
effect is thus derived from country-specific deviations
in the GDP growth rate and in the average annual tem-
perature from the European average (see Burke et al.
(2015)).

Change in GDP growth for selected initial temperatures given a 1°C rise in the average
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Sources: World Bank, CRU TS climate dataset and Bundesbank calculations. * The effects were estimated using a panel approach. The
dataset underlying the estimation consists of data from the Member States of the European Union, Albania, Bosnia and Herzegovina,
Iceland, Montenegro, Norway, Serbia, Switzerland and the United Kingdom from 1961 to 2020.
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Estimated impact of the temperature increase between 1960 and 2020 on growth

in gross domestic product

Estimated
cumulative
Average Average Average effect on
temperature  temperature increase GDP growth
in 1960 in 2020 Increase per year (percentage
Countries (°Q) (°0) ot (°Q) points)2 68% confidence interval
Malta 18.95 20.04 1.09 0.02 —-0.89 =1.55 -0.24
Cyprus 19.60 20.48 0.88 0.01 -0.72 -1.23 -0.21
Portugal 14.74 16.22 1.48 0.02 -0.69 -1.37 0.00
Spain 12.95 14.60 1.65 0.03 -0.57 -1.30 0.15
Italy 11.98 13.46 1.48 0.02 -0.43 -1.09 0.23
France 10.74 12.80 2.06 0.03 -0.39 -1.20 0.42
Greece 14.28 14.99 0.71 0.01 -0.33 —-0.69 0.03
Belgium 9.73 11.93 2.20 0.04 —-0.25 —-1.06 0.56
Netherlands 9.55 11.61 2.06 0.03 -0.20 -0.95 0.56
Germany 8.61 10.87 2.26 0.04 —-0.08 —-0.90 0.75
Ireland 9.22 9.73 0.52 0.01 -0.01 -0.21 0.19
Austria 6.11 8.09 1.98 0.03 0.36 -0.34 1.06
Finland 1.64 4.21 2.57 0.04 1.10 0.42 1.78

Sources: CRU TS climate dataset and Bundesbank calculations. 1 Increase in the average annual temperature between 1960
and 2020. 2 Estimated effect on the annual GDP growth rate in 2020 that can be attributed to the change in the average
annual temperature between 1960 and 2020. The calculations are based on the effect of a temperature increase on annual
GDP growth estimated in a panel model. The dataset underlying the estimation consists of data from the Member States of
the European Union, Albania, Bosnia and Herzegovina, Iceland, Montenegro, Norway, Serbia, Switzerland and the United

Kingdom from 1961 to 2020.
Deutsche Bundesbank

Ayie = pAyie—1 + BT + BoT7
+ 71Ri,t + ’)/QR?,t +a; +ar+ €.

Here, the quadratic terms allow non-linear
relationships to be captured.® Data for 35
European countries (all 27 EU Member
States as well as Albania, Bosnia and Herze-
govina, Iceland, Montenegro, Norway, Ser-
bia, Switzerland and the United Kingdom)
for the period from 1961 to 2020 are in-
cluded in the estimation.”

The regression results for the group of
countries under review indicate that the
average annual temperature has a marked
impact on economic growth. The linear
effect (8, = 0.48) and quadratic effect
(B, = — 0.03) of the average temperature
both show a statistically significant differ-
ence from zero at the 95% confidence level.
The negative quadratic effect implies that
the effect of a rise in temperature is de-
pendent on the initial temperature. Starting
from a low temperature, a rise in tempera-
ture is beneficial; starting from a high tem-
perature, it has adverse effects. The thresh-
old differentiating low temperatures from
high temperatures is 9.3°C.8 Furthermore,

the greater the gap between the initial
temperature and the threshold value, the
stronger the estimated impact of tempera-
ture on GDP.

More in-depth analyses show that the
established temperature effect is essentially
driven by the summer months. When the
annual GDP growth rate is regressed on the

6 Statistical tests, too, favour a quadratic relationship
between GDP growth rates and the average tempera-
ture over a linear relationship. A quadratic relationship
is also supported in international studies (see Burke et
al. (2015)).

7 Temperature and precipitation data are taken from
the Climatic Research Unit of the University of East An-
glia, which aggregates the data from individual wea-
ther stations at the country level using geographical
distance weighting. The time series can be down-
loaded from the World Bank’s Climate Change Know-
ledge Portal. For the analyses, the monthly tempera-
tures were consolidated as an annual or quarterly aver-
age. The GDP growth rates are taken from the Waorld
Bank’s World Development Indicators. The model is
estimated on the basis of an unbalanced panel dataset
(for more information, see, inter alia, Cameron and
Trivedi (2005)).

8 The results are in line with the findings of related
studies. A negative effect on GDP growth is produced
in a global panel given an average annual temperature
of 13°C or above (Burke et al. (2015)) or 9.2°C or
above for regional growth rates in the EU15 (Holter-
mann and Rische (2020)).



average temperatures and precipitation for
the four quarters of the year (rather than
the annual average), a statistically signifi-
cant relationship is only seen for the sum-
mer quarter.® In addition, the estimated
effect is significantly stronger than the im-
pact of the average temperature in terms of
the year as a whole. This suggests that tem-
perature increases during the other quarters
of the year tend to counteract the growth-
inhibiting effect of the hotter summer
months.'°

These estimation results indicate that the
temperature increase has had a very varied
impact on economic growth in the individ-
ual European countries to date. Between
1960 and 2020, the average rise in tem-
perature in the European countries each
year was between 0.01°C and 0.04°C.
Using the estimated coefficients, the aver-
age growth effect for each country can be
calculated from this." While northern Euro-
pean countries appear to have benefited
from the rising temperatures, adverse
effects are found in parts of southern
Europe.” In Finland, the annual GDP
growth rate is likely to have risen by around
1.1 percentage points between 1960 and
2020 on account of the temperature effect,
according to the estimates. In Cyprus or
Malta, by contrast, it probably decreased by
between 0.7 and 0.9 percentage point. No
statistically significant effects can be seen
for western and central Europe, as the aver-
age temperatures in these countries were
close to the threshold value of 9.3°C during
this period. Around this mark, the macro-
economic impact of a rise in temperature is
either zero or very slight.

When interpreting these results, it should
be borne in mind that estimation uncer-
tainty is high, due in part to sharply fluctu-
ating average annual temperatures over
time, in some cases. Furthermore, only his-
torical relationships were analysed, and not
all economic effects of climate change were
systemically captured. This applies to the
impact of extreme weather events,'? for ex-
ample, and the spillover effects of climate
change in other regions of the world. More-
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over, it should be noted that the impact of
further rises in temperature may differ from
historical relationships. For instance, the
macroeconomic costs after passing a cli-
matic tipping point could be significantly
higher.’* Adapting to climate change — say,
by means of technical innovations — could,
on the other hand, reduce the adverse im-
pact on economic growth.' These consid-
erations aside, however, the estimates pro-
vide clear indications that a further rise in
temperatures would likely weaken eco-
nomic growth in Europe and create a
growth divide.

9 Similar results emerge for the United States and Cen-
tral America (see Hsiang (2010) and Colacito et al.
(2018)).

10 A decline in the number of icy days in the winter
quarters, for instance, can have a positive impact on
GDP (see Deutsche Bundesbank (2014) and Bloesch
and Gourio (2015)). In the cold northern European
countries, more in-depth studies identify a rise in tem-
perature in winter and spring as having a positive
effect on GDP growth.

11 Here, the aggregate impact is

61 P20 [B1(Tys — T 1060) + 2T, — T1960)]-
The confidence bands are calculated using the delta
method.

12 Macroeconomic climate models also identify vary-
ing effects in the EU countries (see European Commis-
sion (2018)).

13 For information on the impact of extreme weather
events, see, inter alia, Hsiang and Narita (2012), Lesk
et al. (2016) and Deutsche Bundesbank (2017b).

14 Tipping points refer to critical thresholds in a sys-
tem that, when exceeded, can lead to a significant
change in the state of the system, often with an
understanding that the change is irreversible. See
Intergovernmental Panel on Climate Change (2018).
15 Historically, however, such adaptation has not yet
had an impact on the relationship between tempera-
ture changes and GDP growth, according to inter-
national studies (see Burke et al. (2015)).
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Extreme weather
events as ...

... supply-
side ...

Estimated global GDP losses caused by
rising temperatures for selected damage
functions’

As a percentage of GDP

27 Howard and Sterner:
=0, a,=0.0074
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12 Kalkuhl and Wenz:
a,=0.0335, a,=0.0009

Nordhaus:
a,=0, a,=0.0023

Temperature anomaly (°C)
Source: Bundesbank calculations based on Howard and Sterner
(2017), Nordhaus (2017) and Kalkuhl and Wenz (2020). * As-
sumes a quadratic relationship between the global temperat-
ure anomaly t and physical damage D(t): D()=a,t+a,T, in
which a, and o, are estimated parameters.
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Extreme weather events

There is mounting evidence of a link between
climate change and the frequency, intensity
and concurrence of weather extremes such as
storms, floods and droughts.#® Extreme wea-
ther conditions of this kind can bring about dis-
ruptions to supply and demand that are both
significant in macroeconomic terms and hard
to predict,*® and which also vary across regions
and across sectors.>°

Such extreme weather events have a direct im-
pact on humans and physical capital in the re-
gions affected.> There can also be indirect ef-
fects that — at least temporarily — influence eco-
nomic output outside the disaster-hit regions,
for example if supply chains are disrupted or
migratory movements are triggered.>?

The demand side, too, can be affected by the
indirect consequences of extreme weather

phenomena. When households and firms (par-
ticularly banks and insurers) experience any
kind of asset losses or increased need for write-
downs, it acts as a potential damper on con-
sumption and investment demand.>® But indi-
vidual regions or sectors may also see boosts to
demand, for instance when requests for goods
or services that at least for a time cannot be
produced in the disaster-hit area are serviced
elsewhere. Furthermore, individual sectors may
profit from work to tackle the damage caused
and to rebuild.5* Overall, however, sudden ex-
treme weather events are likely to mean eco-
nomic losses, at least in the short term.>>

The more frequent occurrence of extreme wea-
ther conditions is likely to make aggregate out-
put and prices more volatile.>® Moreover, a suf-
ficiently strong or abrupt fall in asset prices has
the potential to pose a threat to financial stabil-
ity.5” Potential output may also be affected, al-
though the direction of the effect is ambiguous
theoretically. On the one hand, extreme wea-
ther events could conceivably wreak lasting
damage on natural or physical capital stock,
thereby weakening aggregate growth. Poten-
tial output could also suffer if private and pub-
lic investment are cut, for instance due to ele-
vated uncertainty or fiscal burdens.>® Further-
more, climate-related adjustment measures
might conceivably tie up resources — to the det-
riment of more productive alternative invest-

48 See, inter alia, Bohnisch et al. (2021), Intergovernmen-
tal Panel on Climate Change (2021) and Kuhla et al. (2021).
49 See, inter alia, Cavallo and Noy (2011) and Dell et al.
(2014).

50 See also Jahn (2015).

51 See, inter alia, Kahn (2005), Keen and Pakko (2011),
Anttila-Hughes and Hsiang (2013) and Batten (2018).

52 See, inter alia, Cavallo and Noy (2011), Strobl (2011) and
Ghadge et al. (2020).

53 See, inter alia, Fankhauser and Tol (2005) and Bernstein
et al. (2019).

54 See, inter alia, Hsiang (2010).

55 This has been shown in a host of empirical studies. See,
inter alia, Cavallo and Noy (2011) and Botzen et al. (2019).
56 For example, simulations on the basis of DSGE models
show that an increase in the distribution of unexpected ex-
treme weather events can significantly influence the volatil-
ity of key macroeconomic variables. See Gallic and Verman-
del (2020).

57 See also Deutsche Bundesbank (2021b).

58 See Deutsche Bundesbank (2018) and Deryugina
(2017).
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Impact of the gradual rise in temperature on trend growth

in the German economy

The anticipated gradual rise in temperature
raises the question as to what impact this
will have on trend growth in the German
economy if swift, sustainable action is not
taken. The macroeconomic consequences
of global warming can be assessed using
the scenarios developed by the Network of
Central Banks and Supervisors for Greening
the Financial System (NGFS)." They forecast
country-specific developments in average
temperature and gross domestic product
(GDP) for various emissions pathways.?
Damage functions are used to establish the
relationship between developments in the
temperature and in GDP3

The damage function in the NGFS scenarios
is calibrated based on the estimation results
of the interplay between these two vari-
ables in the past. The values for the calibra-
tion are taken from Kalkuhl and Wenz's
global panel study (2020).# According to
the estimation results used in the NGFS
scenarios, a one-off change in temperature
has a level effect on productivity.> However,
if the average annual temperature rises con-
tinuously, the GDP growth rate is lower
than the level it would be without the rise
in temperature. According to these scen-
arios, the temperature rise expected in Ger-
many over the course of the current decade
would result in only low GDP losses. As of
2030, however, if climate change continues
unabated, the impact is likely to be stronger.

These estimates are subject to high uncer-
tainty for various reasons. First, the extent
of the rise in temperature for a predefined
emissions pathway can only be approxi-
mated. This is why the NGFS provides GDP
damage for various percentiles of potential
temperature development. The median for

GDP losses in Germany in 2100 is 2%2%.
This figure amounts to just over 5% at the
95th percentile. Second, the relationship
between average temperature and GDP is
unclear. As an alternative to the NGFS dam-
age function, it is also possible to use esti-
mation results that document a correlation
between temperature levels and GDP
growth rates in European countries (for

1 See Network of Central Banks and Supervisors for
Greening the Financial System (2021b). The results ob-
tained come from an international climate research
consortium. Members include the Potsdam Institute
for Climate Impact Research (PIK), the International In-
stitute for Applied Systems Analysis (IIASA), the Univer-
sity of Maryland (UMD), Climate Analytics (CA) and the
Eidgendssische Technische Hochschule in Zurich (ETH
Zurich).

2 For more details on the methodology behind the
scenarios and the models used, see Network of Central
Banks and Supervisors for Greening the Financial Sys-
tem (2021c). The results presented here are based on
the IAM results of the PIK's REMIND model, broken
down by country.

3 The construction of the scenarios does not reflect
damage that indirectly affects an economy’s perform-
ance, such as changes to mortality or to the frequency
of violent conflict, or damage to biodiversity and the
ecosystem. The REMIND IAM can also take account of
feedback loops and dynamic effects which lead to
adaptations in capital accumulation or savings, or trig-
ger policy responses to prevent emissions. However,
such effects do not have a strong bearing on the size
of climate costs in the NGFS calculations.

4 The dependent productivity variable in these calcula-
tions comprises labour and agricultural productivity as
well as capital depreciation.

5 The impact of the temperature level on growth of
per capita GDP is statistically insignificant in the esti-
mations. The estimation equation factors in potential
non-linearities in the correlation between temperature
rise and GDP growth. The results demonstrate that a
rise in temperature is driving economic growth in re-
gions that were originally colder and slowing eco-
nomic growth in areas that are already warmer. This is
in line with the findings of other studies.

6 The NGFS’ “Current Policies” scenario, which takes
into consideration only containment measures that
have already been implemented, is used for the scen-
ario of unabated climate change. A hypothetical refer-
ence scenario without climate effects is used to calcu-
late the costs of global warming. The GDP pathway in
this scenario corresponds to trend growth over the
past few decades, which is adjusted for the impact of
the coronavirus pandemic using projections made by
the International Monetary Fund (2020).
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GDP level effects of the gradual rise in
temperature in Germany
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Sources: NGFS, Potsdam Institute for Climate Impact Research
and Bundesbank calculations. 1 Damage function according to
Kalkuhl and Wenz (2020). 2 Combination of overlapping uncer-
tainty intervals according to Kalkuhl and Wenz (2020) and own
estimation. The underlying developments in GDP and temperat-
ure are based on the “Current Policies” scenario in the REMIND
integrated assessment model according to NGFS data.
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more details on this, see the box on
pp. 39ff). According to this alternative
method, the rise in temperature lastingly
dampens economic growth. In this case, cli-
mate change would have a stronger impact
on German GDP over the longer term.

In addition, it is important to note that the
NGFS scenarios do not model climate dam-
age as a result of more frequent extreme
weather events or of tipping points. Yet, as
global warming intensifies, these will be-
come more likely and entail considerable
macroeconomic consequences. Another
factor to be considered is the impact of
cross-border trade and migration links
which might cause climate-related GDP
losses in other countries to spill over into
Germany.” Moreover, the comparatively
small GDP losses in Germany should not
blind observers to the fact that massive
global GDP damage is expected.®

The NGFS calculations also indicate the
extent to which macroeconomic damage
can be limited by climate policy measures.
In the scenario calculations, measures to re-
duce emissions that are introduced early
and are intensified evenly over time (shown
in the orderly NGFS scenarios) can consider-

ably reduce both the costs of intervention
as well as the costs arising as a result of
global warming. If global greenhouse gas
neutrality can be achieved in this way by
2050 and global warming can thereby be
limited to 1.5°C, the GDP losses expected as
a result of the gradual rise in temperature
could be limited to 0.6% in 2100 instead of
2.7%. Even if global warming can only be
capped at just under 2°C, climate-related
GDP losses in Germany will still be signifi-
cantly lower at 0.8%. If only those national
contributions to climate protection pledged
at present are implemented, the average
temperature is likely to rise by about 2.5°C
and GDP losses will be perceptibly greater,
estimated at 1.6%. These scenarios assume
that the measures implemented do not give
rise to considerable GDP losses.® GDP losses
would be larger if measures to reduce emis-
sions are implemented late or abruptly, or
are poorly coordinated. Although the costs
would then be incurred at a later point in
time, they would be higher overall. From a
macroeconomic perspective, these results
indicate that the best option is to take de-
cisive steps to implement climate policy ac-
tion at an early stage.

7 Even if this approach is coupled with the NiGEM
model, the country-specific NGFS scenarios do not fac-
tor in the additional spillover effects via international
trade.

8 According to the calculation by Burke et al. (2015),
whose estimation equation is based on a similar speci-
fication to that on pp. 39 ff,, global GDP losses in 2100
amount to 23%.

9 The assumption that at least some of the tax revenue
from carbon pricing is used to finance productive in-
vestment plays a major role here (see Etzel et al.
(2021)). The information for more stringent climate
protection measures refers to the NGFS" “Net Zero
2050" and “Below 2°C" scenarios. The information
pertaining to national contributions to climate protec-
tion pledged at present refers to the “Nationally Deter-
mined Contributions” scenario.



Other factors
alongside geo-
graphical loca-
tion decisive in
determining
macroeconomic
significance of
weather
extremes

Significant differ-
ences between
countries and
regions in level
of damage from
extreme weather

ments. On the other hand, weather extremes
could act as an indirect stimulus to aggregate
growth, by encouraging innovation and the
use of more productive substitute capital. In
keeping with this, the empirical evidence on
the long-term macroeconomic implications of
extreme weather events also paints a mixed
picture. While there are indications of macro-
economic effects of a negligible or even stimu-
lating nature, there are also a host of studies
pointing towards longer lasting negative pres-
sures.>®

The macroeconomic significance of weather
extremes is also dependent on how vulnerable
a particular country is. Geographical location is
a central factor. For instance, in the past the
concentration of extreme weather events in
the Asia-Pacific region was many times higher
than that in western Europe.®° Besides geog-
raphy, a country’s vulnerability is further influ-
enced by demographics, agglomeration pat-
terns and other socioeconomic factors.' The
structure of the economy is also likely to play a
significant role, for example on account of the
economic relevance of sectors that are particu-
larly vulnerable to extreme weather, such as
agriculture.

It follows that estimates for the macroeco-
nomic damage caused by weather extremes
are different for different regions of the world.5?
So far, economic damage in Asia has been
many times higher than that seen on the con-
tinent of Europe.®3 There have also been differ-
ences throughout Europe, however. Relative to
respective GDP, the cumulative economic dam-
age of the last 40 years was significantly lower
in Estonia and Finland and considerably higher
in Greece, Spain and lItaly than in the rest of
the euro area. That said, the measured losses
were far lower even in the worst-hit euro area
countries than in other parts of the world.®4

From a monetary policy perspective, the pri-
mary question when it comes to shocks such as
the occurrence of extreme weather events is
whether and to what extent the associated dis-
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Cumulative damage in the EU caused by
extreme weather and climate change”

As a percentage of 2019 GDP
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Sources: European Environment Agency, Haver Analytics, Mu-
nich Re, NOAA's National Climate Data Center and Bundes-
bank calculations * Cumulative economic damage resulting
from meteorological disasters (including extreme temperatures
and storms), hydrological disasters (including floods) and clima-
tological disasters (including droughts) from 1980 to 2019.
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ruptions to supply and demand widen or nar-
row the output gap in the short and medium
term and increase or reduce inflationary pres-
sures.®> Looking at the average level of eco-

59 See Cavallo and Noy (2011), Jahn (2015) and Botzen et
al. (2019).

60 See Cavallo and Noy (2011) and Centre for Research on
the Epidemiology of Disasters (2020).

61 See, inter alia, Intergovernmental Panel on Climate
Change (2012).

62 See, inter alia, Wallemacq et al. (2018).

63 According to the Emergency Events Database (EM-
DAT), the recorded cumulative absolute economic damage
resulting from meteorological, hydrological and climato-
logical disasters was roughly three times higher in Asia than
in Europe for the period from 2000 to 2020. The data are
available at https://www.emdat.be/

64 See Wallemacq et al. (2018).

65 See also Deutsche Bundesbank (2021¢).
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Number of recorded extreme weather
events and wildfires in Europe’

Rolling average of the last ten years
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Sources: Emergency Events Database and Bundesbank calcula-
tions. * Extreme weather events refer to meteorological dis-
asters (including extreme temperatures and storms), hydro-
logical disasters (including floods) and climatological disasters
(including droughts). The data used cover the following
European countries: Albania, Austria, Belgium, Bulgaria,
France, Germany, Greece, Italy, the Netherlands, Norway, Po-
land, Portugal, Romania, Switzerland, Spain and the United
Kingdom.
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Simulated impact of an extreme weather
event under different sectoral
disaggregation approaches’

Deviation from deterministic equilibrium
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* Impulse responses of aggregate economic activity and annu-
alised inflation rate when using a DSGE model with (model 1)
and without (model 2) sectoral production linkages.
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nomic losses to date, it appears that weather
extremes are of at least no crucial significance
for monetary policy in the euro area.®®

That said, the significance of weather extremes
for monetary policy in the euro area could
grow.5” There has already been a considerable
increase in the frequency of extreme weather
events in Europe in recent decades. It is also
conceivable that the rise in weather events of
macroeconomic significance in other parts of
the world will lead to increasing spillover effects
for Europe in future. Furthermore, the mount-
ing incidence of weather extremes could lead
to abrupt adjustments in climate policy and
thereby to unexpected changes with a bearing
on the economy as a whole.®®

In addition, the increased frequency of weather
extremes is likely to make macroeconomic an-
alysis harder for central banks. This applies
both to the identification of relevant economic
drivers and the preparation of projections, for
instance due to the uncertainty surrounding
the horizon over which extreme weather events
will exert an effect. Moreover, the established
analytical tools may not adequately capture the
transmission mechanisms of weather-related
disturbances. For example, using a DSGE
model, it can be shown that the magnitude of
the consumer price response following a
weather-induced supply-side shock is heavily
dependent on the assumed sectoral structure.®?
A model version without sectoral linkages, of
the kind typically used for macroeconomic an-

66 See also Dafermos et al. (2021).

67 See also Bohnisch et al. (2021) and Kuhla et al. (2021).
68 For instance, the series of accidents at the Japanese nu-
clear power plant Fukushima Daiichi set off by a tsunami
had far-reaching implications for economic policy in Ger-
many.

69 The analytical framework used here is a prototypical
closed-economy New Keynesian model with physical cap-
ital, imperfect competition and nominal price rigidities (see,
inter alia, Woodford (2003)). The model is calibrated for
the European Union together with the United Kingdom.
The specification of the multi-sectoral variant is based on
the EMuSe model. See the box on pp. 50 ff.
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policy initiatives

alysis to date, shows considerably weaker ef-
fects than the multi-sectoral variant.”

Macroeconomic impact of
climate policy

It is not just climate change itself but also the
measures introduced with a view to mitigating
it that are likely to have a significant macroeco-
nomic impact. In December 2015, 196 coun-
tries adopted the Paris Agreement, setting the
minimum goal of limiting the increase in the
global average temperature to well below 2°C
compared to pre-industrial levels.”" Global
greenhouse gas emissions need to be signifi-
cantly reduced over the coming years if these
goals are to be achieved.” With this in mind,
various measures are being considered. These
include a sometimes substantial increase in the
cost of greenhouse gas emissions, for example,
by introducing emissions taxes or an emissions
trading scheme, setting emissions caps or even

70 The extreme weather event is modelled as a temporary
negative supply-side shock, the strength of which is speci-
fied such that when the shock occurs value added falls by
0.015% in the first quarter (i.e. 0.06% on an annual basis)
in both model versions. This calibration is based on the esti-
mates of Dafermos et al. (2020).

71 Ideally, global warming should be limited to 1.5°C as
this would significantly reduce the risks associated with cli-
mate change compared with a 2°C scenario. See United
Nations (2015).

72 The Intergovernmental Panel on Climate Change (IPCC)
describes various scenarios compatible with meeting the
goals agreed upon in Paris 2015. In a core scenario, achiev-
ing the 1.5°C goal would require global net CO, emissions
to be cut by 45% compared to 2010 levels by 2030 and
brought to zero by 2050. The 2°C goal would require a
25% reduction by 2030 and net zero by 2070. See Inter-
governmental Panel on Climate Change (2018).

73 See also Batten (2018) and Andersson et al. (2020).

74 There is a risk of regulatory intervention leading to the
sudden or gradual devaluation of a firm’s capital (“stranded
assets”). This might happen if the firm is no longer permit-
ted to use that capital in production or if production pro-
cesses cease to be economically viable due to increased
emissions prices, for example. See also Deutsche Bundes-
bank (2021a, 2021b) and the article on pp. 63 ff.

75 See, inter alia, Ryan (2012), Bushnell et al. (2013) and
Kanzig (2021).

76 Initial findings suggest that carbon pricing introduced as
part of the EU Emissions Trading System has spurred innov-
ation in the field of low-carbon technologies. See Calel and
Dechezleprétre (2016) and Kanzig (2021). For information
on the macroeconomic significance of green innovation,
see, inter alia, OECD (2011, 2017a) and European Commis-
sion (2019, 2021).
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Projected annual carbon prices in the EU
for selected transition scenarios’

USS per tonne of CO, in 2010 prices
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Source: NGFS. * The carbon price projections were generated
using the Potsdam Institute for Climate Impact Research’s RE-
MIND model. 1 It is assumed that far-reaching climate action
with a view to limiting global warming to less than 2°C com-
pared with pre-industrial levels is not implemented until 2030.
2 Climate policy's level of intervention is assumed to increase
steadily up to the middle of the century with the aim of limit-
ing the rise in the global average temperature to 1.5°C above
pre-industrial levels. 3 Only currently implemented climate
policies are preserved.
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completely banning certain emissions-intensive
economic activities or products.

The transition to a less carbon-intensive econ-
omy may give rise to considerable supply-side
strains.”® These include direct costs as a result
of emissions pricing but also increased prices
for emissions-intensive intermediate inputs,
outlay to avoid emissions or expenses incurred
in aligning production with new policies, and
losses due to asset repricing.”* The economic
ramifications for firms are likely to depend on
the type and nature of interventions as well as
the characteristics of the particular economic
sector they belong to. This includes the specific
emissions and energy intensity as well as the
respective market position, the latter being a
pivotal factor governing the extent to which
costs can be passed on, for example.”> How-
ever, climate policy initiatives may also be de-
signed with a view to incentivising green innov-
ation by firms. This can foster technological ad-
vances that boost productivity.”®

Supply-side
effects
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Difference in gross value added between a disorderly and an orderly transition in 2050
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Source: Bundesbank calculations based on the DSGE model EMuSe and projections by the NGFS. * The model is calibrated for the
European Union together with the United Kingdom. The entire simulation period extends from 2005 to 2100. The chart shows the re-
spective difference in real gross value added — expressed in relation to the baseline — between a disorderly and an orderly transition. The
assumed paths of CO, emissions intensity and the carbon price are based on projections by the NGFS (REMIND model). Physical damage
caused by emissions is not taken into account. In an orderly transition, climate policy's level of intervention is assumed to increase stead-
ily up to the middle of the century with the aim of limiting the rise in the global average temperature to 1.5°C above pre-industrial
levels. In a disorderly transition, it is assumed that far-reaching climate action with a view to limiting global warming to less than 2°C
compared with pre-industrial levels is not implemented until 2030. 1 NACE sections M to N: Professional, scientific and technical activit-
ies as well as administrative and support service activities. 2 Percentage share of the economic sector in aggregate gross value added in
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Impact on Climate policy measures are also likely to have

demand side an impact on the demand side. Higher energy

costs due to emissions pricing will squeeze the
budgets of households and firms. This will tend
to dampen consumption and investment,
which in turn may affect wages and employ-
ment, bringing corresponding consequences
for aggregate demand.”” Individual households
and firms may be affected to very different de-
grees, which would then have a bearing on
macroeconomic developments.”® On the other
hand, demand-stimulating effects could stem
from investment incentives, the distribution to
households of revenue from emissions pricing
or from additional public investment.

Predictability of ~ The predictability of climate policy is likely to be
;’.’mate POy highly relevant when it comes to macroeco-
ighly relevant

nomic effects. This is because uncertainty
weighs on the consumption and investment
decisions of households and firms. Develop-
ments that come as a surprise can also trigger
extensive revaluations of financial assets, with

corresponding consequences for financial sta-
bility.”®

The overall result is a complex layering of sup-
ply and demand-side effects whose macroeco-
nomic net impact is not always clear up front.8°

77 But regulatory requirements, tax incentives and subsid-
ies, higher use costs and changes in preferences may also
have a lasting impact on the consumption and investment
decisions of households and firms.

78 Empirical studies suggest that low-income households
take a comparatively greater hit from the effects of an in-
crease in energy prices. See Kanzig (2021).

79 The article on pp. 63 ff. of this report (entitled “Scenario-
based equity valuation effects induced by greenhouse gas
emissions”) quantifies the emissions-related changes in the
valuation of global joint stock companies in the event of a
swing in market expectations from a scenario where Na-
tionally Determined Contributions are being implemented
to a transition scenario in line with the Paris Agreement.
See also Deutsche Bundesbank (2021b).

80 Quantitative studies also arrive at correspondingly dif-
fering results. In the context of its model analyses, the IPCC
concludes that scenarios with a likelihood of limiting global
warming to 2°C compared to pre-industrial levels would
entail losses in consumption amounting to 2% to 6% of
global GDP in 2050. By contrast, the OECD, for example,
anticipates a positive growth effect from such a transform-
ation in an ideal case. See Intergovernmental Panel on Cli-
mate Change (2014) and OECD (2017a).



Net macroeco-
nomic effect of
climate policy
measures not
always clear

Higher carbon
pricing likely to
fuel consumer
price inflation,
at least tempor-
arily

Climate policy
has varying ...

Depending on how it is designed, climate pol-
icy may, in the short to medium term, go hand
in hand with either a shrinking or a growing
output gap and commensurately lower or
higher inflationary pressures. Taken by itself,
decisive action to mitigate climate change
would probably have an initial dampening ef-
fect on aggregate growth, but climate-related
damage would be reduced in the longer term.
The medium-term impact on economic growth
also hinges on the design of climate policy and
its predictability.8

It is likely that a tighter carbon pricing regime
would at least temporarily lead to higher infla-
tion. The magnitude of the effect depends pri-
marily on the timing of the climate policy meas-
ures, as shown, for example, by macroeco-
nomic climate model projections performed as
part of work by the Network of Central Banks
and Supervisors for Greening the Financial Sys-
tem (NGFS). The carbon price pathway of an
orderly transition where the degree of climate
policy intervention is gradually increased ex-
hibits considerable differences from the carbon
price pathway under a disorderly climate policy,
where it is assumed that intervention comes
much later but is then all the more stringent.82

It must be borne in mind that the burden of
climate policy measures varies from one eco-
nomic sector to the next, a fact that can be
illustrated by simulations using the environ-
mental multi-sector DSGE model EMuSe (see
the box on pp. 50ff.). Especially in the case of

81 One factor here is the extent to which carbon revenues
are channelled into productive investment.

82 Simulations on the basis of the NiGEM global economic
model developed by the National Institute of Economic
and Social Research suggest that even an orderly transition
scenario could imply significant price increases in the euro
area for a time. According to the model projection, con-
sumer price inflation would sit approximately 1 percentage
point above the baseline on an average for 2025 to 2035,
before moving back towards it over the course of the fol-
lowing decade. The projections are based, amongst other
things, on an average carbon price calculated as the arith-
metic mean of the carbon price pathways from three of the
IAMs used in the NGFS climate scenarios (see Network of
Central Banks and Supervisors for Greening the Financial
System (2021a)). For further information on NiGEM, see
https://nimodel.niesr.ac.uk
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Decomposition of per capita CO,
emissions for the EU Member States
in 2019

In relation to EU average
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On the role of sectoral linkages when analysing transition
risks: the environmental multi-sector DSGE model EMuSe

Climate action may hit certain economic
sectors especially hard,” which could have
far-reaching consequences for financial sta-
bility, monetary policy transmission and ag-
gregate growth. This is why it is important
to keep an eye on sectoral developments
and their macroeconomic implications
when analysing climate action. Given the
high level of aggregation of economic sec-
tors in prototypical dynamic macroeco-
nomic models, this is either not possible or
possible to only a limited extent. Mean-
while, traditional multi-sector models are
generally static and focus on long-term
equilibria. They are not suitable for analys-
ing key adjustment processes. The Bundes-
bank therefore developed a dynamic sto-
chastic general equilibrium (DSGE) model
with a multi-sector production structure.?

Projections of annual carbon prices and
CO, emissions intensities in the European
Union in an orderly transition’

2010 prices
900 T—— , +0.30
CO, emissions intensity’
Megatonnes of carbon
dioxide per USS billion
7 +0.2
=8 (right-hand scale) 0-25
600 +0.20
450 +0.15
0 Carbon price HE 10
USS per tonne
of carbon dioxide
150 (left-hand scale) +0.05
0 0
-0.05
2005 10 15 20 25 30 35 40 45 50

Sources: NGFS and Bundesbank calculations. * The carbon
price and CO, emissions intensity projections were generated
for the European Union together with the United Kingdom us-
ing the REMIND model developed by the Potsdam Institute for
Climate Impact Research. In an orderly transition, climate
policy's level of intervention is assumed to increase steadily up
to the middle of the century with the aim of limiting the rise in
the global average temperature to 1.5°C above pre-industrial
levels. 1 Ratio of CO, emissions to macroeconomic activity.
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This model contains both key economic and
ecological variables such as CO, emissions.
In addition, it can analyse international link-
ages between up to three countries or re-
gions. This allows the model, named EMuSe
(Environmental Multi-Sector),? to be adapted
flexibly to various policy questions.*

The EMuSe model allows for a relatively de-
tailed examination of the interrelationship
between the economy and climate policy.
Particularly significant in this regard is the
fact that, in the EMuSe model, enterprises
use not only capital and labour but also
intermediate inputs to produce output.
These can come from any sector, although
the extent to which various inputs are sub-
stitutable is limited. The composition of the
intermediate input bundles varies depend-
ing on the sector.

The role played by intersectoral linkages can
be illustrated by comparing the simulation
results for the multi-sector model with a
version without a sectoral breakdown or
the corresponding linkages.> The impact of
carbon pricing on aggregate growth and
CO, emissions for the European Union and
the United Kingdom is analysed here as an

1 See also the remarks on this topic on p. 49.

2 A typical feature of this model class is the way it
seeks to explain relationships and developments based
on the individual optimal decisions of (typically) ra-
tional economic agents. For a detailed explanation of
this model framework, see, inter alia, Christiano et al.
(2018).

3 A detailed description of the EMuSe model can be
found in Hinterlang et al. (2021).

4 Both flexible prices and price rigidities can be as-
sumed, for example.

5 Both models are parametrised to depict the Euro-
pean Union along with the United Kingdom. The ag-
gregate emissions level and aggregate economic activ-
ity are identical at the start of the simulation in both
versions of the model. The production structure of the
multi-sector model comprises ten sectors.



example. For the purposes of simplification,
external trade links are excluded and the
European Union and the United Kingdom
are depicted together as one region. The
assumed trajectory for the carbon price is
based on the projections made by the Net-
work of Central Banks and Supervisors for
Greening the Financial System (NGFS) for an
orderly climate policy transition. In these
projections, climate policy’s level of inter-
vention is assumed to increase steadily up
to the middle of the century with the aim of
limiting the rise in the global average tem-
perature to 1.5°C above pre-industrial
levels.® From 2020 onwards, in particular,
the carbon price rises sharply.

The costs arising from carbon pricing for
enterprises within a sector depend on the
carbon price, the sector-specific CO, emis-
sions intensity and output level. The analysis
assumes that the trajectory of the emissions
price and the sectoral emissions intensity
given for the simulation period from 2005
to 2100 is known to all agents in the
model.” Changes in the emissions intensity
over time can be understood here as an ap-
proximation of the impact of exogenous
environmentally friendly technological pro-
gress.® In the multi-sector version of the
model, it is assumed, for simplicity, that the
emissions intensity will change to the same
extent across all sectors.

Although the development of CO, emis-
sions is very similar in both model versions
under these assumptions, there are signifi-
cant differences in terms of aggregate growth.
This is due to the shifts in the production
structure triggered by climate action and
the consequential effects of these shifts,
which are disregarded in the single-sector
version. The possibilities of substituting
goods in individual sectors with the prod-
ucts of other economic sectors in the pro-
duction process, as well as complementar-

Deutsche Bundesbank

Difference in real gross value added in an
orderly climate policy transition under
different sectoral disaggregation

approaches’
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Source: Bundesbank calculations based on the DSGE model
EMuSe and NGFS projections. * The model is calibrated for the
European Union together with the United Kingdom. Calculated
as the deviation of a ten-sector variant of the model from the
one-sector version. The total simulation period spans from 2005
to 2100 and depicts the deviation from a situation without a
carbon price and with constant CO, emissions intensities in
2005. The development of the CO, emissions intensities and
the carbon price assumed for the simulation is based on the
NGFS projections for an orderly transition scenario according
to the REMIND model. In an orderly transition, climate policy's
level of intervention is assumed to increase steadily up to the
middle of the century with the aim of limiting the rise in the
global average temperature to 1.5°C above pre-industrial
levels.
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ities, play a pivotal role. The energy sector,
for instance, is particularly affected by car-
bon pricing, which means that the price of
energy will rise faster than many other
prices. However, there are limits to the ex-
tent that energy can be substituted with
other goods as there are complementarities
between energy and other intermediate
goods. This is why demand for all types of
intermediate inputs drops following a
strong rise in energy prices, and output is
scaled back.

6 The NGFS's carbon price and CO, emissions intensity
projections were generated using the REMIND-MAgPIE
model developed by the Potsdam Institute for Climate
Impact Research. See Network of Central Banks and
Supervisors for Greening the Financial System (2020).
7 The trajectory of the emissions intensity is also taken
from the NGFS’s projections. The changes in the car-
bon price and sectoral emissions intensities thus enter
EMuSe exogenously. By contrast, the aggregate emis-
sions intensity (the ratio of aggregate emissions to ag-
gregate economic activity) is endogenous.

8 See also Csereklyei et al. (2016).
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.. and some-
times long-
lasting impact
on individual
sectors

According to the simulation, in the multi-
sector version, it was possible to make use
of the relief provided by the scope for sub-
stitution when carbon prices were still low
initially. From around 2020 onwards, how-
ever, complementarities weighing down on
the economy dominate on account of the
considerable rise in the carbon price.®

The simulation results show that taking into
account the sectoral linkages of an econ-
omy can be important not only to structural
analysis and considerations of financial sta-
bility, but also to macroeconomic analysis.®
This is especially true for larger sectoral
shocks, such as the occurrence of physical
climate risks or unexpected climate action.

a disorderly transition, it becomes apparent
that risk concentrations develop in specific eco-
nomic sectors. This can contribute to the build-
up of systemic risk in the financial system,
which could jeopardise financial stability and
thus the fulfilment of the monetary policy man-
date.®3

It is also probable that climate policy will bring
about lasting structural changes, with some
economic sectors gaining in importance and
others losing ground. This could have repercus-
sions for economic growth and price develop-
ments as well as indirect ramifications for mon-
etary policy transmission. The extent to which
this will be the case is contingent on sector-
specific characteristics such as emissions and
energy intensity or how sensitive demand is to
changes in price. The degree of friction in prod-
uct and financial markets is also likely to play a
role. Analytical tools such as the EMuSe model
can supply helpful insights here.

9 Although the level of detail is relatively high, the ver-
sion of EMuSe used here has been simplified, in some
ways considerably. Simplifications include the assump-
tion of homogeneous household preferences that re-
main constant over time, the omission of endogenous
technological progress and the assumption of a closed
economy. The results should therefore be interpreted
with caution.

10 See also Bagaee and Farhi (2020).

How intense the effects of a harmonised cli-
mate policy are can also differ on a regional
basis. For example, a decomposition of per
capita CO, emissions in the European Union
(EU) reveals significant differences between
Member States with respect to the energy in-
tensity of gross domestic product (GDP) and
the CO, emissions intensity of energy produc-
tion.84 For instance, the average energy inten-

83 See also Deutsche Bundesbank (2021b).

84 In formal terms, the decomposition is expressed as
C02,/POP,= GDP,/POP,* Energy,/GDP;* CO2,/Energy,,
where X, = X,/ X, is the ratio of a factor in country 4 to
the average for the EU. The decomposition makes it pos-
sible to break the annual per capita CO, emissions (CO2,/
POP)) in the EU Member States down into different deter-
minants. These include overall output, measured as per
capita GDP (GDP,/POP;), the energy intensity of GDP
(Energy,/GDP)), given by the ratio of primary energy con-
sumption to GDP, as well as the CO, emissions intensity of
energy consumption (CO2,/Energy;), which represents
the ratio of CO, emissions to primary energy consumption.
Primary energy consumption is gross domestic energy con-
sumption excluding energy carriers used for non-energy
purposes; the CO, emissions are those resulting from the
use of energy. In the interests of comparability, the factors
are normalised by placing them in relation to the EU-wide
average. See also Kaya and Yokobori (1997).

Regional differ-
ences in impact
of climate policy



Influence of
international
climate policy

Monetary
policymakers
should closely
monitor climate
policy processes

Impact of
climate change
and climate
action likely to
pose greater
challenges to
monetary policy
in future

sity of GDP is much higher in the central and
eastern EU Member States than in the rest of
the EU.

It is not just domestic climate policy that is ex-
pected to exert a considerable influence on
macroeconomic developments; climate policy
abroad is also likely to be highly influential. For
example, unilateral climate policy measures
could lead to goods with high emissions and
energy intensity profiles increasingly being
sourced from overseas. The sector mix at home
and abroad would alter, affecting macroeco-
nomic developments and the efficiency of cli-
mate policy measures. This is also borne out by
EMuSe simulations specifying a carbon pricing
regime for the EU while the rest of the world
takes no climate policy action. As a result, the
share of value added accounted for by the EU
manufacturing sector would drop distinctly,
partly because of the sector’s emissions-
intensive products being increasingly sourced
from other countries. Emissions would there-
fore be shifted abroad. Possibilities for counter-
acting this include a countervailing charge in
the form of a climate tariff or alternatively the
development and application of new, greener
technologies that boost carbon productivity at
home.®

Climate policy measures can therefore have sig-
nificant macroeconomic effects, the specifics of
which will hinge on their precise design, the
economy'’s capacity to adapt and the external
setting. Central banks need to pay heed to all
of this when conducting their analyses. This re-
quires the right kind of data and the right kind
of analytical tools.®

B Outlook

The Eurosystem’s monetary policy is geared to-
wards safeguarding price stability and helping
to ensure a stable financial system. To achieve
these goals, it is important to adequately assess
short and long-term economic developments.
Global climate change and climate action pose

Deutsche Bundesbank

Effects of unilateral introduction of a
carbon price in the EU on manufacturing’

Percentage point change, 2050 versus 2019

Share in gross value added
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Source: Bundesbank calculations based on a two-region ver-
sion of the DSGE model EMuSe and projections by the NGFS.
* The model is calibrated for the European Union (together
with the United Kingdom) and for the rest of the world. The
simulation period extends from 2005 to 2100. In the rest of
the world, no carbon price is introduced, and the sectoral CO,
emissions productivity, which gives the ratio of economic out-
put to emissions, is constant. The paths of CO, emissions pro-
ductivity and of the carbon price in the EU assumed for the
simulation are based on projections by the NGFS for an orderly
transition scenario. In an orderly transition, climate policy's
level of intervention is assumed to increase steadily up to the
middle of the century with the aim of limiting the rise in the
global average temperature to 1.5°C above pre-industrial
levels. 1 Constant sectoral emissions productivity in the EU.
2 Rising sectoral emissions productivity in the EU.
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new challenges in this context. It is therefore
necessary to review and, where required, ad-
just the analytical toolkit available to monetary
policymakers. This is also true of macroeco-
nomic analysis, which is key to monetary policy
decision-making. Alongside the impact of ex-
treme weather events and gradually rising tem-
peratures, it is notably the macroeconomic re-
percussions of climate policy that are likely to
become significant in the near future. Climate
policy measures may trigger far-reaching struc-
tural adjustment processes that also transcend
national borders; if their macroeconomic impli-
cations are to be adequately gauged, models
with sufficient regional and sectoral differenti-
ation are needed. This article presents EMuSe,
a multi-sector environmental DSGE model that
can be adapted flexibly to varying requirements

85 Carbon productivity measures the ratio of economic
output to emissions. See also OECD (2017b).
86 See also Deutsche Bundesbank (2021a, 2021b).
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Fulfilment of
monetary policy
mandate crucial
foundation for
transition to a
climate-neutral
economy

and used to analyse a number of issues, includ-  these factors would also support a stability-
ing in an international context. oriented monetary policy. The Eurosystem has a
role to play in ensuring the success of climate
Climate and economic policy can play a vital  action by fulfilling its monetary policy mandate
part in mitigating risks and uncertainties, par-  and thus providing a crucial foundation for the
ticularly through long-term focus, consistency  transition to a climate-neutral economy: price
and efficiency. But the reduction of structural  stability is a key prerequisite for price signals to
rigidities could likewise help smooth the transi-  take effect.
tion to a climate-neutral economy. Both of

B List of references

Acevedo, S., M. Mrkaic, N. Novta, E. Pugacheva and P. Topalova (2020), The Effects of Weather
Shocks on Economic Activity: What are the Channels of Impact?, Journal of Macroeconomics,
Vol. 65, No 103207.

Andersson, M., C. Baccianti and J. Morgan (2020), Climate Change and the Macro Economy, ECB
Occasional Paper Series, No 243.

Anttila-Hughes, J. and S. M. Hsiang (2013), Destruction, Disinvestment, and Death: Economic and
Human Losses Following Environmental Disaster, http://dx.doi.org/10.2139/ssrn.2220501

Auffhammer, M., S. M. Hsiang, W. Schlenker and A. Sobel (2013), Using Weather Data and Climate
Model Output in Economic Analyses of Climate Change, Review of Environmental Economics and
Policy, Vol. 7 (2), pp. 181-198.

Bagaee, D. and E. Farhi (2020), Nonlinear Production Networks with an Application to the Covid-19
Crisis, NBER Working Papers, No 27281.

Batten, S. (2018), Climate Change and the Macro-Economy: A Critical Review, Bank of England
Working Paper, No 706.

Bauer, M. D. and G. D. Rudebusch (2021), The Rising Cost of Climate Change: Evidence from the
Bond Market, Review of Economics and Statistics, forthcoming.

Bereiter, B., S. Eggleston, J. Schmitt, C. Nehrbass-Ahles, T. F. Stocker, H. Fischer, S. Kipfstuhl and
J. Chappellaz (2015), Revision of the EPICA Dome C CO, Record from 800 to 600 kyr before
Present, Geophysical Research Letters, Vol. 42 (2), pp. 542-549.

Bernstein, A., M. T. Gustafson and R. Lewis (2019), Disaster on the Horizon: The Price Effect of Sea
Level Rise, Journal of Financial Economics, Vol. 134 (2), pp. 253-272.

Black, R., S. R.G. Bennett, S. M. Thomas and J. R. Beddington (2011), Migration as Adaptation,
Nature, Vol. 478 (7370), pp. 447-449.

Bloesch, J. and F. Gourio (2015), The Effect of Winter Weather on US Economic Activity, Economic
Perspectives, Vol. 39 (1).


http://dx.doi.org/10.2139/ssrn.2220501

Deutsche Bundesbank

Bohnisch, A., M. Mittermeier, M. Leduc and R. Ludwig (2021), Hot Spots and Climate Trends of
Meteorological Droughts in Europe — Assessing the Percent of Normal Index in a Single-Model
Initial-Condition Large Ensemble, Frontiers in Water, Vol. 3, No 716621.

Botzen, W.J.W., O. Deschénes and M. Sanders (2019), The Economic Impacts of Natural Disasters:
A Review of Models and Empirical Studies, Review of Environmental Economics and Policy, Vol. 13
(2), pp. 167-188.

Burke, M. and K. Emerick (2016), Adaption to Climate Change: Evidence from the US Agriculture,
American Economic Journal: Economic Policy, Vol. 8 (3), pp. 106-140.

Burke, M., S.M. Hsiang and E. Miguel (2015), Global Non-Linear Effect of Temperature on Eco-
nomic Production, Nature, Vol. 527 (7577), pp. 235-239.

Bushnell, J.B., H. Chong and E.T. Mansur (2013), Profiting from Regulation: Evidence from the
European Carbon Market, American Economic Journal: Economic Policy, Vol. 5 (4), pp. 78-106.

Calel, R. and A. Dechezleprétre (2016), Environmental Policy and Directed Technological Change:
Evidence from the European Carbon Market, Review of Economics and Statistics, Vol. 98 (1),
pp. 173-191.

Cameron, C.A. and P. K. Trivedi (2005), Microeconometrics: Methods and Applications, Cambridge
University Press.

Cavallo, E. and I. Noy (2011), Natural Disasters and the Economy — A Survey, International Review
of Environmental and Resource Economics, Vol. 5 (1), pp. 63-102.

Centre for Research on the Epidemiology of Disasters (2020), Human Cost of Disasters (2000-2019),
CRED Crunch, No 61.

Christiano, L. J., M. S. Eichenbaum and M. Trabandt (2018), On DSGE Models, Journal of Economic
Perspectives, Vol. 32 (3), pp. 113-140.

Colacito, R., B. Hoffmann and T. Phan (2018), Temperature and Growth: A Panel Analysis of the
United States, Journal of Money, Credit and Banking, Vol. 51 (2-3), pp. 313-368.

Csereklyei, Z., M.d.M. Rubio-Varas and D. I. Stern (2016), Energy and Economic Growth: The
Stylized Facts, The Energy Journal, Vol. 37 (2), pp. 223-255.

Dafermos, Y., A. Kriwoluzky, M. Vargas, U. Volz and J. Wittich (2021), The Price of Hesitation: How
the Climate Crisis Threatens Price Stability and What the ECB Must Do About It, Hamburg, Berlin
and London: Greenpeace Germany; German Institute for Economic Research; and SOAS, Univer-
sity of London.

Dell, M., B.F. Jones and B.A. Olken (2014), What Do We Learn from the Weather? The New
Climate-Economy Literature, Journal of Economic Literature, Vol. 52 (3), pp. 740-798.

Monthly Report
January 2022
55



Deutsche Bundesbank
Monthly Report

January 2022
56

Dell, M., B.F. Jones and B.A. Olken (2012), Temperature Shocks and Economic Growth: Evidence
from the Last Half Century, American Economic Journal: Macroeconomics, Vol. 4 (3), pp. 66-95.

Deryugina, T. (2017), The Fiscal Cost of Hurricanes: Disaster Aid versus Social Insurance, American
Economic Journal: Economic Policy, Vol. 9 (3), pp. 168-198.

Deryugina, T. and S. M. Hsiang (2014), Does the Environment Still Matter? Daily Temperature and
Income in the United States, NBER Working Paper, No 20750.

Deschénes, O., K. Meng, P. Zhang and J. Zhang (2018), Temperature Effects on Productivity and
Factor Reallocation: Evidence from Half a Million Chinese Manufacturing Plants, Journal of Envir-
onmental Economics and Management, Vol. 88, pp. 1-17.

Deschénes, O. and M. Greenstone (2007), The Economic Impacts of Climate Change: Evidence
from Agricultural Output and Random Fluctuations in Weather, American Economic Review,
Vol. 97 (1), pp. 354-385.

Deutsche Bundesbank (2021a), Monetary policy challenges due to climate change, Monthly
Report, September 2021, pp. 49 ff.

Deutsche Bundesbank (2021b), Climate policy and financial stability, Financial Stability Review
2021, pp. 81-109.

Deutsche Bundesbank (2021¢), The Eurosystem’s monetary policy strategy, Monthly Report, Sep-
tember 2021, pp. 17-61.

Deutsche Bundesbank (2018), The macroeconomic impact of uncertainty, Monthly Report, Octo-
ber 2018, pp. 49-65.

Deutsche Bundesbank (2017a), The natural rate of interest, Monthly Report, October 2017,
pp. 27-43.

Deutsche Bundesbank (2017b), The impact of hurricanes on economic activity in the United States,
Monthly Report, November 2017, pp. 14-15.

Deutsche Bundesbank (2014), The impact of weather conditions on gross domestic product in the
latter part of 2013 and early part of 2014, Monthly Report, May 2014, pp. 54-55.

Dietz, S. and N. Stern (2015), Endogenous Growth, Convexity of Damage and Climate Risk: How
Nordhaus’ Framework Supports Deep Cuts in Carbon Emissions, The Economic Journal, Vol. 125
(583), pp. 574-620.

Dolan, F., J. Lamontagne, R. Link, M. Hejazi, P. Reed and J. Edmonds (2021), Evaluating the Eco-
nomic Impact of Water Scarcity in a Changing World, Nature Communications, Vol. 12 (1915).

Drudi, F., E. Moench, C. Holthausen, P-F. Weber, G. Ferrucci, R. Setzer, B. Adao, S. Alogoskoufis,
M. Andersson, J. Aubrechtova, A. Avgousti, F. Barbiero, L. Boneva, A. Breitenfellner, G. Bua,



Deutsche Bundesbank

M. Bun, F. Caprioli, M. Ciccarelli, M. Darracq Paries, ... and G. Yebes Gomez (2021), Climate
Change and Monetary Policy in the Euro Area, ECB Occasional Paper Series, No 271.

Etzel, T, A. Falter, I. Frankovic, C. Gross, A. Kablau, P. Lauscher, J. Ohls, D. Schober, L. Strobel and
H. Wilke (2021), Sensitivitatsanalyse klimabezogener Transitionsrisiken des deutschen Finanzsek-
tors, Deutsche Bundesbank Technical Paper, No 13/2021.

European Central Bank (2021), ECB presents action plan to include climate change considerations
in its monetary policy strategy, press release on 8 July 2021, https://www.ecb.europa.eu/press/pr/
date/2021/html/ecb.pr210708_1~f104919225.en.html

European Commission (2021), EU Emissions Trading System (EU ETS), https://ec.europa.eu/clima/
eu-action/eu-emissions-trading-system-eu-ets_en?2nd-language=pl, accessed on 23 November
2021.

European Commission (2019), The European Green Deal, Communication from the Commission to
the European Parliament, the Council, the European Economic and Social Committee and the
Committee of the Regions, document 52019DC 0640.

European Commission (2018), Climate impacts in Europe: final report of the JRC PESETA Il project,
coordinated by J. C. Ciscar, L. Feyen, D. Ibarreta and A. Soria, JRC Science for Policy Report,
EUR 29427 EN.

Fankhauser, S. and R. S.J. Tol (2005), On Climate Change and Economic Growth, Resource and
Energy Economics, Vol. 27, pp. 1-17.

Fankhauser, S., J.B. Smith and R. S.J. Tol (1999), Weathering Climate Change: Some Simple Rules
to Guide Adaptation Decisions, Ecological Economics, Vol. 30, pp. 67-78.

Fisher, A.C., W.M. Hanemann, M. Roberts and W. Schlenker (2012), The Economic Impacts of
Climate Change: Evidence from Agricultural Output and Random Fluctuations in Weather:
Comment, American Economic Review, Vol. 102 (7), pp. 3749-3760.

Gallic, E. and G. Vermandel (2020), Weather Shocks, European Economic Review, Vol. 124,
No 103409.

Ghadge, A., H. Wurtmann and S. Seuring (2020), Managing Climate Change Risks in Global Sup-
ply Chains: A Review and Research Agenda, International Journal of Production Research, Vol. 58
(1), pp. 44-64.

Golosov, M., J. Hassler, P. Krusell and A. Tsyvinski (2014), Optimal Taxes on Fossil Fuel in General
Equilibrium, Econometrica, Vol. 82 (1), pp. 41-88.

Graff Zivin, J. and M. J. Neidell (2014), Temperature and the Allocation of Time: Implications for
Climate Change, Journal of Labor Economics, Vol. 32. (1), pp. 1-26.

Hassler, J., P. Krusell and A. A. Smith, Environmental Macroeconomics, in: J. B. Taylor and H. Uhlig
(eds., 2016), Handbook of Macroeconomics, Vol. 2, pp. 1893-2008.

Monthly Report
January 2022
57


https://www.ecb.europa.eu/press/pr/date/2021/html/ecb.pr210708_1~f104919225.en.html
https://www.ecb.europa.eu/press/pr/date/2021/html/ecb.pr210708_1~f104919225.en.html
https://ec.europa.eu/clima/eu-action/eu-emissions-trading-system-eu-ets_en?2nd-language=pl
https://ec.europa.eu/clima/eu-action/eu-emissions-trading-system-eu-ets_en?2nd-language=pl

Deutsche Bundesbank
Monthly Report

January 2022
58

Heutel, G. (2012), How Should Environmental Policy Respond to Business Cycles? Optimal Policy
Under Persistent Productivity Shocks, Review of Economic Dynamics, Vol. 15 (2), pp. 244-264.

Hinterlang, N., A. Martin, O. Réhe, N. Stahler and J. Strobel (2021), Using Energy and Emissions
Taxation to Finance Labor Tax Reductions in a Multi-Sector Economy: An Assessment with EMuSe,
Deutsche Bundesbank Discussion Paper, No 50/2021.

Holtermann, L. and M. Rische (2020), The Subnational Effect of Temperature on Economic Produc-
tion: A Disaggregated Analysis in European Regions, MPRA Paper, No 104606.

Howard, P. and T. Sterner (2017), Few and Not So Far Between: A Meta-Analysis of Climate Dam-
age Estimates, Environmental & Resource Economics, Vol. 68 (1), pp. 197-225.

Hsiang, S. M. and R. E. Kopp (2018), An Economist’s Guide to Climate Change Science, Journal of
Economic Perspectives, Vol. 32 (4), pp. 3-32.

Hsiang, S. M., R. Kopp, A. Jina, J. Rising, M. Delgado, S. Mohan, D. J. Rasmussen, R. Muir-Wood,
P. Wilson, M. Oppenheimer, K. Larsen and T. Houser (2017), Estimating Economic Damage from
Climate Change in the United States, Science, Vol. 356 (6345), pp. 1362-1369.

Hsiang, S. M. and D. Narita (2012), Adaption to Cyclone Risk: Evidence from the Global Cross-
Section, Climate Change Economics, Vol. 3 (2), pp. 1-28.

Hsiang, S. M. (2010), Temperatures and Tropical Cyclones Strongly Affect Economic Production in
the Caribbean and Central America, Proceedings of the National Academy of Sciences, Vol. 107
(35), pp. 1367-1372.

Intergovernmental Panel on Climate Change (2021), Climate Change 2021: The Physical Science
Basis, Contribution of Working Group | to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change, August 2021.

Intergovernmental Panel on Climate Change (2018), Global Warming of 1.5°C, An IPCC Special
Report on the Impacts of Global Warming of 1.5°C Above Pre-Industrial Levels and Related Global
Greenhouse Gas Emission Pathways, in the Context of Strengthening the Global Response to the
Threat of Climate Change, Sustainable Development, and Efforts to Eradicate Poverty, October
2018.

Intergovernmental Panel on Climate Change (2014), AR 5 Synthesis Report: Climate Change 2014,
October 2014.

Intergovernmental Panel on Climate Change (2012), Managing the Risks of Extreme Events and
Disasters to Advance Climate Change Adaptation, March 2012.

International Monetary Fund (2020), World Economic Outlook, April 2020: The Great Lockdown,
International Monetary Fund World Economic Outlook, No 1.

Jahn, M. (2015), Economics of Extreme Weather Events: Terminology and Regional Impact Models,
Weather and Climate Extremes, Vol. 10 (B), pp. 29-39.



Deutsche Bundesbank

Kanzig, D.R. (2021), The Unequal Economic Consequences of Carbon Pricing, SSRN Working
Paper, https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3786030

Kahn, M.E. (2005), The Death Toll from Natural Disasters: The Role of Income, Geography and
Institutions, Review of Economics and Statistics, Vol. 87 (2), pp. 271-284.

Kalkuhl, M. and L. Wenz (2020), The Impact of Climate Conditions on Economic Production,
Evidence from a Global Panel of Regions, Journal of Environmental Economics and Management,
Vol. 103, No 102360.

Kaya, Y. and K. Yokobori (1997), Environment, Energy, and Economy: Strategies for Sustainability,
Tokyo: United Nations University Press.

Keen, B.D. and M.R. Pakko (2011), Monetary Policy and Natural Disasters in a DSGE Model, South-
ern Economic Journal, Vol. 77 (4), pp. 973-990.

Kuhla, K., S.N. Willner, C. Otto and T. Geiger (2021), Ripple Resonance Amplifies Economic Welfare
Loss from Weather Extremes, Environmental Research Letters, Vol. 16 (11), No 114010.

Lesk, C., P. Rowhani and N. Ramankutty (2016), Influence of Extreme Weather Disasters on Global
Crop Production, Nature, Vol. 529 (7584), pp. 84-87.

Letta, M. and R.S.J. Tol (2019), Weather, Climate and Total Factor Productivity, Environmental and
Resource Economics, Vol. 73 (1), pp. 283-305.

Missirian, A. and W. Schlenker (2017), Asylum Applications Respond to Temperature Fluctuations,
Science, Vol. 358 (6370), pp. 1610-1614.

Moran, D., R. Wood, E. Hertwich, K. Mattson, J. F. Rodriguez, K. Schanes and J. Barrett (2020),
Quantifying the Potential for Consumer-Oriented Policy to Reduce European and Foreign Carbon
Emissions, Climate Policy, Vol. 20 (S. 1), pp. 28-38.

Moyer, E.J., M. D. Woolley, N. J. Matteson, M. J. Glotter and D. A. Weisbach (2014), Climate
Impacts on Economic Growth as Drivers of Uncertainty in the Social Cost of Carbon, The Journal
of Legal Studies, Vol. 43 (2), pp. 401-425.

Network of Central Banks and Supervisors for Greening the Financial System (2021a), Scenarios in
Action — A Progress Report on Global Supervisory and Central Bank Climate Scenario Exercises,
Technical Document, October 2021.

Network of Central Banks and Supervisors for Greening the Financial System (2021b), NGFS Climate
Scenarios for Central Banks and Supervisors, June 2021.

Network of Central Banks and Supervisors for Greening the Financial System (2021¢), NGFS Climate
Scenarios Database, Technical Documentation V2.1, June 2021.

Network of Central Banks and Supervisors for Greening the Financial System (2020), NGFS Climate
Scenarios Database, Technical Documentation, June 2020.

Monthly Report
January 2022
59


https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3786030

Deutsche Bundesbank
Monthly Report

January 2022
60

Nordhaus, W. (2017), Projections and Uncertainties about Climate Change in an Era of Minimal
Climate Policies, NBER Working Paper, No 22933.

Nordhaus, W., Integrated Economic and Climate Modeling, in P. B. Dixon and D. W. Jorgenson
(eds., 2013), Handbook of Computable General Equilibrium Modeling, Vol. 1, pp. 1069-1131.

North, G.R., Climate and Climate Change: Greenhouse Effect, in G. R. North, J. Pyle and F. Zhang
(eds., 2015), Encyclopedia of Atmospheric Sciences, second edition, pp. 80-86.

OECD (2017a), Investing in Climate, Investing in Growth, OECD Publishing, Paris.

OECD (2017b), Green Growth Indicators 2017, OECD Green Growth Studies, OECD Publishing,
Paris.

OECD (2011), Towards Green Growth, OECD Green Growth Studies, OECD Publishing, Paris.

Oppenheimer, M. (2013), Climate Change Impacts: Accounting for the Human Response, Climatic
Change, Vol. 117 (3), pp. 439-449.

Pindyck, R.S. (2013), Climate Change Policy: What Do the Models Tell Us?, Journal of Economic Lit-
erature, Vol. 51 (3), pp. 860-872.

Piontek, F., M. Kalkuhl, E. Kriegler, A. Schultes, M. Leimbach, O. Edenhofer and N. Bauer (2019),
Economic Growth Effects of Alternative Climate Change Impact Channels in Economic Modeling,
Environmental and Resource Economics, Vol. 73 (4), pp. 1357-1385.

Reisch, L.A., C.R. Sunstein, M.A. Andor, F. C. Doebbe, J. Meier and N.R. Haddaway (2021), Miti-
gating Climate Change via Food Consumption and Food Waste: A Systematic Map of Behavioral
Interventions, Journal of Cleaner Production, Vol. 279, No 123717.

Ryan, S.P. (2012), The Costs of Environmental Regulation in a Concentrated Industry, Economet-
rica, Vol. 80 (3), pp. 1019-1061.

Schlenker, W. and M. J. Roberts (2009), Nonlinear Temperature Effects Indicate Severe Damages to
U. S. Crop Yields under Climate Change, Proceedings of the National Academy of Sciences,
Vol. 106 (37), pp. 15594-15598.

Seppanen, O., W.J. Fisk and D. Faulkner (2005), Control of Temperature for Health and Productiv-
ity in Offices, ASHRAE Transactions, Vol. 111, pp. 680-686.

Somanathan, E., R. Somanathan, A. Sudarshan and M. Tewari (2021), The Impact of Temperature
on Productivity and Labor Supply: Evidence from Indian Manufacturing, Journal of Political Econ-
omy, Vol. 129 (6), pp. 1797-1827.

Stern, N. (2013), The Structure of Economic Modeling of the Potential Impacts of Climate Change:
Grafting Gross Underestimation of Risk onto Already Narrow Science Models, Journal of Economic
Literature, Vol. 51 (3), pp. 838-859.



Deutsche Bundesbank
Monthly Report
January 2022

61

Strobl, E. (2011), The Economic Growth Impact of Hurricanes: Evidence from US Coastal Counties,
Review of Economics and Statistics, Vol. 93 (2), pp. 575-589.

Tol, R. S.J. (2018), The Economic Impacts of Climate Change, Review of Environmental Economics
and Policy, Vol. 12 (1), pp. 4-25.

United Nations (2015), United Nations Framework Convention on Climate Change, Adoption of
the Paris Agreement, 21st Conference of the Parties, Paris.

Vicedo-Cabrera, A.M., N. Scovronick, F. Sera, D. Royé, R. Schneider, A. Tobias, C. Astrom, Y. Guo,
Y. Honda, D. M. Hondula, R. Abrutzky, S. Tong, M. de Sousa Zanotti Stagliorio Coelho, P. H. Nas-
cimento Saldiva, E. Lavigne, P. Matus Correa, N. Valdes Ortega, H. Kan, S. Osorio, ... and A. Gas-
parrini (2021), The Burden of Heat-Related Mortality Attributable to Recent Human-Induced
Climate Change, Nature Climate Change, Vol. 11 (6), pp. 492-500.

Wallemacgq, P, R. Below and D. McLean (2018), Economic Losses, Poverty and Disasters (1998-2017),
UNISDR and CRED report.

Weitzman, M. L. (2012), GHG Targets as Insurance Against Catastrophic Climate Damages, Journal
of Public Economic Theory, Vol. 14 (2), pp. 221-244.

Woodford, M. (2003), Interest and Prices — Foundations of a Theory of Monetary Policy, Princeton
University Press.

World Bank (2016), High and Dry: Climate Change, Water, and the Economy, World Bank,
Washington, D. C.





