Graz Economics Papers – GEP

GEP 2018–20
The implications of climate change on
Germanys foreign trade: A global analysis
of heat-related labour productivity losses
Nina Knittel, Martin W. Jury, Birgit Bednar-Friedl,
Gabriel Bachner and Andrea Steiner
October 2018

Department of Economics
Department of Public Economics
University of Graz
An electronic version of the paper may be downloaded
from the RePEc website: http://ideas.repec.org/s/grz/wpaper.html

The implications of climate change on Germany’s foreign trade: A global
analysis of heat-related labour productivity losses
Nina Knittel1*, Martin W. Jury1, Birgit Bednar-Friedl1,2, Gabriel Bachner1, Andrea Steiner1,3
1

Wegener Center for Climate and Global Change, University of Graz, Brandhofgasse 5, 8010 Graz,
Austria
2
Department of Economics, University of Graz, Graz, Austria
3
Institute for Geophysics, Astrophysics, and Meteorology/Institute of Physics, University of Graz,
Graz, Austria
* Corresponding author. E-Mail: nina.knittel@uni-graz.at Tel.: 0043 316 380 8451

Abstract
We investigate climate change impacts transferred via foreign trade to Germany, a country which is
heavily engaged in international trade. Specifically, we look at temperature changes and the associated
labour productivity losses at a global scale until 2050. We assess the effects on Germany’s imports
and exports by means of a global Computable General Equilibrium (CGE) model. To address
uncertainty, we account for two Shared Socioeconomic Pathways (SSP2 and SSP3) and two
Representative Concentration Pathways (RCP4.5 and RCP8.5) using projections from five global
climate models. We find that average annual labour productivity for high intensity work declines by
up to 31% (38% with the higher emission scenario) in South-East Asia and the Middle East by 2050
(relative to a 2050 baseline without climate change). As a consequence, Germany’s imports from
regions outside Europe are lower by up to 2.4%, while imports from within Europe partly compensate
this reduction. Also Germany’s exports to regions outside Europe are lower but total exports increase
slightly due to higher exports to EU regions. Germany’s GDP and welfare, however, are negatively
affected with a loss of up to -0.41% and -0.46%, respectively. The results highlight that overall
positive trade effects for Germany constitute a comparative improvement rather than an absolute gain
with climate change.

Keywords: heat stress, climate change, labour productivity shocks, international trade, computable
general equilibrium, Germany
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Introduction

Germany is heavily engaged in international trade. In 2017 it had a foreign trade to GDP ratio of 87%
and the import share of exports was about 40% (Destatis 2018). Despite this strong global integration,
climate change impacts occurring beyond Europe are largely neglected in existing impact studies for
European countries; in contrast to the vast literature on climate change impacts that occur within
Germany or Europe (Aaheim et al. 2012; Ciscar et al. 2011, 2014; Eskeland and Mideksa 2010;
Golombek et al. 2012; Roudier et al. 2016; Wachsmuth et al. 2013). However, the European
Environment Agency (2017) emphasizes that there is strong evidence for European countries being
sensitive to climate change impacts occurring beyond European borders, as demonstrated by economic
effects of weather-related global price volatilities or impacts on transportation networks such as ports.
While several reports have indicated this risk, such as the UK Climate Change Risk Assessment
(Challinor et al. 2016), research papers so far have mostly ignored this transmission of climate change
impacts via international trade (Hewitson et al. 2014; Oppenheimer et al. 2014; Liverman 2016;
Benzie et al. 2016).
The research field on international impacts of climate change is just evolving and has not yet advanced
very far. However, some studies have addressed the international dimension of climate change in one
way or the other. On a national level qualitative studies have been conducted for Finland (Kankaanpää
and Carter 2007), Switzerland (INFRAS et al. 2007), the Netherlands (Vonk et al. 2015), and for the
United Kingdom (UK Foresight 2011; PricewaterhouseCoopers 2013; Challinor et al. 2016); there are
also some studies available with a particular focus on coastal areas (Nicholls and Kebede 2012).
Complementary to these qualitative studies, indicator-based vulnerability assessments have addressed
this issue, such as the Transnational Climate Impacts Index (TCI) which accounts for the trade
openness of a country (Benzie et al. 2016; Hedlund et al. 2018), or the “Klimacheck” tool by Lühr et
al. (2014).
With a focus on the full supply chain, several studies apply multi-regional Input-Output (MRIO) or
network analyses. Wenz and Levermann (2016), for example, provide an assessment of heat-stress
related losses in a global supply network model which builds on MRIO data. They find that the
intensification of trade over the period 1991-2011 increased the international propagation of
production losses stronger than climatic changes over this decade. West et al. (2015) use an InputOutput model and climatically-driven crop yield change projections to assess future crop supply for
the UK. More recently, Willner et al. (2018) showed for fluvial floods that indirect losses through
trade connections can exceed direct losses by multiple times. However, despite these recent attempts
to quantify the propagation of climate change impacts via international trade, the academic literature
still lacks assessments for future time periods. The present paper fills this research gap by
investigating different climate scenarios until 2050.
Focussing on Germany, we answer the question to which extent the economy will be affected by
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climate change through foreign trade channels. Across the manifold possible biophysical climate
change impacts, heat-related labour productivity losses are among the most severe impacts (Dellink et
al. 2017; Kjellstrom and McMichael 2013; Roson and Van der Mensbrugghe 2012), with stronger
impacts on regions that are already hot today than on cooler regions (Kjellstrom et al. 2009a, b;
Kjellstrom 2016). The direct impact on European countries from labour productivity losses are thus
negligible compared to non-European countries1, however, through foreign trade channels the global
productivity losses are imported and exported along value chains.
Here, we analyse climate change induced labour productivity losses, since it serves as an excellent
example of climate change that is potentially damaging for all economic sectors and regions, but
strongly imbalanced across regions in its direct effects. We assess the effects by means of a global,
multi-regional, multi-sectoral CGE model, comparing a baseline scenario with a climate change
scenario in 2050. To address uncertainty, we account for two Shared Socioeconomic Pathways (SSP2
and SSP3) in the baseline and two Representative Concentration Pathways (RCP4.5 and RCP8.5)
using projections from five global climate models in the climate change scenario. Based on a
consistent set of input output tables and bilateral trade data, CGE models describe the economy as
monetary flows across sectors, agents and regions. These flows are assumed to be in equilibrium with
all markets being cleared (Shoven and Whalley 1992). The high sectoral resolution enables capturing
(inter-)sectoral effects and allows for economic shocks (such as a climate change impact) to be
implemented accurately, rather than using coarse damage functions, as it is usually done in Integrated
Assessment Models (IAMs). Another crucial feature of CGE models is the possibility of substitution
effects; i.e. economic sectors and agents react to relative price changes by altering their demand
patterns and quantities – including the country of origin/destination. This feature sets CGE models
apart from traditional (multi-regional) input-output models or network models, which are rather rigid
and better suited for short term analyses.
Productivity decreases with increasing temperature and rising humidity because workers are more
susceptible to illnesses of various kinds (Lemke and Kjellstrom 2012). While there is broad literature
on health impact assessments of climate change in physical terms and the direct heat-related labour
productivity losses, only few studies assess the (macro)economic consequences thereof (Watkiss and
Hunt 2012). For instance, Kjellstrom et al. (2009b) find that by the 2080s, the greatest absolute losses
of population-based labour work capacity are in the range of 11% to 27% in South-East Asia, Andean
and Central America, and the Caribbean. Dunne et al. (2013) find that work ability will reduce to 80%
in peak months by 2050. Some studies estimate the domestic macroeconomic costs arising through the
reduction in work ability, still ignoring international spill-over effects (DARA and Climate Vulnerable
Forum 2012; Steininger et al. 2015). The most comprehensive study in this field is provided by
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DARA and Climate Vulnerable Forum (2012) show that labour productivity losses due to workplace heat in
2030 in developing countries (low and high greenhouse gas emitters) is higher by a factor of 21 and 28,
respectively, as compared to developed countries.
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Takakura et al. (2017), who assess the costs of heat-related illness prevention for 17 regions and at the
global level for different climate and socioeconomic scenarios by the end of the century and find that
global average GDP losses range between 0.5% and 4%.
To summarize, the existing literature has demonstrated the importance of heat-related productivity
losses, and how climate change may intensify this problem, particularly in regions which are exposed
to substantial heat-related productivity losses already today. Some regions are hardly affected today
and their risk from direct impacts is expected to increase only slightly in the future. However, due to
international trade linkages, economies are intensely connected, and effects occurring in trading
partner countries may spill-over to countries that are domestically less affected, such as Germany.
The remainder of the paper is structured as follows. In section 2 we describe how labour productivity
losses are calculated. In section 3 we describe the Computable General Equilibrium (CGE) model that
is used to assess the heat-related productivity losses that are transferred to Germany via international
trade, including a description of the scenario framework as well as the model implementation of
productivity losses. In section 4 we present results on Germany’s macroeconomic indicators (GDP,
welfare) and changes in trade patterns. In section 5 we summarize and discuss key insights.

2

Climate change impact on labour productivity

Occupational health professionals and physicians suggest that increasing temperature and absolute
humidity, both triggered by climate change, have substantial influence on occupational health and the
productivity of workers (Kjellstrom et al. 2009a). With increasing temperature and rising absolute
humidity workers are not only more susceptible to illnesses but also more prone to errors and
accidents due to declining concentration leading to productivity decreases (Parsons 2014). Heat
extremes involve additional health risks such as heat strokes, strong dehydration or exhaustion with
body core temperatures above 40.6°C being life-threatening (Smith et al. 2014; UNDP 2016). A
worker‘s thermal comfort determines his/her work ability and has therefore a direct influence on the
productivity of businesses or the total economy (Kjellstrom et al. 2009b). The so-called Wet Bulb
Globe Temperature (WBGT) index combines temperature, humidity, wind speed, and heat radiation
into one value (Kjellstrom 2016) and provides the computational basis for calculating work ability in
the context of climate change (Burke et al. 2015; DARA and Climate Vulnerable Forum 2012; Roson
and Sartori 2016; Roson and Van der Mensbrugghe 2012; Takakura et al. 2017; Zander et al. 2015).
To estimate heat-related changes in work ability (WA) in response to future climate change, we draw
on five bias corrected general circulation model (GCM) projections used in the Inter-Sectoral Impact
Model Intercomparison Project (ISIMIP, Hempel et al. 2013; Warszawski et al. 2014). These five
GCMs (MIROCESM-CHEM, IPSL-CM5A-LR, GFDL-ESM2M, HadGEM2-ES and NorESM1-M)
participated in the Coupled Model Intercomparison Project phase 5 (CMIP5, Taylor et al. 2012).
Projections are provided for the representative concentration pathways (RCPs) emission trajectories
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accounting for various current and future human behaviour in terms of greenhouse gas emissions
(Moss et al. 2010). In particular, we draw on daily data from the historical, RCP4.5 and RCP8.5
experiments for our base period (1981-2010) and the future period (2036-2065).
We calculate work ability changes following the approaches of Kjellstrom et al. (2009a) and Bröde et
al. (2017). In a first step, daily 2-meter air temperature and near-surface relative humidity data from
the ISIMIP-GCMs is used to calculate daily WBGT values. Subsequently, work ability is calculated
for two different work environments (indoor and outdoor) utilizing a functional relationship between
WBGT and three work intensities: light work such as office work, medium work and heavy physical
work such as construction work (NIOSH 1986; Kjellstrom et al. 2009a). Finally, we aggregate present
and future work ability levels on the regional level depending on population development pathways
for considering population dynamics under different shared socioeconomic pathways (SSP2 and
SSP3). As the effect of current work ability levels is implicitly included in current indices of economic
production, we calculate the relative changes with respect to the base period (1981-2010). For a
detailed description of the calculations please refer to the Appendix (A1).

(a) Berlin

(b) Shanghai

(c) Rio de Janeiro

(d) Mumbai

Fig. 1 Annual cycle of WBGT (solid lines, in °C) and corresponding heavy outdoor WA (dashed lines, in %)
and the relative change signal thereof (ΔWA, dotted lines, in %) for (a) Berlin, (b) Shanghai, (c) Rio de Janeiro
and (d) Mumbai. Values of the base period (Ø1981-2010) are shown in black, projections for mid of the century
(Ø2036-2065) in colour (blue: RCP4.5, red: RCP8.5). Values are 5-day running means for the mean of all five
GCM projections (HadGEM2-ES, NorESM1-M, IPSL-CM5A-LR, GFDL-ESM2M and MIROC-ESM-CHEM).
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Fig. 1 shows mean GCM projections of the annual cycle of WGBT and corresponding work ability
and relative changes for heavy outdoor work for four selected locations of the world. In general,
projections of climate change show a rise in WBGT (solid lines) which leads to a decline in work
ability (WA, dashed lines), also indicated by the relative changes (ΔWA, dotted lines). The exposureresponse relationship between WBGT and work ability is not linear (see A1). Increases in already high
WBGT values lead to stronger declines in work ability (c.f. Fig. 1(b) showing the annual cycle for
Shanghai) as compared to increases in low WBGT values which may have no effect at all.
Accordingly, cooler locations like Berlin (Fig. 1(a)) are projected to experience lower declines in work
ability than already warm locations (e.g. equatorial regions) such as Mumbai (Fig. 1(d)). Fig. 1 shows
work ability and relative changes only for heavy outdoor work for which this behaviour is most
pronounced, however, similar statements are also true for other work intensities and environments.

3
3.1

Methodology
Economic model overview: Computable General Equilibrium model

To assess the effects of a changing work ability on Germany’s trade flows, we deploy a global, multiregional, multi-sectoral CGE model. The model is based on Bednar-Friedl et al. (2012) and has been
updated to the latest available GTAP database (Global Trade Analysis Project, V9, base year 2011,
Aguiar et al. 2016). It depicts the world economy as 24 regions, each consisting of 23 sectors and one
representative regional household, which is endowed with the production factors labour, capital, land
and natural resources. These factors are supplied to the market and generate the household’s income,
which in turn is either spent for consumption (according to a constant elasticity of substitution (CES)
consumption function) or allocated to savings (investments). Investments are determined by a fixed
savings rate and annual depreciation. To generate output, each of the economic sectors combine
factors and intermediate inputs (i.e., outputs from other sectors) according to sector-specific nested
CES production functions.
Concerning the regional aggregation (see Table 1 in A2), we take a German perspective and consider
the importance of trading partners, climate vulnerability (according to Chen et al. (2015)) and sectoral
foci of regions. For the sectoral aggregation (see Table 2 in A2) we primarily follow the classification
of goods and services by the German Federal Statistical Office and considerations similar to those for
the regional aggregation. Regarding international trade, we follow Armington (1969): imports and
domestically produced goods are imperfect substitutes and can be traded off according to sectorspecific elasticities of trade (Hertel et al. 2007). Changes in trade flows are thus driven by regional
import demand changes, which are triggered by changes in relative international prices (terms of
trade). The base year’s foreign trade surplus (or deficit) is fixed (fixed trade balance to GDP-ratio).
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3.2

Scenario framework and baseline calibration

In general, we distinguish between two types of scenarios: baseline scenarios and climate change
scenarios. The baseline scenarios entail the general regional socio-economic development, but do not
include any climatic changes. The climate change scenarios include the same assumptions as the
baseline and in addition include climate change induced labour productivity changes. By comparing a
baseline with a climate change scenario, we isolate the macroeconomic effects that are triggered by
climate change.
For the socio-economic development, we consider two different SSPs (O’Neill et al. 2014) to account
for uncertainty with respect to potential future economies: SSP2 with intermediate challenges for
mitigation and adaptation, and SSP3 with high challenges for both mitigation and adaptation. More
precisely, we calibrate the model to reproduce the annual SSP-specific GDP growth rates until 2050.
Therefore we use data from IIASA’s2 SSP database (Riahi et al. 2017) on (i) population growth,
driving labour force growth, (ii) crop land cover driving the growth of land resources, as well as (iii)
GDP growth rates driving the growth of the capital stock. In addition, we implement a SSP-RCPspecific global CO2 tax.3 Given these exogenous parameters we calibrate regional multi-factor
productivity improvements as a slack variable to meet exogenous SSP-specific GDP growth rates.
The following trade patterns for Germany provide the starting point for the analysis of climate change
impacts: In 2050 the value of German imports is USD2011 2,196 billion and USD2011 2,238 billion for
exports, giving an export surplus of USD2011 42 billion, while the current (2017) surplus amounts to
USD2011 244 billion (Destatis 2018). A significant share in both exports and imports is constituted by
machinery and electronic equipment, chemical and other industries, construction and service sectors
(see Table 2 in A2). Germany’s exports are more strongly characterized by technical products,
including motors, motor vehicles, electronic equipment, machineries and also chemical products. In
contrast, services and construction are more strongly imported from within Europe and exported
globally. Among imports, goods in the extraction sectors are mainly imported from Northern EU
(NEU, including Norway), Eurasian countries (ERA, including Russia) and from OPEC countries
(OIE). Details are given in Fig. 3 and 4 in A3.
3.3

Implementation of heat-related labour productivity changes

In general, labour enters the CES production function as a factor input, expressed as wages paid for
skilled and unskilled labour. In equilibrium the value of produced output equals the value of all factor
(including labour) and intermediate inputs. When simulating labour productivity changes in the
climate change scenarios, this labour input is multiplied by [1 + (1 − ΔWAc )], while output is held
constant. This means that proportionately more labour is needed for the same amount of output

2

International Institute for Applied System Analysis
Given by IIASA’s SSP-RCP marker scenarios: 14 USD/tCO2 for SSP2-RCP4.5 and 74 USD/tCO2 for SSP3RCP4.5 (Fricko et al. 2017). As a positive CO2 price is not compatible with RCP8.5, we assume a CO2-price of
zero for both SSPs combined with RCP8.5.
3
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indicating the decrease in productivity (given that 0 ≤ ΔWAc ≤ 1), with c indicating the specific
region.
The calculated productivity changes are mapped to the sectors of the CGE model as follows: We
assume service sectors to be light work and to be performed indoors since it consists largely of office
work. Work in all manufacturing industries is assumed to be medium work and indoor, reflecting work
that is mostly physical but does not reach heavy physical work. Finally, agricultural, extraction and the
construction sectors are attributed to heavy work and outdoor. We assume that in each sector the work
intensity as well as the classification of work as indoor or outdoor are similar for both types of labour
(skilled and unskilled).4

4
4.1

Results
Heat-related reductions in work ability in 2050 across world regions

All GCM projections agree on the sign of future WBGT and work ability levels, i.e. a rise in WBGT
and accompanying decline in work ability. However, the range of projected work ability signals varies
between the single work ability indices and the single models. Evidently, more exhausting work is
more strongly affected by rising WBGT compared to less exhausting work. We find that impacts are
in general stronger for RCP8.5 than for RCP4.5 and that reductions in outdoor work ability exceed
reductions in indoor work abilities for all work intensity at the global level. Therefore, heavy outdoor
work ability shows the most sensitive response to rising temperatures. Fig. 2 shows boxplots of the
regional relative changes in work ability for heavy outdoor work until 2036-2065 as projected by the
five GCMs for RCP4.5 (in blue) and RCP8.5 (in red). Within Europe (see Fig. 2 left), reductions are
visible for Italy and MEU countries (Cyprus, Greece, Malta, Portugal, Spain), while other countries
are only marginally affected. Other world regions (see Fig. 2 right) are severely impacted such as
South-East Asian countries (SEAT, SEAE and RSEA), India (IND) and oil exporting countries (OIE).
The strongest decline in future work ability is projected for low-lying equatorial regions, while notable
reductions are visible within ±30° latitude. For single locations in the Amazon region for instance,
heavy outdoor work (400W) is projected to decline by more than 50% under RCP8.5 compared to
present levels. Other global hotspots include countries at the Gulf of Guinea, in Central Africa, and in
Maritime South-East Asia. Also, densely populated countries such as India or China show notable
declines in projected work ability for outdoor work (for disaggregated results see Fig. 5 and 6 in A4).

4

While this is certainly an oversimplification, it is difficult to quantify how skilled labour, that is arguable less
likely to be manual work, is less affected than low-skilled work e.g. typical outdoor sectors such as construction.
However, without specific data available on tasks performed, any distinction and more specific allocation are
likely to be wrong. Moreover, sectors assumed to be heavy outdoor work tend to have very low skilled labour
payment shares, such as 2.5% for agricultural sectors. Service sectors instead, have the highest shares of skilled
labour payments with 59% in public administration, defence, education and health and 45% in communication,
financial services, insurances, business services and recreational and other services (own calculations, based on
GTAP data, Dimaranan and Narayanan 2008).
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Fig. 2 Boxplots of projected relative changes in heavy outdoor work ability for the EU+ (left) and non-EU+
regions (right) until the mid of the century (Ø2036-2065) for RCP4.5 (blue) and RCP8.5 (red). Boxplots are
derived from the five GCM projections (HadGEM2-ES, NorESM1-M, IPSL-CM5A-LR, GFDL-ESM2M and
MIROC-ESM-CHEM) under the two SSP scenarios (SSP2 and SSP3). The boxes indicate the first and third
quartiles, the whiskers extend to the projected minimum and maximum change and the black line indicates the
median. See Table 1 in A2 for region acronyms.

4.2

Effects of global heat-related labour productivity shocks on Germany

In the following we present results for a selected representative model run to explore in depth the
altered trade patterns for the German economy caused by regional and sectoral shifts. We show the
effects under RCP4.5 relative to the SSP2 baseline scenario without climate change using the
HadGEM2-ES GCM. Results are given for 2050 in relative terms, i.e. a %-deviations from the
baseline, or in absolute terms (USD million at 2011 prices).
We find that climate change induced labour productivity shocks translate into a lower GDP in all
regions (Fig. 7 in A5), ranging from -0.04% in Turkey (TUR) to -3.8% in South-East Asian Textile
countries (SEAT; Bangladesh, Thailand, Indonesia, Vietnam, Pakistan and Tunisia). For Germany,
GDP is lower by -0.12%, which is less than the European average of -0.29%. We observe the effect on
welfare is stronger ranging between -0.16% in Central EU (CEU) and -7.91% in India (IND), a
country that experiences higher WBGT and where the economy is constituted by labour-intensive
sectors. In general, the combination of higher direct climate impacts and a more labour-intensive
production in the economy results in negative impacts being stronger on countries outside Europe than
on those within Europe on both GDP and welfare.
In response to these effects, Germany intensifies trade with European countries and reduces trade with
countries outside Europe, both for imports and exports. Especially China (CHN), India, South-East
Asian Textile countries and Oil Exporting countries (OIE) become less attractive trading partners (Fig.
3). However, due to comparative advantages not all trade of Germany with non-EU+ regions is
reduced: a slight increase in trade can be observed for Turkey, North America (NAM; including the
USA) and Australia, New Zealand, Japan (ROI).
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Fig. 3 Absolute change (in USD million, indicated by the bars) of Germany’s imports and exports by regions in
2050 due to labour productivity losses as compared to the baseline (SSP2), relative change of external trade
balance (in %) is also indicated; climate projections: HadGEM2-ES for RCP4.5; climatic period 2050 (Ø20362065). See Table 1 in A2 for region acronyms.

Focussing on the sectoral level, Fig. 4 illustrates the shifts of the 10 most important sectors from a
German perspective (in value terms in the baseline scenario – indicated by the size of bubbles),
differentiated by origin/destination between EU+ regions (horizontal axis) and non-EU+ regions
(vertical axis). The shading represents the trade intensity with EU+ regions (the darker the shading, the
higher is the sector’s share of trade with European regions). These 10 most important sectors cover
82% of total imports and 90% of total exports, respectively.
Fig. 4(a) shows the shift of imports from outside Europe to within Europe. This relocation effect is
most strongly visible for the textile industry, for machinery (incl. data processing equipment,
electronic and optical products) and electronic equipment. In these sectors the share that is imported
from outside Europe is larger than in others already in the baseline. The same impact but smaller in
size can be observed for motor and motor/vehicles (incl. transport equipment), chemical products
(incl. rubber and plastic products) and iron & steel products, where imports in the baseline are mainly
coming from EU+ regions.
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Fig. 4 Relative changes of German imports (a) from and exports (b) to EU+ and non-EU+ regions due to labour
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in the 2050 baseline; climate

projections: HadGEM2-ES for RCP4.5. Size of bubble displays the size of the sector in billion USD in the
< 50 bn

baseline, shadings displays the share of sectoral trade with EU+ regions. Classes for both represent quintiles of
observations. For detailed sector description see Table 2 in A2.
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For exports we find a different pattern (Fig. 4(b)). Here sectoral changes are distributed across the first
and the third quadrant, implying that heat-related productivity losses lead to either higher or lower
exports to both EU+ and non-EU+ regions. Higher exports emerge for mostly capital-intensive sectors
such as machinery and iron & steel, but also for textile industry to both European and non-European
countries, while exports in more labour-intensive sectors such as services, wood and food products,
but also for air transport are lower to all regions. Exports of the chemical industry (CRP) are mainly
lower to non-EU+ regions.
On aggregate, two effects on Germany’s trade flows can be observed: first, total imports decline imports from outside Europe are reduced and are compensated by up to 38% by imports from
European countries. Second, total exports increase slightly – reductions to non-European countries are
overcompensated (160%) by increases in exports to EU regions.
4.3

Robustness across climate and socioeconomic scenarios and different global climate
models

As a robustness check, we compare key results across all GCM-RCP-SSP combinations. Fig. 5 shows
how changes in labour productivity affect imports and exports as well as national GDP and welfare5
across two socioeconomic and two emission scenarios. For ease of comparison, all model runs are
displayed together in a box plot for RCP4.5 (blue) and RCP8.5 (red). The results are again given for
2050 in relative terms, which indicate a %-deviation from the baseline scenario without climate
change.

Fig. 5 Change in German imports, exports, GDP and welfare in 2050 due to labour productivity losses as
compared to the baseline (SSP2 or SSP3); climate projections: HadGEM2-ES, NorESM1-M, IPSL-CM5A-LR,
GFDL-ESM2M and MIROC-ESM-CHEM, each for RCP4.5 (blue) and RCP8.5 (red); climatic period 2050
(Ø2036-2065). The boxes indicate the first and third quartiles, the whiskers extend to the projected minimum
and maximum change and the black line indicates the median.

5

Welfare is measured as the Hicks’ian equivalent variation of income.
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Starting with the trade indicators, Fig. 5 displays that both imports from and exports to EU+ regions
are higher in a world with climate change and the opposite is true for non-EU+ regions – imports from
and exports to non-EU+ regions are lower. The range across SSPs and GCMs lies between +0.27%
and +0.43% (+0.39% and +0.62%) for imports from EU+ regions and +0.15% and +0.31% (+0.22%
and +0.43%) for exports to EU+ regions in the lower emission scenario RCP4.5 (in the higher
emission scenario RCP8.5). The negative effects on imports from and exports to non-EU+ regions for
RCP4.5 (RCP8.5) lie between -0.89% and -1.65% (-1.27% and -2.36%), and -0.07% and -0.3% (-0.1%
and -0.44%), respectively. Although the German trade surplus increases in all model runs, the effects
on German GDP and welfare are clearly negative (for Germany but also every other European
country). Hence, the exploitation of comparative advantages cannot prevent welfare losses. In RCP4.5
(RCP8.5) the reduction in domestic GDP ranges between -0.07% and -0.29% (-0.09% and -0.41%)
while the reduction in welfare is slightly more pronounced with a range of -0.11% to -0.31% (-0.17%
and -0.46%). In general, the effects are stronger with a higher emission scenario (RCP8.5 as compared
to RCP4.5). Additionally, the direction of the results does not change across GCMs, thus results are
robust with respect to climate modelling. The effects on total trade flows, as well as on GDP and
welfare might seem small in size, but results on sectoral and regional trade flows are much larger (see
Section 4.2).
To disentangle how strongly effects outside Europe drive the direction and magnitude of the effects to
Germany’s trade balance, we also run an additional scenario as sensitivity analysis, where we assume
that climate change would occur only outside Europe but would leave European countries unharmed.
We find that there are no substantial changes in the results. This also is mainly driven by the fact that
the direct climate impact is relatively small in Europe with reductions of work ability of around 1%.
Despite Germany having (currently) its main trading partners within Europe, its economy would still
be strongly affected by spill-over effects triggered by climate change induced labour productivity
shocks occurring outside Europe. There are three key factors that drive this result. First, due to
regional differences in the magnitude of climate change, labour productivity losses are found to be
stronger outside Europe, particularly in South-East Asia and the Middle East. Second, some of
Germany’s key trading partners outside Europe, namely China and India, are strongly affected by
heat-related productivity losses due to climate change. Third, countries differ in their sectoral
contribution to GDP, and therefore in how large the share of high intensity work is in the overall
economy and how labour-intensive or extensive the production processes are. Since Germany imports
commodities that are produced in labour-intensive sectors outside Europe, the negative impact on
Germany’s imports from these countries is stronger and due to reduced disposable income also the
effect on exports to these countries is stronger than on European trade flows.
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5

Discussion and Conclusion

In this paper we demonstrate that the spill-over effects of global heat-related labour productivity losses
to Germany’s trade flows are significant by 2050. While the intensity of Germany’s trade with other
European countries might suggest that spill-over effects from these regions are in the same order of
magnitude as spill-over effects from outside Europe, we find on the contrary that almost the total
effect on Germany’s trade balance is caused by labour productivity losses outside Europe. In
particular, compared to a 2050 baseline without climate change, imports from outside Europe decrease
by up to -2.36% (relative to baseline imports from European countries). Imports from other European
regions increase by up to +0.62% (relative to baseline imports from non-European countries), leading
to a decline of total imports by up to -0.29% (relative to total baseline imports). Total exports from
Germany increase by up to +0.16%, as exports to other European regions increase by up to +0.43%
while exports to regions outside Europe decline due to decreased demand by up to -0.16%. Germany’s
trade balance improves (ranging from +0.06% to +0.23% across model runs, measured as percentage
of gross trade) – increasing the prevailing trade surplus.
In terms of sectors, we find that total imports in absolute values decline strongest for textiles and
wearing apparel, machinery, crude oil and gas, construction and motor vehicles. In contrast, imports
increase (to a much lower extent though) in manufacture of non-metallic mineral products, precious
and non-ferrous metals, service sectors, wood and paper products as well as manufacture of basic iron
and steel and fabricated metal products. Germany’s exports are significantly lower in service sectors
and the chemical industry in a climate change scenario. Lower exports are also observed for air
transport, food, beverages and tobacco and refined oil products. However, as a consequence of
comparative advantages, some trade sectors see substantially higher exports in a climate change
scenario, such as machinery and data processing equipment, the construction sector, the textile
industry and agricultural sectors.
While an increase in the German trade surplus could be viewed as beneficial from a German
perspective at first glance, it is important to consider that both German GDP and welfare decline in all
model runs, and that the effect on welfare is slightly stronger than on GDP. Hence, our results merely
show that the German economy is relatively better off than other world regions because it is less
affected by direct impacts, and can partly compensate losses in trade with regions outside Europe by
gains in trade with European regions. Put differently: all regions loose in terms of GDP and welfare
compared to the baseline scenarios without climate change, and therefore higher trade within Europe
only displays a comparative improvement for Germany, but not an absolute one.
Regarding robustness of results to different emission and socioeconomic scenarios, we find that a
higher emission scenario (RCP8.5 instead of RCP4.5) intensifies the effects. With respect to
socioeconomic developments, impacts tend to be higher when challenges for mitigation and adaptation

14

are higher (SSP3 as compared to SSP2); however, differences are small. Using climate projections
from five different GCMs also does not alter the direction of the results.
Finally, several caveats need to be considered in the present paper which should be addressed by
future research. First, we have implemented the common assumption that the ratio of the trade balance
to GDP remains constant in the baseline specification (as in the base year). While trade surpluses and
deficits have stayed rather constant during the last decade for many countries, including Germany,
global financial stability requires that the trade balance is balanced, at least in the long run. Second,
technological progress and in particular digitalisation are likely to affect work by mid of the century.
While technological change is partly captured by (exogenous) productivity changes, digitalisation and
any innovations changing working patterns in the future are ignored. Third, future trade patterns are
uncertain and thus may differ strongly compared to the commonly used baselines that emerge from
rather rough operationalisations of SSPs. Finally, there are several adaptation options available and
necessary that can counteract health impacts and productivity losses (Smith et al. 2014). Options
include higher shares of air-conditioning (addressed by Takakura et al. 2017), but also changes in the
ability of people to cope with heat stress. In any case, the qualitative insights from this paper and
resulting implications are likely to remain valid even when altering or refining assumptions.

15

References

Aaheim A, Amundsen H, Dokken T, Wei T (2012) Impacts and adaptation to climate change
in European economies. Glob Environ Change 22:959–968
Aguiar A, Narayanan B, McDougall R (2016) An overview of the GTAP 9 data base. J Glob
Econ Anal 1:181–208
Armington PS (1969) A Theory of Demand for Products Distinguished by Place of
Production. Staff Pap - Int Monet Fund 16:159. doi: 10.2307/3866403
Bednar-Friedl B, Schinko T, Steininger KW (2012) The relevance of process emissions for
carbon leakage: A comparison of unilateral climate policy options with and without
border carbon adjustment. Energy Econ 34, Supplement 2:S168–S180. doi:
10.1016/j.eneco.2012.08.038
Benzie M, Hedlund J, Carlsen H (2016) Introducing the Transnational Climate Impacts Index:
Indicators of country-level exposure -methodology report. Stockholm Environment
Institute, Stockholm, Sweden
Bröde P, Fiala D, Lemke B, Kjellstrom T (2017) Estimated work ability in warm outdoor
environments depends on the chosen heat stress assessment metric. Int J Biometeorol.
doi: 10.1007/s00484-017-1346-9
Burke M, Hsiang SM, Miguel E (2015) Global non-linear effect of temperature on economic
production. Nature 527:235–239. doi: 10.1038/nature15725
Challinor A, Adger WN, Di Mauro M, et al (2016) UK Climate Change Risk Assessment
Evidence Report: Chapter 7, International Dimensions. London
Chen C, Noble I, Hellmann J, et al (2015) Country Index Technical Report. University of
Notre Dame
Ciscar J, Feyen L, Soria A, et al (2014) Climate Impacts in Europe. Results from the JRC
PESETA II Project
Ciscar J-C, Iglesias A, Feyen L, et al (2011) Physical and economic consequences of climate
change in Europe. Proc Natl Acad Sci U S A 108:2678–2683
DARA, Climate Vulnerable Forum (2012) Climate vulnerability monitor: a guide to the cold
calculus of a hot planet. DARA, Madrid
Dellink R, Lanzi E, Chateau J (2017) The Sectoral and Regional Economic Consequences of
Climate Change to 2060. Environ Resour Econ. doi: 10.1007/s10640-017-0197-5
Destatis (2018) Übersicht der Globalisierungsindikatoren
Dimaranan BV, Narayanan BG (2008) Skilled and unskilled labor data. Cent Glob Trade Anal
Ed GTAP 7:
Dunne JP, Stouffer RJ, John JG (2013) Reductions in labour capacity from heat stress under
climate warming. Nat Clim Change. doi: 10.1038/nclimate1827

16

Eskeland GS, Mideksa TK (2010) Electricity demand in a changing climate. Mitig Adapt
Strateg Glob Change 15:877–897. doi: 10.1007/s11027-010-9246-x
European Environment Agency (2017) Climate change, impacts and vulnerability in Europe
2016: An indicator-based report.
Fricko O, Havlik P, Rogelj J, et al (2017) The marker quantification of the Shared
Socioeconomic Pathway 2: A middle-of-the-road scenario for the 21st century. Glob
Environ Change 42:251–267. doi: 10.1016/j.gloenvcha.2016.06.004
Golombek R, Kittelsen SAC, Haddeland I (2012) Climate change: impacts on electricity
markets in Western Europe. Clim Change 113:357–370. doi: 10.1007/s10584-0110348-6
Hedlund J, Fick S, Carlsen H, Benzie M (2018) Quantifying transnational climate impact
exposure: New perspectives on the global distribution of climate risk. Glob Environ
Change 52:75–85. doi: 10.1016/j.gloenvcha.2018.04.006
Hempel S, Frieler K, Warszawski L, et al (2013) A trend-preserving bias correction -- the ISIMIP approach. Earth Syst Dyn 4:219–236. doi: 10.5194/esd-4-219-2013
Hertel T, Hummels D, Ivanic M, Keeney R (2007) How confident can we be of CGE-based
assessments of Free Trade Agreements? Econ Model 24:611–635. doi:
10.1016/j.econmod.2006.12.002
Hewitson B, Janetos AC, Carter TR, et al (2014) Regional Context. In: Climate Change 2014:
Impacts, Adaptation, and Vulnerability
INFRAS, Ecologic, Rütter (2007) Auswirkungen der Klimaänderung auf die schweizer
Volkswirtschaft (Internationale Einflüsse). Zürich/Berlin/Rüschlikon
Kankaanpää S, Carter TR (2007) Implications of International Climate Change Impacts for
Finland. Finnish Environment Institute (SYKE), Helsinki
Kjellstrom T (2016) Impact of climate conditions on occupational health and related
economic losses: A new feature of global and urban health in the context of climate
change. Asia Pac J Public Health 28:28S–37S
Kjellstrom T, Holmer I, Lemke B (2009a) Workplace heat stress, health and productivity – an
increasing challenge for low and middle-income countries during climate change.
Glob Health Action 2:2047. doi: 10.3402/gha.v2i0.2047
Kjellstrom T, Kovats RS, Lloyd SJ, et al (2009b) The Direct Impact of Climate Change on
Regional Labor Productivity. Arch Environ Occup Health 64:217–227. doi:
10.1080/19338240903352776
Kjellstrom T, McMichael AJ (2013) Climate change threats to population health and wellbeing: the imperative of protective solutions that will last. Glob Health Action
6:20816. doi: 10.3402/gha.v6i0.20816
Lemke B, Kjellstrom T (2012) Calculating workplace WBGT from meteorological data: a
tool for climate change assessment. Ind Health 50:267–278

17

Liverman D (2016) U.S. National climate assessment gaps and research needs: overview, the
economy and the international context. Clim Change 135:173–186. doi:
10.1007/s10584-015-1464-5
Lühr O, Kramer DJ-P, Lambert J, et al (2014) Analyse spezifischer Risiken des
Klimawandels und Erarbeitung von Handlungsempfehlungen für exponierte
industrielle Produktion in Deutschland (KLIMACHECK). Prognos / adelphi, Berlin
Moss RH, Edmonds JA, Hibbard KA, et al (2010) The next generation of scenarios for
climate change research and assessment. Nature 463:747–756. doi:
10.1038/nature08823
Nicholls RJ, Kebede AS (2012) Indirect impacts of coastal climate change and sea-level rise:
the UK example. Clim Policy 12:S28–S52. doi: 10.1080/14693062.2012.728792
NIOSH (1986) Occupational Exposure to Hot Environments: Revised Guidelines for Worker
Safety. National Institute for Occupational Safety and Health
O’Neill BC, Kriegler E, Riahi K, et al (2014) A new scenario framework for climate change
research: The concept of shared socioeconomic pathways. Clim Change 122:387–400.
doi: 10.1007/s10584-013-0905-2
Oppenheimer M, Campos M, Warren R, et al (2014) Emergent Risks and Key Vulnerabilities.
In: Climate Change 2014: Impacts, Adaptation, and Vulnerability
Parsons K (2014) Human thermal environments: the effects of hot, moderate, and cold
environments on human health, comfort, and performance. CRC press
PricewaterhouseCoopers (PwC) (2013) International threats and opportunities of climate
change
for
the
UK.
http://www.pwc.co.uk/services/sustainability-climatechange/insights/international-threats-and-opportunities-of-climate-change-to-theuk.html
Roson R, Sartori M (2016) Estimation of Climate Change Damage Functions for 140 Regions
in the GTAP 9 Database. J Glob Econ Anal 1:78–115
Roson R, Van der Mensbrugghe D (2012) Climate change and economic growth: impacts and
interactions. Int J Sustain Econ 4:270–285
Roudier P, Andersson JCM, Donnelly C, et al (2016) Projections of future floods and
hydrological droughts in Europe under a +2°C global warming. Clim Change
135:341–355. doi: 10.1007/s10584-015-1570-4
Shoven JB, Whalley J (1992) Applying General Equilibrium. Cambridge University Press,
Cambridge, United Kingdom
Smith KR, Woodward A, Campbell-Lendrum D, et al (2014) Human Health: Impacts,
Adaptation, and Co-Benefits. In: Climate Change 2014: Impacts, Adaptation, and
Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group II
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,
pp 709–754

18

Steininger KW, König M, Bednar-Friedl B, et al (eds) (2015) Economic Evaluation of
Climate Change Impacts. Springer International Publishing, Cham
Takakura J, Fujimori S, Takahashi K, et al (2017) Cost of preventing workplace heat-related
illness through worker breaks and the benefit of climate-change mitigation. Environ
Res Lett 12:064010. doi: 10.1088/1748-9326/aa72cc
Taylor KE, Stouffer RJ, Meehl GA (2012) An overview of CMIP5 and the experiment design.
Bull Am Meteorol Soc 93:485–498. doi: 10.1175/BAMS-D-11-00094.1
UK Foresight (2011) International Dimensions of Climate Change. UK Government Office
for Science, London
UNDP (2016) Climate Change and Labour : Impacts of Heat in the Workplace
Vonk M, Bouwman A, van Dorland R, Eerens H (2015) Worldwide climate effects: Risks and
opportunities for the Netherlands. PBL Netherlands Environmental Assessment
Agency, The Hague
Wachsmuth J, Blohm A, Gößling-Reisemann S, et al (2013) How will renewable power
generation be affected by climate change? The case of a Metropolitan Region in
Northwest Germany. Energy 58:192–201. doi: 10.1016/j.energy.2013.06.035
Warszawski L, Frieler K, Huber V, et al (2014) The Inter-Sectoral Impact Model
Intercomparison Project (ISI–MIP): Project framework. Proc Natl Acad Sci 111:3228–
3232. doi: 10.1073/pnas.1312330110
Watkiss P, Hunt A (2012) Projection of economic impacts of climate change in sectors of
Europe based on bottom up analysis: human health. Clim Change 112:101–126. doi:
10.1007/s10584-011-0342-z
Wenz L, Levermann A (2016) Enhanced economic connectivity to foster heat stress-related
losses. Sci Adv 2:e1501026–e1501026. doi: 10.1126/sciadv.1501026
West C, Croft S, Dawkins E, et al (2015) Identifying and exploring key commodity chains at
risk from climate impacts. In: AVOID2. WPF3: The impact of weather extremes on
agricultural commodity prices
Willner SN, Otto C, Levermann A (2018) Global economic response to river floods. Nat Clim
Change 8:594–598. doi: 10.1038/s41558-018-0173-2
Zander KK, Botzen WJW, Oppermann E, et al (2015) Heat stress causes substantial labour
productivity loss in Australia. Nat Clim Change 5:647–651. doi:
10.1038/nclimate2623

19

Appendix

A1

The wet bulb globe temperature (WBGT) index and work ability (WA)

Climate Scenarios and time periods
For the historical period (1981-2010) in the present analysis, we use data from the historical
experiment (which is available until 2005) together with data from the RCP4.5 scenario for 20062010. For the future period (2036-2065) we use data from two emission scenario experiments, the
moderate RCP4.5 and the high emission RCP8.5 scenarios.
Data and calculation of WBGT and work ability (WA) changes
We use daily 2-meter air temperature (TAS) and near-surface relative humidity (HURS) data from the
five bias-corrected ISIMIP-GCMs on a global regular 0.5° x 0.5° grid to calculate projected changes in
WBGT. In a first step, we estimate the water vapour partial pressure E as shown in Equation (1)
(Kjellstrom et al. 2009), note that TAS is used in °C:

𝐸=

𝐻𝑈𝑅𝑆
100

17.27⋅𝑇𝐴𝑆

⋅ 6.105 ⋅ e237.7+𝑇𝐴𝑆

(1)

Subsequently, we calculate the WBGT in Equation (2):

𝑊𝐵𝐺𝑇 = 0.567 ⋅ 𝑇𝐴𝑆 + 3.94 + 0.393 ⋅ 𝐸

(2)

Equation (2) assumes light wind conditions and moderately high heat radiation levels. To additionally
estimate projected work ability changes for indoor activities, we use WBGT values minus 4 to account
for the absent exposure to the sun (Kjellstrom et al. 2009).
In order to derive work ability values, we apply the exposure-response relationships presented in
Equation (3) derived by Bröde et al. (2017), based on findings by Kjellstrom et al. (2014):

𝑊𝐴 = 0.1 + 0.9/(1 + (𝑊𝐵𝐺𝑇/𝛼1 )𝛼2 )

(3)

Depending on the work intensity, (𝛼1 , 𝛼2 ) are (34.64, 22.72) for light work, (32.93, 17.81) for
moderate work and (30.94, 16.64) for heavy work. The calculated work ability values are expressed as
a percentage share indicating the amount of time the work force is working. The assumption is that
with a change in the WBGT, workers are taking more or longer breaks necessary to sustain their
thermal comfort and are relatively more engaged in satisfying their altered thirst to prevent heat
strokes. The relationships between different types of work abilities and WBGT for light, medium and
heavy work (200Watt, 300Watt and 400Watt accordingly) are shown inFig.1.
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Fig. 1 Exposure-response relationships between work ability and WBGT based on the functional relationships
derived by Bröde et al. (2017) for light, medium and heavy work (200Watt, 300Watt and 400Watt accordingly)

Prior to deriving work ability changes, region aggregates (see Table 1) are calculated by weighting the
gridded work ability values with respect to population data:
1

𝑊𝐴c = 𝑃 ∑(𝑊𝐴g ∗ 𝑃g )
c

for g in c ,

(4)

where g denotes a single grid point, c a region aggregate and 𝑃 the population. This approach allows to
further account for the influence of geographically varying population development within the Shared
Socioeconomic Pathways (SSP) framework (Riahi et al. 2017). Decadal SSP population projections
are provided by Jones and O’Neill (2016). All population data are conservatively re-gridded from their
regular horizontal resolution of 0.125° to the 0.5° resolution of the ISIMIP-GCMs, thereby
maintaining absolute population counts within the coarser grid cells. For calculations within the base
period (1981-2010) we utilize the provided base population data for the year 2010. For the future
period (2036-2065) we use SSP2 and SSP3 population projections for 2050 (Jones and O’Neill 2016).
As the effect of current work ability levels is implicitly included in current indices of economic
production, we calculate the relative changes in work ability (ΔWA) with respect to the base period
(1981-2010) for every region c:
future period

ΔWAc =
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WAc

base period

WA𝑐

∗ 100

(5)

A2

Regions and Sectors

Table 1 Region aggregates in the CGE model
Aggregated region

Model code

Comprising GTAP regions

Germany

DEU

Germany

2

Austria

AUT

Austria

3

Italy

ITA

Italy

4

France

FRA

France

5

Benelux

BLX

Belgium, Netherlands, Luxemburg

6

UK + Ireland

UKI

UK, Ireland

7

Central EU 27 +
Switzerland

CEU

Czech Republic, Hungary, Poland, Slovenia, Slovakia,
Switzerland

8

Northern EU 27+
Liechtenstein, Norway
and Iceland

NEU

Denmark, Sweden, Finland, Norway, Estonia, Latvia,
Lithuania, Rest of EFTA (Liechtenstein, Iceland), Rest of
the world (Antarctica, French Southern Territories,
Bouvet Island, British Indian Ocean Territory)

9

Mediterranean EU 27

MEU

Cyprus, Greece, Malta, Portugal, Spain

10

South-eastern EU 27 +
Rest of Europe

SEE

Bulgaria, Croatia, Romania, Albania, Rest of Europe
(Bosnia and Herzegovina, Macedonia, Serbia and
Montenegro, Faroe Islands, Gibraltar, Monaco, San
Marino)

North America

NAM

USA, Canada, Rest of North America (Bermuda,
Greenland, Saint Pierre and Miquelon)

12

Rest of industrialized
countries

ROI

Australia, New Zealand, Japan

13

Eurasian countries

ERA

14

Emerging economiesLatin America

ECL

Russian Federation, Kazakhstan, Belarus, Ukraine,
Armenia, Georgia, Kyrgyzstan, Rest of former Soviet
Union (Tajikistan, Turkmenistan, Uzbekistan), Rest of
Eastern Europe (Moldova)
Brazil, Mexico

15

Emerging economiesAsia+ Israel

ECA

Hong Kong, Singapore, South Korea, Israel

16

Turkey

TUR

Turkey

17

China

CHN

China

18

India

IND

India

19

South-East Asia +
Tunisia- Textile industry
countries

SEAT

Bangladesh, Thailand, Indonesia, Vietnam, Pakistan,
Tunisia

20

South-East AsiaElectronic equipment
producing countries

SEAE

Malaysia, Taiwan, Philippines

21

Latin America (w/o
Brazil and Venezuela)

LAM

Argentina, Bolivia, Guatemala, Honduras, Nicaragua,
Peru, Rest of South America, Chile, Colombia,
Dominican Republic, Ecuador, El Salvador, Paraguay,
Uruguay, Costa Rica, Panama, Rest of Central America,
Trinidad and Tobago, Caribbean (Anguilla, Antigua and
Barbuda, Aruba, Bahamas, Barbados, British Virgin
Islands, Cayman Islands, Cuba, Dominica, Grenada,
Haiti, Montserrat, Netherlands Antilles, Saint Kitts and
Nevis, Saint Lucia, Saint Vincent and Grenadines, Turks
and Caicos Islands, Virgin Islands (US)), Jamaica,
Puerto Rico

Europe
1
(EU+)

Outside
11
Europe (nonEU+)

22

22

Oil exporting countries
(OPEC: Middle East and
Africa + Venezuela)

OIE

Saudi Arabia, United Arab Emirates, Egypt, Nigeria,
Venezuela, Rest of North Africa (Algeria, Lybia), Rest of
Western Asia (Iraq, Lebanon, Palestinian Territory,
Occupied, Syrian Arab Republic (Syria), Yemen),
Azerbaijan, Iran, Bahrain, Kuwait, Oman, Qatar,
Morocco, Rest of South Central Africa, Jordan

23

Rest of South & SouthEast Asia (less developed
Asian countries)

RSEA

Cambodia, Lao People’s Democratic Republic, Rest of
South-East Asia (Myanmar, Timor-Leste), Sri Lanka,
Rest of South Asia (Afghanistan, Bhutan, Maldives),
Rest of East Asia (Korea, Mongolia, Macau), Rest of
Oceania, Nepal, Brunei Darussalam

24

Africa

AFR

South Africa, Benin, Burkina Faso, Cameroon, Cote
d’Ivoire, Ghana, Guinea, Senegal, Togo, Rest of West
Africa, Central Africa, Ethiopia, Kenya, Madagascar,
Malawi, Mauritius, Mozambique, Namibia, Rwanda,
Tanzania, Uganda, Zambia, Zimbabwe, Rest of Eastern
Africa, Botswana, Rest of South African Customs Union

Source: GTAP database v9 (Aguiar et al. 2016); countries in italics are aggregated already in the
GTAP database
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Table 2 Sectoral aggregation in the CGE model

Comprising GTAP sectors

Work intensity
(light/medium/heavy
for indoor/outdoor)

Agricultural products -crops

Agricultural sectors (1-8)

heavy work outdoor

Agricultural products -livestock

Agricultural sectors (9-12)

FOF

Forestry and Fishery

forestry (13) and fishing(14)

COA

Coal

OAG

Crude Oil and Natural Gas

OMN

Other mining

FBT

Foodstuffs and feedingstuffs, beverages and
tobacco products

food

All food processing sectors (19-25), beverages and tobacco products
(26)

TWL

Textile industry

textile industry

Textiles (27), Wearing apparel (28), Leather products (29)

WOP

Wood products and paper products,
publishing

wood

Wood products (30), Manufacture of paper products and publishing
(31)

OME

Machinery, data processing equipment,
electronic and optical products

machinery

Other Machinery & Equipment: electrical machinery and apparatus
n.e.c., medical, precision and optical instruments, watches and clocks
(41)

ELE

Electronic Equipment

electronic
equipment

Electronic Equipment: office, accounting and computing machinery,
radio, television and communication equipment and apparatus (40)

MVT

Motor, Motor vehicles and parts and other
Transport Equipment

motor/vehicle

Motor, Motor vehicles and parts: cars, lorries, trailers and semi-trailers
(38), Other Transport Equipment: Manufacture of other transport
equipment (39)

ELY

Electricity

Production, collection and distribution of electricity (43)

OMF

Other manufacturing

Other Manufacturing: includes recycling (42)

P_C

Refined oil products

CRP

Chemical industry

chemical products

Chemical, rubber, plastic products (33)

NMF

Manufacture of other non-metallic mineral
products, precious and non-ferrous metals

non-metallic
minerals

Manufacture of other non-metallic mineral products (34), precious and
non-ferrous metals (36)

ISM

Manufacture of basic iron and steel and
casting and fabricated metal products

iron & steel

Manufacture of basic iron and steel and casting (35), fabricated metal
products (37)

WAT

Transport –Water

Sector cluster

Acronym

Sector aggregates in the model

Agriculture,
Forestry and
Fishery

AGC
AGL

Extraction
sectors

Food, textile
and wood
industries

Machinery
and electronic
equipment

Other
industries

Transport

Abbreviation
used in Fig.4 in
the main text

Coal Mining (15)
oil & gas

heavy work outdoor

Oil extraction (16), Natural Gas extraction (17), manufacture of gas,
distribution, steam and hot water supply (44)
other mining (18)

Petroleum, coal products (32)

Water (49)

medium work indoor

medium work indoor

medium work indoor

medium work indoor
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Services and
construction

AIT

Transport –Air

LAT

Transport –Land

SER

Other services and utilities

CRE

Construction

air transport

Air (50)
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Source: GTAP database v9 (Aguiar et al. 2016)
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A3

Trade patterns in 2050 in the baseline scenario (SSP2) without climate change

Among the most important sectors both on the import as well as on the export side are machinery, data
processing equipment, electronic and optical products (OME), motor, motor vehicles and parts and
other transport equipment (MVT), service sectors (SERV) and chemical industry sectors (CRP) (see
Fig.3). These four sectors make up 50% of Germany’s imports and 70% of Germany’s exports. In
terms of sectors, imports are therefore slightly more diversified than exports. German imports also
include a large share of crude oil and gas (OAG), whereas this sector is negligible on the export side
since Germany does not have large oil or gas resources. While imports in these four sector aggregates
(OME, MVT, SERV and CRP) tend to come from EU+ countries rather than from outside Europe
(64% vs. 36%), exports are almost equally distributed across EU+ and non-EU+ regions (55% vs.
45%). For Germany’s total trade volume, the share of trade with EU+ countries amounts to 57% for
imports and 58% for exports, indicating only a small surplus above trade with non-EU+ countries.
Especially goods in the two sectors textile industry (TWL) and electronic equipment (ELE) are
primarily imported from non-EU+ regions with the majority coming from South-East Asian Textile
countries (Bangladesh, Thailand, Indonesia, Vietnam, Pakistan and Tunisia), China, Turkey and India
(64%) (see Fig.4).
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Fig, 3 Germany’s imports and exports (in Mio. USD) from EU+ and non-EU+ regions by sector cluster in SSP2
(2050)
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A4

Disaggregated results of work ability changes

Fig. 5 Projected relative changes in global WA based on projections of the five GCMs (in rows) for RCP4.5
until 2036-2065 for light indoor work (left column) and heavy outdoor work (right column)
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Fig. 6 Projected relative changes in global WA based on projections of the five GCMs (in rows) for RCP8.5
until 2036-2065 for light indoor work (left column) and heavy outdoor work (right column)
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Results for regional GDP and welfare changes
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Fig. 7 Change in GDP and welfare in 2050 due to labour productivity losses as compared to the baseline
(SSP2); climate projections: HadGEM2-ES for RCP4.5; climatic period 2050 (Ø2036-2065)
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