D2.7 Macroeconomic, spatially-resolved impact assessment

2 COACCH

d CO-DESIGNING THE ASSESSMENT OF CLIMATE CHANGE COSTS

Grant agreement no. 776479

COACCH

CO-designing the Assessment of Climate CHange costs

H2020-5C5-2016-2017/H2020-SC5-2017-OneStageB

D2.7. Macroeconomic, spatially-resolved
impact assessment

Work Package: 2
Due date of deliverable: M 32 (July/2020)
Actual submission date: 22/10/2020 — rev 07/03/2022

Start date of project: 01/DEC/2017 Duration: 42 months
Lead beneficiary for this deliverable: CMCC

Contributors: Francesco Bosello (CMCC), Gabriele Standardi
(CMCC), Ramiro Parrado (CMCC), Shouro
Dasgupta (CMCC), Gianni Guastella (FEEM),
Massimiliano Rizzati (FEEM), Stefano Pareglio
(FEEM), lJessie Schleypen (CA), Esther Boere
(HASA), Miroslav Batka (IIASA), Hugo Valin
(HASA), Benjamin Bodirsky (PIK), Daniel Lincke
(GCF), Timothy Tiggeloven (VU), Kees van
Ginkel (Deltares)

Dissemination Level

PU | Public X

co Confidential, only for members of the consortium (including the Commission
Services)

Cl | Classified, as referred to in Commission Decision 2001/844/EC

PU Page 1 Version 0.6

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.




D2.7 Macroeconomic, spatially-resolved impact assessment

Disclaimer

The content of this deliverable does not reflect the official opinion of the European
Union. Responsibility for the information and views expressed herein lies entirely with
the author(s).

Suggested citation

Bosello F., Standardi G., Parrado R., Dasgupta S., Guastella G., Rizzati M., Pareglio S.,
Schleypen J., Boere E., Batka M., Valin H., Bodirsky B., Lincke D., Tiggeloven T., van
Ginkel K. (2020). D2.7. Macroeconomic, spatially-resolved impact assessment.
Deliverable of the H2020 COACCH project.

PU Page 2 Version 0.6

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.



D2.7 Macroeconomic, spatially-resolved impact assessment

Table of contents

1 Introduction and Method (CMCC) ......ueeeeiiiiiiiiiiiieeeeie e 8
2 Macroeconomic assessment of climate change at regionalized scale.............ccco....... 9
2.1 Macroeconomic assessment methodology........cccuvveeeeiieiiciiiiieeeeece e, 9
2.2 Sectoral impact aSSESSMENT ..cciivuiiiiiiiiiiee et e s e e 10
D R Y - { g Tol UL (U TP PURR 10
BN A o] =11 i oV ST 19
2.2.3 FiSHBIIES coeei ittt e e e a e e e e e araees 23
2.2.4 SEAIBVEI FISE ..ueeeeiiieee ettt ettt e e e e e et e e e e e e e e nnaraees 27
D T YT g T TR Lo o Lo LR 35
3V SR I - 4 1] o Lo ] o AT 40
2.2.7 ENEIEY SUPPIY . .ueiiiiiiiiieeieiiie ettt ettt e e et e e e s sbae e e s s sabae e e s sabae e e e nnnees 45
2.2.8 ENErgy demand......cccueiiiiiiiiiiiiieie ettt ae e e 50
2.2.9 Labour ProduUCIVILY .....ccoeciieiiiiiiieecieee e e s 54

2.3 Compounded impact aSSESSMENT......cccuuiieiriirieeiriieee e erireeeesrrreeessrreeessaeeeeeenaes 58
2.3.1 SiMUIGtioN FESUILS ceeeeeieeeeee e e e e 58
2.3.2 UNcertainty @analysis .....coucuieiiiniiiieiiiiieeeeciiee et e e s sae e 68

FAY o] 0 1=T g o 1< G0t A PP UPPUPRROTPRPN 71
3 Spatial analysis of climate change iIMPaCtS........ccccevvvivieeiiee e 75
3.1 Downscaling macroeconomic impact at the 1x1 km grid level for the EU......... 75
2 I A 1Y o Yo [Tt T IR 75
3.1.2 Review of the [Iterature.......cccccueie e 75
I S N |V =Y o g o Yo [o] [o =4V AU PP 77
N B S D T ) - F 80
 J0 T (T U | SRR 81
3.1.6 ConclUudiNg REMATIKS ...ccoecuvrrieiieieeieiiciirreee e eeetreee e e e eeaareee e e e e e s e ennareaeees 85

4 Distributional implications of climate change for the EU.........cccooeevvveveeeeeeiiecnnnnnen, 86
g N 1 o 4 o Yo [ ot o [ o TP 86
.2 Data. i 87

L I \V/ =14 a Yoo [o] [ Y AR O URPURRRRPRP 88
4.3.1 Gaussian finite mixture modelling.......cccvvveeeeiiiiiiiiiiieeee e 88
4.3.2 Cluster analysis relevant for the distributional impacts of climate change 89

B4 RESUILS...uuiiiiiieie ettt ettt e e e e e e e re e e e e e e e e e e aarteeeeeeeeeeeanrraareeaaeeeennraraees 90
Lt N o o =1 1= o T o U PPRPRN 90
A @ [V LT AN g - 1LY [ PR 91

4.5 Conclusions and recommendations for further study.........cccecvieeiniiiieeinnneennn. 94
FAY o] 0 1=1 3 o 1 G0 A PO PUPRROTPRPR 95
RETEIENCES et e e e e e e e e e e e e b teaeeeeeeeee s ntrrraeeeaaeeeaannes 96
PU Page 3 Version 0.6

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.



D2.7 Macroeconomic, spatially-resolved impact assessment

Version log
Version | Date Released by Nature of Change
0.1 30/October/18 All partners Request for input
0.2 29/June/20 CcMcCC First draft
0.3 29/September/20 |CMCC Second draft
0.4 22/0October/2020 |CMCC Final check by the
coordinator
0.5 January/2022 CMCC Updated with further
simulations, robustness
checks and uncertainty
analysis
0.6 7/March/2022 CcMcCC Last version
incorporating
suggestions by the
reviewer
Summary

This deliverable assesses the higher order economic implications of climate change
impact previously assessed by COACCH sectoral impact models, applying the ICES
macroeconomic computable general equilibrium (CGE) model. Once computed, EU
regional GDP performances in the presence of climate change, quantified by the ICES
model, are further detailed at a higher spatial resolution applying statistical
downscaling techniques. The analysis is completed by assessing potential distributional
implications of the economic impacts.

Macroeconomic impacts are determined in the nine SSP-RCP scenario combinations
used as reference in the COACCH project and, to fully characterize the uncertainty
space, are specified for a low, a medium and a high impact case. The range is obtained
using as input to the macroeconomic model, for each impact, in each year, in each
region, the highest and the lowest value produced by the sectoral impact assessment
exercises. These, on their turn, depend mostly upon the different climate models used
to perturb the sectoral impact model. Given its relevance in a regional (sub national)
context as examined, also two alternative specifications of investment mobility across
EU areas, “high” and “low” are considered. In the first case there is a higher, in the
second a lower, investment sensitivity to inter regional differentials in the rate of
return to capital. This has a direct influence on how impacts propagate across regions,
especially when the regional capital stock is affected. This applies mostly to sea-level
rise and river flooding assessments. Under “high investment mobility” there is a higher
transmission of negative shocks. Under “low investment mobility”, losses tend to
remain more confined in the region of origin.
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In the majority of EU regions climate change impacts can become larger than 1-2% of
regional GDP already by mid-century. As expected, this is more evident in the “high
impact case” and in scenarios with the stronger climate signal: RCP6.0 and RCP8.5. This
is evident in the high investment mobility case where impacts on GDP are exacerbated.
Nonetheless, this result, even though partly moderated, is confirmed in the “low” and
“medium impact” cases and also in the low investment mobility case. In the “high
impact case” there are regions, mostly located in southern, but also western European
countries where the loss is close to or larger than 5%. In Latvia the loss can potentially
exceed 10%. Until 2050 macro-economic effects are quite similar across the SSP-RCP
combinations. The ampler difference in the results indeed originates more by the
choice of the impact forcing data, whether they are taken from the low, medium, or
high impact case, or by investment mobility assumptions than by the different SSP-RCP
combination.

In 2070 GDP impacts and their variability increase. There is an evident difference
across the low and high investment mobility cases. Although losses prevail in both
specifications, and the geographical distribution of macroeconomic effects is robust
across setups, in the former, losses are smaller, and more regions may gain under a
lower climate signal (either from lower warming scenarios or lower climate sensitivity).
The divergence is almost entirely due to the behaviour of two impacts: primarily sea-
level rise and partly riverine floods. These two impacts affect the regional capital
assets. Investment reactions to capital return are thus one of the main drivers of
systemic macroeconomic effects. Accordingly, the way in which investment mobility is
modelled can play a large role. In the specific case, sea-level rise losses are
considerably smaller and less widespread under low investment mobility. Given that
sea-level rise costs are also among the larger sources of economic losses, this explains
the width of difference.

The following dynamics can be further described:

- The low impact case highlights potential gains in agriculture, forestry, and
fisheries in many EU regions. At the same time, negative impacts from other
drivers are small. This eventually originates the possibility of net GDP gains in
regions generally located in the central and northern EU, but also in some
southern European countries where the local economic activity is particularly
oriented to these sectors. Gains are however moderate (mostly lower than 1%
of GDP) with just the exception of Bulgaria close to 5% of regional GDP in SSP1-
RCP2.6. On average, over the sample of EU regions, losses prevail over gains.
When present, losses are more widespread in southern EU regions,
nonetheless they can affect northern areas mostly because of sea-level rise.

- Gains from agriculture, forestry and fishing that increase with climate change
can originate, in some regions, lower net losses (or higher net gains) in a
stronger climate signal scenario like RCP8.5 than in a more moderate one like
RCP4.5.

- The main drivers of macroeconomic impacts from climate change are sea-level
rise (especially in the high investment mobility case), riverine floods and crop
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yield changes. Impacts on fishery and forestry (that in the majority of EU
regions originate GDP gains), roughly comparable in magnitude with impacts on
labour productivity, energy supply and demand (the latter inducing GDP
losses), follow. Less relevant in terms of GDP effects (with some regional
exceptions) are interruptions of road networks. On the one hand these can be
good news as we demonstrated in sub section 2.2.4 that adaptation can deal
cost-effectively with one of the most concerning of these climate change
impact: sea level rise. On the other hand, less optimism is induced noting that
positive GDP impacts in low and moderate warming scenarios, are due to
investment mobility patterns or indirect trade effects for natural resource
dependent sectors such as agriculture, forestry, and fishing. Some caution
needs to be taken because of the high uncertainty associated with these
dynamics and sectors, and because there may be other constraints.

An “analysis of variance” ANOVA was performed to quantify the role of the different
uncertainty sources in determining the macroeconomic results. The larger are
associated with investment mobility, closely followed by “impact model sensitivity”,
then by the choice of the climate scenarios and finally by the social economic
scenarios. This analysis conveys important messages. It stresses the possibility to
experience high economic losses also in low climate change scenarios. Uncertainty
associated with the impact models, which in our case often coincides with climate
sensitivity, is indeed a larger driver of economic losses than climate scenarios
themselves.

Disaggregating this information to a higher geographical resolution would nonetheless
allow to map the climate impacts more precisely, and to help the policymaker to
develop more tailored and cost-effective actions. In this work, we apply statistical
downscaling techniques to map the ICES scenarios results to a 1-Km resolution spatial
grid that covers all the regions included in the ICES model. The projections for each
year of each region’s GDP, either baseline or following a climate impact, are
distributed in the grid map according to each grid cell’s share of projected artificial
areas. Following the literature on the topic, we condition the projections of these
artificial areas to each grid’s cell level of total population. To obtain this variable, we
downscale the total country-level population through a share of growth procedure
based on the growth rates available for each SSP scenario. The impact of the grid’s
population changes influences then the prediction of the artificial area. We model this
impact with a nested linear mixed model, which is regressed on satellite-based data
available for the starting years of the ICES model and controlled by the inclusion of
several auxiliary variables. This results in a collection of geographically explicit datasets
at the grid’s level that includes the downscaled GDP level for each baseline and each
climate impact level projections. While useful for highlighting the most impacted areas
and to compare the different scenarios, this methodology could further act as a
starting point to model explicit spatial variations in the GDP distribution over time
following climate impacts of different types.
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The distributional analysis suggests that regions with the largest projected GDP loss in
2050 are the same regions with the lowest GDP per capita, the lowest share of the
population with tertiary education, and the lowest life expectancy, historically, among
the EU-27 + UK countries. The top GDP gainers are NUTS2 regions grouped under the
cluster showing the highest projected GDP growth, the lowest population density, and
below-average current mean temperature. In this sense climate change is amplifying
inequality. At the same time improvement in health and higher education relates to
higher GDP in the future, despite climate change impacts. The correlation to
development indicators is, however, weak.

Furthermore, we do not see a clear pattern in relation to the largest GDP gains due to
climate change.
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1 Introduction and method (CMCC)

This deliverable operationalizes the second part of COACCH task 2.7: “Multi-scale
cross-sectoral macroeconomic assessment”. It assesses the higher order economic
implications of climate change impact following the sectoral assessment delineated in
task 2.7 by applying COACCH sectoral impact models (results reported in COACCH
D2.2, D2.3, D2.4) and the ICES macroeconomic computable general equilibrium (CGE)
model developed by CMCC that details with a subnational resolution (NUTS 0-2 level)
the EU.

D2.7 is placed at the final step of the impact chain assessment methodology described
in D2.1: “Protocol of information exchange flow and model integration” and
summarized in Figure 1.
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Figure 1. Representation of the vertical and horizontal integrated information exchange flows within
the COACCH project

NUTS 2 results from the macroeconomic assessment are further downscaled at a
higher resolution applying statistical downscaling techniques. The analysis is
completed by assessing potential distributional implications of the economic impacts.

The organization of the deliverable is the following: section 2 describes the
methodology used to conduct the macroeconomic assessment, and its results; section
3 presents the method and results of the downscaling procedure applied to detail at a
1 Km resolution spatial grid for the EU28, the ICES model results. Finally, section 3
discusses distributional implications of the macroeconomic impacts.
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2 Macroeconomic assessment of climate change at
regionalized scale

2.1 Macroeconomic assessment methodology

The description of the Intertemporal Computable Equilibrium System (ICES) model and
of its application can be found in deliverable D2.2 of the COACCH project (Bosello and
Parrado 2018), while the calibration procedure in milestone 8 (Bosello et al., 2019).
The main feature of the model is to provide a multi-country, multi sector
representation of the global economic system, developing for the EU a sub national
description. As typical in CGE models, in ICES markets (or economic sectors) are
connected, domestically and internationally, by trade flows of goods and services.
These flows are governed by changes in prices determined by the interaction between
demand and supply claims originated by profit maximizing representative firms and
utility maximizing representative households. In doing so, price determination and
exchanges across sectors are fully endogenous. Said differently: the model can track
how a “shock” be it a policy signal (a tax or a quota) or climate change induced (a
change in factors of production availability or “quality”; or shift in household
expenditures) may affect the economic performance of a country or region , its
sectoral production and commodity prices. The application of CGE models to the
economic assessment of climate change impacts is quite consolidated in the literature.
Recent examples are the efforts from the OECD (Dellink et al 2019), Feyen et al. (2020).
The use of CGE models offers an alternative to the application of “hard linked”
integrated assessment models like the DICE-RICE model family initiated by Nordhaus
(Nordhaus , 2011) and represented in the COACCH project by models like CLIMRISK,
WITCH, REMIND, and FAIR. This last category of models is characterized by the
application of reduced-form climate change damage functions. In practice, a (most
often quadratic) function translates temperature increases into GDP loss. This
methodology is very appealing for its simplicity of application and allows the study of
very complex climate policy decision processes like, for instance, strategic behaviour in
international agreements, or choice in the presence of catastrophic uncertainty. It is
however weaker in representing impacts on and from trade and, more in general,
“market driven adaptation” i.e. how economic agents can react facing new price (i.e.
scarcity) signals triggered by climate change shocks.

In what follows, the different categories of climate change impacts assessed in
COACCH deliverables D2.2, D2.3, and D2.4 are translated into inputs for the ICES CGE
model through appropriate changes in sectoral supply and demand schedules. The
economic model then evaluates how these perturbations transform into regional gross
domestic product (RGDP) changes once market have adjusted.

Macroeconomic impacts are determined in the nine SSP-RCP scenario combinations
used as reference in the COACCH project and, to fully characterize the uncertainty
space, are specified for a low, a medium and a high impact case. The range is obtained
using as input to the macroeconomic model, for each impact, in each year, in each
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region, the highest and the lowest value produced by the sectoral impact assessment
exercises. These, on their turn, depend mostly upon the different climate model used
to perturb the sectoral impact model. One of the distinctive features of COACCH is to
provide a macroeconomic assessment of climate change impacts at the sub-national
level for the EU. An important driver of macroeconomic impacts is how investment
moves inter-regionally. Therefore, to offer a further robustness check of our findings,
all results are also provided considering two different assumptions on investment
mobility across EU regions. The first, called “high investment mobility” treats each EU
region as all the other countries in the model: investment is free to move
internationally and inter-regionally seeking the highest return. The second, called “low
investment mobility”, introduces a slightly different mechanism: international
investment flows are firstly allocated across countries according to the usual rule of
pursuing the highest return, but then are allocated inter-regionally following a
proportionality criterion. In the first case there is a higher, in the second a lower,
investment sensitivity to inter regional differentials in the rate of return to capital. This
has a direct influence on how impacts propagate across regions, especially when the
regional capital stock is affected. This applies mostly to sea-level rise and river flooding
assessments. Under “high investment mobility” there is a higher transmission of
negative shocks. Under “low investment mobility”, losses tend to remain more
confined in the region of origin. Each assumption is feasible and therefore presented
to illustrate the potential range of economy-wide impacts, while we believe the actual
behaviour lies in the middle.

2.2 Sectoral impact assessment
2.2.1 Agriculture

i.  Source data and impact implementation in the CGE modelling

Data for the macroeconomic assessment of climate change impacts in the agricultural
sector have been originated in COACCH D2.2 (Boere et al. 2019). Input information for
the CGE model are yield changes that are implemented as changes in the productivity
of the land primary production factor used by the representative agricultural firms in
each of the ICES region.

Yield changes derive from two different assessments. One is performed by IIASA. It is
based on the application of the biophysical model EPIC (Balkovi¢ et al., 2013) whose
gridded outputs are aggregated to the ICES regional resolution and crop categories
with the GLOBIOM model (Havlik et al, 2011). The data has been generated based on
10 Global Circulation Models (GCMs) as detailed in Table 1.

The second input data for the macroeconomic assessment has been produced by PIK
computing yield changes applying the biophysical model LPJmL (Bondeau et al., 2007).
Data from PIK are based on 4 GCMs: HadGEM2-ES GCM, IPSL-CM5A-LR, GFDL-ESM2M,
NorESM1-M. Only HadGEMZ2-ES provides information for all RCPs while the other
GCMs include data only for RCP 4.5.

The yields effects computed do include the CO2 fertilization effect.
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Table 1 reports the global circulation models applied in the IIASA and PIK assessments
to detail impacts under the different climate scenarios.

Table 1 GCM and climate scenarios analyzed with the EPIC and LPJML models

Project GCM RCP2.6 RCP4.5 RCP6.0 RCP8.5
Euro-Cordex RACMO22E-EC-EARTH | |
Euro-Cordex RCA4-EC-EARTH | | |
Euro-Cordex RCA4-HadGEM2-ES | |
Euro-Cordex REMO2009-MPI-ESM-LR | | |
Euro-Cordex IPSL-WRF33-CM5A |

ISIMIP FT HadGEM2-ES I, P I, P I, P I, P
ISIMIP FT IPSL-CM5A-LR | I,P | |
ISIMIP FT GFDL-ESM2M | I,P | |
ISIMIP FT MIROC-ESM-CHEM | | | |
ISIMIP FT NorESM1-M | I,P | |

| = considered by IIASA impact assessment; P = considered by PIK impact assessment

IIASA data have been organized according to a “minimum”, “maximum” and “medium”
level of impact on yields, where the range was determined by the space spanned by
the climate models used to perturb the crop model. This has been done for each SSP-
RCP combination considered by the COACCH project.

Data from PIK have been used to offer a comparison across crop models and assess
model uncertainty. This has been done just in the SSP2-RCP4.5 scenario combination
and using the information from the 4 GCMs that both PIK and IIASA used.
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ii. Simulation results

In the economic assessment of climate change impact on agriculture, the assumption
on investment mobility plays a minor role, that is detectable only in 2070. Impacts,
both positive and negative, are slightly smaller with low investment mobility, and
gualitatively identical (see Figure 2, and Figure 3). According to yield data from the
EPIC model, the overall GDP effects of climate change impacts on agriculture start to
be detectable, in the EU, by mid-century, but mostly when yield losses are taken from
the high damage estimates (Figure 2). In the medium damage case, regional GDP gains
and losses range roughly between the -0.5 and the +1% in 2050 and between -1.8%
and +2.4% in 2070. It is important to recall that the change in yields, input to the
macroeconomic assessment, does take into account the CO2 fertilization effect that
smooths yield losses and often transforms them into gains. This is more evident in
2070. In many regions, the GDP losses in the high climate signal scenario RCP8.5, are
smaller and less widespread than in RCP2.6 or 4.5. Losses also show a rather clear
West-East pattern with especially the north-western part of France severely hit (Figure
3). There, GDP decline is between 1 and 2% in the medium damage case, irrespectively
of the climate scenario. It can reach the 7.5-10% of regional GDP in the high damage
case in the SSP55-RCP8.5 scenario combination. The vulnerability of southern EU is
anyway partly confirmed with southern Spain and some southern Italian regions
showing losses ranging from 2.5 to 5% of GDP.

Should impacts on yield fall in the low end of estimates, the EU is in fact projected to
experience generalized gains in roughly all SSP-RCP scenario combination. The gains
will be lower than the 5% of regional GDP.
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Figure 2. Climate change impacts on agriculture in the EU: GDP effects by region, scenario
combination, climate sensitivity and assumption on interregional investment mobility for 2050 and
2070. Values are percentage changes from the baseline.
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Figure 3 Climate change impacts on agriculture: GDP impacts by region in 2030, 2050 and 2070 in the
MEDIUM impact-on-yield case, SSP1-RCP2.6 and SSP5-RCP8.5 comparison. Low investment mobility
upper panel, high investment mobility lower panel. Values expressed in percentage change from the
baseline.
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Impact on yields from the LPJmL model are more clearly negative and, accordingly,
regional GDP losses are larger. Figure 4 reports the EPIC vs LPJmL model comparison.
Data for the SSP2-RCP4.5 scenario combination in the medium impact-on-yield case
are reported (low and high cases in Figure 39 and Figure 40 of Appendix 1). Inputs from
both models lead to a relatively higher vulnerability to economic losses from impacts
on agriculture in the north western part of France, southern Spain, and Italy. In LPJmL
however regional GDP losses are larger and more EU widespread. The EPIC and LPJmL
models originate economic impacts with opposite sign in the Northern EU regions with
LPJmL also depicting a clearer north-south pattern in regional GDP losses than EPIC.
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Figure 4. Climate change impacts on agriculture: GDP effects by region in 2030, 2050 and 2070 in the
MEDIUM impact-on-yield case, SSP2-RCP4.5 scenario combination. EPIC, LPJmL comparison. Low
investment mobility, upper panel, high investment mobility lower panel. All data expressed in
percentage change from the baseline.
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Figure 5 summarizes in a compact format all simulation results, for all the world
regions of the ICES model, using EPIC inputs. In the low and medium impact-on-yield
case, effects on GDP are mildly positive until 2050 in all the SSP-RCP combinations. In
2070, in the medium impact case GDP changes range between -4 and + 4%. In the high
impact on yield case, GDP is impacted mostly negatively since 2030. It can be also
appreciated that, due to the CO2 fertilization effect, low climate signal scenarios like
RCP2.6 and 4.5 originate losses comparable to that of RCP8.5. The variance of results
increases along time and especially moving from the low to the high impact case. In
2070 there are more regions experiencing a GDP loss between 5 and 10% than in other
scenarios, even though other scenarios may show some regions with higher losses.
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Figure 5 Climate change impacts on agriculture: distribution of GDP impacts across all regions of the
ICES model in 2050 and 2070, all scenario combinations, low, medium and high impact on yield cases.
Low investment mobility upper panel, high investment mobility lower panel. All data expressed in
percentage change from the baseline.
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2.2.2 Forestry

i. Impact modelling

Data for the macroeconomic assessment of climate change impacts in the forestry
sector have been originated in COACCH D2.2 (Boere et al. 2019). Changes in net
physical wood production per hectare are derived from the biophysical G4M model
(Kindermann et al. 2008).

The GLOBIOM model has then been used to translate the grid resolution of G4M to the
regional resolution of the ICES economic model.

For these simulations, only one GCM, the HadGEM2-ES model, has been used.
Accordingly, it was not possible to characterize a high, low and medium range for
impacts. Estimates have to be considered as a central or medium case. They are
specified for the four RCPs 2.6, 4.5, 6.0 and 8.5.

Changes in forest yields are implemented in ICES as changes in the productivity of the
natural resource input used by the regional representative timber (logging) industry.
Macroecomomic impacts are computed for all nine SSP-RCP scenario combinations
considered by the COACCH project.

ii. Simulation results

Albeit the forestry sector builds a small percentage of value added in EU country
economies (the highest are close to 4% in Alentejo and North Sweden), for some
countries and regions, especially in the northern part of the EU, climate change
impacts on forest productivity can be particularly troublesome in the SSP5-RCP8.5
scenario combination (Figure 6 and Figure 7). The results are partly driven by the
relevance of the forestry sector in those regions, but also by a specific feature of the
model baseline calibration process. The price of timber and fish resources has been
calibrated to match projections from ECORYS (2012) for the fishery and timber sectors.
According to projections, the price of these resources is expected to increase over the
years more than that of capital and labour. Fish and wood resources are therefore
becoming progressively more important in relative terms in value added. Accordingly,
when these resources are hit negatively or positively by climate change impacts,
effects on regional GDP can be substantive. This however occurs in the long term,
when the “scarcity” of these resources is pronounced enough and the direct impacts
on the resource are also substantive. The SSP5-RCP8.5 scenario combination in 2070
depicts well this situation marking a quite evident difference with respect to the other
scenarios (Figure 8). Until 2050 GDP effects remain modest in all regions with the
partial exception of Finland, Northern Sweden and Latvia that show losses slightly
larger than the 1% of their regional GDP. Also in this case, economic impacts that
mostly derive from effect on the natural resource stock, are quite insensitive to
different assumptions of inter-regional investment mobility. Still, with lower mobility
negative impacts tend to be slightly smaller.
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Figure 6 Climate change impacts on forestry in the EU: GDP effects by region, scenario combination,

and assumption on interregional investment mobility for 2050 and 2070. Values are percentage
changes from the baseline.
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Figure 7 Climate change impacts on forestry: GDP effects by region and scenario combination in 2030,
2050 and 2070. SSP1-RCP2.6 and SSP5-RCP8.5 comparison. Values are percentage changes from the
baseline.
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Figure 8 Climate change impacts on forestry: distribution of GDP impacts across all regions of the ICES
model by year and scenario combinations; medium impact on forest productivity case. Low

investment mobility upper panel, high investment mobility lower panel. Values are percentage
changes from the baseline.
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2.2.3 Fisheries

i. Impact modelling

Data for the macroeconomic assessment of climate change impacts on fisheries have
been originated in COACCH D2.2 (Boere et al. 2019). The effects on the fish stock are
assessed applying two bio-physical models: the Dynamic Bioclimate Envelope Model
(DBEM) (Cheung et al., 2016) and the Dynamic Size-based Food web model (DSFM)
(Blanchard et al., 2012). Results are available at the national level and for the RCP2.6
and RCP 8.5 climate change scenarios. The effect on freshwater fish is not examined.
Potential impacts on catches in RCP 4.5 and 6.0 have been reconstructed for every
country by linear interpolation between RCP 2.6 and RCP 8.5 assuming these two RCPs
as the two extremes of the interpolation.

Once computed, changes in catches have been implemented into the ICES model as
changes in the productivity of the natural resource input of the representative regional
fish industry. Only coastal regions are affected directly by the impact. Furthermore,
data are available at the national and not at the NUTS level. Accordingly, the same
shock on the fish stock productivity has been imposed to all coastal regions belonging
to the same country.

ii. Simulation results

As shown in Figure 9, particularly evident in 2070 under RCP 8.5 and in the high impact
scenario, EU regions can, with few exceptions, experience gains in the order of roughly
1-2% of the regional GDP. It is important to stress that the direct impact of climate
change on the fish stock in the RCP 8.5 and high impact case are negative across all the
coastal regions. Accordingly, the positive GDP performances are due to trade effects.
EU regions can experience lower productivity loss than other non-EU producers and
become eventually more competitive. It is also worth noting that EU land locked
regions which are not directly affected by the negative productivity shock on the fish
resource, gain.

A similar finding is highlighted also in Boere et al (2019). Indeed, according to the
partial equilibrium MAgPIE model simulation, perturbed with the same biophysical
changes in the fish resource, climate change can produce a mildly positive effect on
commercial fish catches in the EU. The largest negative GDP impact is felt in Latvia. The
huge losses are driven by a strong drop in investment dynamics. These are not only
driven by the direct impacts on the fishery sector. Indeed, we note that, in Latvia, the
productivity loss is comparable to that of other EU regions, while its fishing sector
builds a comparable share of value added. Therefore, alone, these impacts cannot
explain the GDP result. Indirect trade effects play an important role and in models with
such a high sub-national detail, small regions, like Latvia can be particularly sensitive.
Also in this case, economic impacts that mostly derive from effect on the natural
resource stock, are quite insensitive to different assumptions of inter-regional
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investment mobility. Still, when the mobility is lower negative impacts tend to be
slightly smaller.
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Figure 9 Climate change impacts on fisheries in the EU: GDP effects by region, scenario combination,
climate sensitivity, investment mobility for 2050 and 2070. Values are percentage changes from the
baseline. The “*” after the region name indicates the regions where an impact has been imposed.
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Figure 10 Climate change impacts on fisheries: GDP effects by region in 2030, 2050 and 2070 in the
MEDIUM impact-on-fish stock case, SSP1-RCP2.6 and SSP5-RCP8.5 comparison, Low interregional
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investment mobility upper panel, high interregional investment mobility lower panel. Values are
percentage changes from the baseline.
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Figure 11 Climate change impacts on fisheries: distribution of GDP impacts across all regions of the
ICES model in 2050 and 2070, all scenario combinations, low, medium and high impact on fish stock
case. Low investment mobility upper panel, high investment mobility lower panel. Values are
percentage changes from the baseline.
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2.2.4 Sea level rise

i. Impact and adaptation modelling

The direct damage costs of SLR and of coastal protection (building of sea dikes) are
derived from the DIVA model (Hinkel et al. 2014; Hinkel et al. 2013; Hinkel et al. 2012;
Hinkel and Klein 2009) applied in D2.3 (Lincke et al. 2019).

Direct impacts and adaptation costs are computed for a “No additional adaptation
scenario”, assuming constant protection at 1995 levels and for a “With adaptation
scenario”, where the demand for safety increases with increasing affluence and higher
dikes are built with rising sea-levels. The costs of coastal protection include
construction and annual maintenance costs. Information is available in 5-year time
steps.

For each combination of SLR and socio-economic scenario the following DIVA model
outputs were used as input to the ICES economic model:

a) Annual land loss due to submergence (km?/year): land is considered to be
unusable, and thus lost, if it is situated below the 1-in-1 year flood water
level and not protected by a dike.

b) Expected annual damages to assets by sea floods (million USS/year).

c) Expected annual number of people flooded per year (thousands/year).

d) Annual protection costs including construction of new dikes, raising of
existing dikes, and maintenance of existing dikes (million USS/year).

For a consistent flow of information across the two models, all values from DIVA,
expressed in USS PPP (Purchasing Power Parity) were converted to USS MER (Market
Exchange Rate), the ICES reference, using the conversion factors from the World
Development Indicators (World Bank 2017). The physical and economic data of the
spatially resolved DIVA model were aggregated to match the ICES regions. Then we
calculated the losses on land, capital, and labour productivity using the DIVA
aggregated data to find consistent values to be applied to the ICES model.

As in previous CGE assessments (Bosello et al. 2007; Bosello et al., 2012a; Bosello et
al., 2012b), we assume that SLR impacts affect regional performances through land
loss, labour productivity loss, and capital loss:

a) The first is implemented in ICES decreasing the stock of productive land
available to agriculture assuming this coincides with submerged land, which
is commonly observed.

b) Labour productivity is reduced assuming that people flooded are not able to
work for 2 working weeks per year.!

1 This value derives from assumptions made in Bosello et al (2012b) on the period of time that
people will not be able to work after being affected by river floods. Parrado et al (2020) control
for the weight of this assumption with a sensitivity analysis considering 1, 2, 4 and 6 weeks for
the No Adaptation scenario with high SLR. Applying these periods does not change the final
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c) Capital stock is decreased according to the expected annual damages to
assets by sea floods. This presupposes that all countries of the world would
experience in every year a flood that provokes exactly the expected
damage. We keep this assumption for simplicity noting that our results,
under this respect, can be placed in the high range of damage estimates.

Adaptation costs are modeled in a quite stylized manner. Regional expenditures for
coastal protection over time are implemented as a proportional reduction of the
regional endowment of capital stock. This may seem counterintuitive as more
protection infrastructure is supposed to increase the capital asset of a region.
However, this procedure is consistent with the structure of the macroeconomic model.
Capital stock accumulation process is one of the engines of economic growth in the
recursive dynamic ICES model. Therefore, the idea behind the reduction of capital
stock is to capture the opportunity costs of coastal protection that diverts resources
from economic growth to sea-level rise damage prevention. The gains from coastal
protection are instead measured by the lower damages to assets and population
enabled by dike building. Richer modelization of coastal protection expenditure is
possible. For instance, Bosello et al, (2007) examine the investment/consumption
effects of public expenditure, while Parrado et al. (2020) account for the difference in
dike building costs and maintenance and operational costs and relate those to public
budget sustainability. However, modelling adaptation as a pure capital loss is a way to
represent the highest possible adaptation cost thus giving a conservative estimate in
the following cost benefit assessment.

ii. Simulation results

In the case of sea-level rise, an impact that transmits macro-economic losses primarily
through effects on the regional capital stock and its return, while land and labour
productivity losses are marginal, assumptions on interregional investment mobility are
particularly important. Assuming adaptation stays constant at its current level, sea-
level rise can determine huge GDP losses. When investment is “highly” mobile inter-
regionally, GDP contractions, not only affect coastal regions, but also spread over EU
land locked areas (Figure 12, Figure 13). The mechanism at play is as follow: the loss of
capital due to sea-level rise induces higher return to capital in flooded regions that
drains investments from other areas that experience lower growth. In the high-end
sea-level rise case, in 2050, Latvia, Malta, Veneto, Tuscany and Marche in Italy can
experience a regional GDP loss beyond or close to 2.5% also in a moderate warming
scenario like the RCP4.5. In 2070 damages amplify. Latvia, with contractions of 15%,
Malta, Veneto, Tuscany and Marche are still the top GDP losers. Anyway, the majority
of EU regions demonstrates losses larger than 2, 2.5% of their regional GDP. Two

outcome of estimates. There is some variability on impacts at the aggregate level for North
Europe and Asian countries, but these variations do not change the overall results of that study.
As a final remark, it has to be noted that the labour productivity effect in Parrado et al. (2020)
represents a minor share (1% to 16%) of the total impact.
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aspects are worth highlighting (see also COACCH D3.3 (Bachner et al., 2020) and
COACCH D3.4 (Botzen et al., 2020)):

Regions that in the different countries are particularly interconnected
economically, not only with coastal areas, but also with the overall economic
trade flows, which often coincide with regions where the capital cities are, show
losses of comparable magnitude with coastal areas. The cases of Piedmont and
Lombardy in Italy, of the Ile de France in France, Madrid in Spain and of central
Germany are emblematic.

Particularly evident in the high sea-level case, the SSP3 scenario coupled with the
lower climate signal RCPs 4.5 demonstrates in many regions higher GDP losses
than the SSP5-RCP8.5 combination. This may appear counter intuitive not only
because more sea-level rise is expected in RCP 8.5, but also because the SSP5
storyline features higher GDP than SSP3 and, accordingly, may also suggest a
higher exposure. This outcome is however driven by the different
parameterization of the SSPs in the model. In particular, SSP3, the “fragmented
world”, is characterized, among other, by a lower substitutability between
domestic and imported commaodities. This factor, introducing higher friction in
international trade, induces more rigidity in market adjustment to external
shocks. What shown, is that a more “flexible” system can eventually experience
lower macroeconomic costs than a more “rigid” one, even though the former is
more exposed to climate change impacts.

The picture can be quite different when lower investment mobility is assumed. In this
case macroeconomic losses tend to remain within coastal areas. On the one hand a
much lower capital “drain” is observed, on the other hand, international trade acts as
an impact smoothing factor. The regions less damaged increase their production to
compensate losses in sea-level rise exposed regions. Accordingly, a smaller number of
regions, mostly coastal, exhibit losses, while moderate gains are common. Some
robust findings can be anyway highlighted: Latvia, Malta, and Veneto remain top losers
and the SSP3-RCP4.5 scenario combination confirms to be the more economically
concerning.
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Figure 12: Climate change impacts on sea-level rise in the EU: GDP effects by region, scenario
combination, climate sensitivity, investment mobility for 2050 and 2070. Values are percentage
changes from the baseline.
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Figure 13 Climate change impacts on sea-level rise: GDP effects by region in 2030, 2050 and 2070 in
the MEDIUM impact case, SSP1-RCP2.6 and SSP5-RCP8.5 comparison, low interregional investment
mobility upper panel, high interregional investment mobility lower panel. Values are percentage
changes from the baseline.
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Figure 14 Climate change impacts on sea-level rise: distribution of GDP impacts across all regions of
the ICES model in 2050 and 2070, all scenario combinations, low, medium and high impact case. Low
investment mobility upper panel, high investment mobility lower panel. Values are percentage
changes from the baseline.
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The introduction of adaptation changes substantively the picture (Figure 15 depicts the
SSP2-RCP6.0 scenario combination that features the highest GDP impacts from sea-
level rise).

Incremental adaptation, although entailing non marginal costs (see Lincke et al. 2019),
determines an expenditure much smaller than the avoided damage. Residual damages
are also marginal. Eventually, in all the SSP-RCP scenario combinations, in all EU coastal
regions, and in all EU regions, GDP costs in the presence of incremental coastal
protection (that is what is expected to occur in reality or the “business as usual case”)
are significantly lower than without adaptation (i.e. when adaptation is kept at the
current level). Given that sea-level rise is one of the major drivers of macroeconomic
impacts from climate change and that coastal protection seems to offer high benefit to
cost ratios, it is an adaptation strategy that is worth prioritizing.

When investment mobility is low, adaptation still removes most effects of sea-level
rise. On the one hand this is highly positive for sea-level rise exposed regions. On the
other hand, this originates the somehow paradoxical result of removing the GDP gains
experienced in land locked areas without increased coastal protection.
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Figure 15. Climate change impacts on sea-level rise in the EU: GDP effects by region, under no and
business as usual adaptation, high, medium and low impact case, investment mobility, for 2050 and
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2.2.5 Riverine floods

i. Impact modelling

Data for the macroeconomic assessment of climate change impacts on river floods
have been originated in COACCH D2.3 (Lincke et al. 2019).
These have been computed by the GLOFRIS model (Ward et al.,, 2020; Ward et al.,
2017; Winsemius et al., 2016) that reports information on:

e Expected annual damages (EAD) in million USD PPP 2005 determined for three
macro-areas: industrial, commercial, and residential;
e Population exposed to floods.

Both have been assessed for all the 9 SSP-RCP scenario combinations examined by the
COACCH project. Climate forcing in each climate scenario has been derived by an
ensemble of 5 different global circulation models (NorESM1-M, GFDL-ESM2M,
HadGEM2-ES, IPSL-CM5A-LR, and MIROC-ESM-CHEM). The cross-model variability
enabled the computation of a maximum, minimum and medium level of damage for
each scenario combination.

As in the case of sea level rise, all values from GLOFRIS, expressed in USS PPP were
converted to USS MER and the EAD data of the spatially resolved GLOFRIS model were
aggregated to match the ICES regions. Then we calculated the ratio of each monetary
value to the corresponding GDP for each SSP. Finally, those ratios were applied to the
ICES GDP database to compute the corresponding values to be included as input for
the CGE simulations.

River flood impacts have been then implemented into the ICES CGE model in terms of:

- Loss of labour productivity using the exposed population to compute the
percent fraction of total labour lost in a year. The methodology applied for the
assessment is the same used in the sea-level rise assessment and assumes that
people affected by a flood event are unable to work for 2 weeks per year.

- Loss of capital stock by macro-sector. The fraction of capital lost is given by the
ratio between EAD and the value of sectoral capital stock by region following
the correspondence detailed in Table 2.

The matching between the 3 macro areas of economic activity of GLOFRIS and the 24
sectors of ICES is reported in Table 2.

PU Page 35 Version 0.6

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.



D2.7 Macroeconomic, spatially-resolved impact assessment

Table 2. ICES-GLOFRIS sectoral correspondence

ICES sector mapping GLOFRIS impact mapping
Oth_Crops Industrial
Veg_Fruits Industrial
Livestock Industrial
Timber Industrial
Fishery

Coal Industrial
Qil Industrial
Gas Industrial
QOil_Pcts Industrial
TnD Commercial
Nuclear Commercial
FossilsEly Commercial
Wind Commercial
Hydro Commercial
OthersEly Commercial
Solar Commercial
Heavy_ind Industrial
Construction Industrial
Light_ind Industrial
Trp_Road Commercial
Trp_Water Commercial
Trp_Air Commercial
Services Commercial + Residential
PubServ Commercial

ii. Simulation results

Impacts from riverine flood transmit macro-economic consequences mainly through
effects on the capital stock. Therefore, similarly to sea-level rise, assumptions on
investment mobility are particularly important for the final economic result. Low
investment mobility tends to reduce the spreading of impacts across regions and the
magnitude of negative impacts.

In 2070 in the EU, under high investment mobility, the GDP impacts induced by river
flooding are concentrated around -2.5%. An outlier is East Sweden that in the high
impact case denotes losses around 10% (Figure 16). Losses are widespread, but higher
in central north western and central south western EU. Northern Italian regions like
Veneto, Marche and Tuscany and Campania in the Italian South, but also Hungary are
particularly exposed.

In East Sweden, Veneto, Tuscany, Marche and Hungary the magnitude of impacts on
capital stocks are higher in industrial activities and services. In the Hamburg area
industry suffer higher impacts than commerce in relative terms leading to potential
GDP losses of up to 4.5% in aggregate in the high investment mobility case.

In the low and medium impact case and especially before 2050 GDP losses from river
floods do not imply significant differences from the current climate baseline case.
When investment is less mobile across regions, losses follow a similar geographical
pattern, but are smaller in magnitude. Impacts are larger in the SSP3 fragmented world
and negative in all the EU area with a median loss of roughly 1.2% of regional GDP in
the high impact case. In the other scenario combinations, gains can be experienced in
those regions not directly affected by floods. This is the consequence of a
redistribution of production and demand.
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Figure 16 Climate change impacts on riverine flood in the EU: GDP effects by region, scenario
combination, climate sensitivity, investment mobility for 2050 and 2070. Values are percentage
changes from the baseline.
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Figure 17 Climate change impacts on riverine floods: GDP effects by region in 2030, 2050 and 2070 in
the MEDIUM impact case. SSP1-RCP2 and SSP5-RCP8.5 comparison. Low interregional investment
mobility upper panel, high interregional investment mobility lower panel. Values are percentage
changes from the baseline.
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Figure 18 Climate change impacts on riverine flood: distribution of GDP impacts across all regions of
the ICES model in 2050 and 2070, all scenario combinations; low, medium and high impact cases. Low
interregional investment mobility upper panel, high interregional investment mobility lower panel.
Values are percentage changes from the baseline.
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2.2.6 Transport

i. Impact modelling

Data for the macroeconomic assessment of climate change impacts on the
transportation sector have been originated in COACCH D2.3 (Lincke et al., 2019).
There, the OSDaMage model (van Ginkel et al, 2020) has been applied to compute
direct infrastructural expected annual damage (EAD) to road assets in the former EU-
28, with the exclusion of Malta and Cyprus (Lincke et al., 2019). The data is available
for RCP 4.5 and RCP 8.5. To extend the data for the remaining RCPs in order to use it
for all COACCH SSP-RCP combinations, we computed the values for RCP 2.6 as the
average between the baseline (corresponding to 2003 levels) and RCP 4.5, while for
RCP 6.0 as the average between RCP 4.5 and RCP 8.5.

Impacts have been computed for all 9 combinations of SSPs and RCPs scenarios
examined by the COACCH project. In addition, using 11 combinations of GCM-RCM
models it has been possible to define for each combination a high, low, and medium
level of potential damage. Direct impacts have been implemented in the ICES model as
a uniform shock on the productivity of the labour and capital production factors used
by the road transportation sector. To compute those shocks, we used the EAD as
percentage of GDP to each region using data from the OSDaMage model and applied
that percentage to the GDP values in ICES to obtain a consistent EAD. Finally, we
computed the loss of productivity by dividing the EAD by the value of the output for
the transport sector in each ICES region.

ii. Simulation results

Eventually, even though stock losses can be relevant in absolute terms and in a local
context (see COACCH D2.3 (Lincke et al. 2019) and COACCH D3.4 (Botzen et al. 2020)),
the direct economic costs of climate change impacts on road transportation
infrastructure are a small percent of the total value of the capital assets of the sector.
Furthermore, the use of EAD as input data for the macroeconomic assessment
averages over a long period of time a loss that, in fact, is expected to occur in one
moment in time. In doing so, EAD partly misrepresents the harmful and extreme-event
nature of disruption in road transportation network. Both factors mentioned,
contribute to associate a low impact on regional GDP to climate change impacts on
road infrastructure. This outcome was already highlighted in Lincke et al. (2019) that
emphasized the marginal share of damages to transport infrastructure in the total
direct cost of floods. The macroeconomic assessment confirms and magnifies the
result. Therefore, also different assumptions on investment mobility, even though the
impact considered affects the capital assets of the sector, play a minor role in the final
determination of economic losses. Indeed, regional GDP losses peak to a maximum of
roughly 3% in southern Sweden and 2.5% in Saxony Anhalt in 2070 in the SSP5-RCP8.5
scenario combination under an assumption of high impact and high investment

PU Page 40 Version 0.6

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.



D2.7 Macroeconomic, spatially-resolved impact assessment

mobility; the large majority of EU regions experiences a loss lower than 1% or regional
product (Figure 19). In the medium impact case regional GDP losses are considerably
smaller. They anyway replicate the same regional patterns with central and northern
EU more severely hit (Figure 20). It also emerges that in the medium and low impact
cases, losses are rather uniform across scenario combinations. Differences are more
appreciable in the high impact case.
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Figure 19 Climate change impacts on road transportation in the EU: GDP effects by region, scenario
combination, climate sensitivity, investment mobility for 2050 and 2070. Values are percentage
changes from the baseline.
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Figure 20 Climate change impacts on transportation: GDP impacts by region in 2030, 2050 and 2070.
Medium impact case. SSP1-RCP2.6 and SSP5-RCP8.5 comparison. Low interregional investment
mobility upper panel, high interregional investment mobility lower panel. Values are percentage
changes from the baseline.
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Figure 21 Climate change impacts on road transportation network: distribution of GDP impacts across
all regions of the ICES model in 2050 and 2070, all scenario combinations; low, medium and high
impact on transport network cases. Low interregional investment mobility upper panel, high
interregional investment mobility lower panel. Values are percentage changes from the baseline.
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2.2.7 Energy supply

i. Impact modelling

Input data for the macro-economic assessment of climate change impacts on wind
power and hydropower supply have been computed in COACCH D2.4 (Schleypen et al.,
2019).

The relation between wind energy supply and climate change has been estimated
running a panel regression with location (NUTS-2) and multiple time (year, month, and
hour) fixed-effects. The econometric analysis links wind power supply data available at
the hourly level for the 1986-2015 period at the country-level along with various levels
of sub-national aggregation (NUTS-1 and NUTS-2) from the EMHIRES database
(Gonzalez Aparicio et al., 2016) and climate variables. Econometric estimates based on
historical data are then used for projecting wind energy supply under the warming
scenarios of all RCPs considered in COACCH using ensemble-mean temperature
projections from different regional climate models (KNMI-RACMO22E, IPSL-CM5A-MR,
MPI-ESM-LR, and CNRM-CM5).

At the end of this process we are able to derive a medium impact on the wind power
generation (Gwh) in the period 2015-2070 for all RCPs and for the European regions
detailed in ICES. Changes in wind energy supply are implemented in the ICES economic
model as a proportional and uniform change in the productivity of the capital and
labour factors of production used by the regional wind-power sectors.

Similarly, the relation between climate change and hydropower generation has been
econometrically estimated merging data on electricity generation by energy source
from the Global Energy & CO2 Data (Enerdata 2018) with high-resolution climatic data
from the Global Land Data Assimilation System (GLDAS v2.1) dataset (Rodell et al.
2004) for 1971 — 2016.

Impacts of future climate change at the sub-national level have been computed
combining the econometric estimates with various warming scenarios under RCP4.5
and RCP8.5 simulated using five different climate regional models (CCSM4, GFDL-CM3,
INM-CM4, IPSL-CM5A-MR, and MIROCS).

Impacts under RCP6.0 have been obtained interpolating data from RCP4.5 and 8.5
using temperatures as a scaling factor. Impacts under RCP2.6 are set equal to zero
given that the interpolation process originated extremely small numbers.

Direct impacts on hydropower supply are implemented into the ICES CGE model as a
change in the productivity of the capital and labour factors of production used by the
regional hydro-power sectors.

ii. Simulation results

Following climate change impacts on wind and hydropower supply, GDP falls
moderately all over the EU regions, reaching a maximum decline in the Madrid region
of roughly 0.6% in 2070 in the SSP2-RCP6.0 scenario combination and high
interregional investment mobility (Figure 22). GDP impacts are very similar, although
slightly smaller under the assumption of a lower mobility of investment. Considering
RCP8.5, the scenario with the strongest climate signal, losses are concentrated in those
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EU areas like northern EU countries or alpine regions where hydro power, and
renewables in general, are more intensively produced and used (Figure 23).
Interestingly, it can be also noted that negative GDP impacts in many regions can be
larger in more moderate climate change scenarios, like RCP 4.5 or even 2.6 when
associated to a SSP2 and SSP1 social development paths. This effect is driven by the
fact that in SSP2 and SSP1 scenarios, higher use of renewable energy is foreseen
compared for instance to a fossil energy based SSP5. Therefore, adverse impacts on
these energy sources, when occurring, are more damaging. This specific case highlights
the important role of the macro-economic context in impact determination that can be
as influential as the climatic stressors.

PU Page 46 Version 0.6

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.



D2.7 Macroeconomic, spatially-resolved impact assessment

Low EU Investment Mobility High EU Investment Mobility
2050 2070 2050 2070

Madrid =
ValAosta =
CastMancha -
SaxonyAnh =
NorthSweden* =
TrentAdige
Denmark*
CentMoravia,
Latvia*
Piemonte.
Galicia*
Souwestcze,
isboa
SouthAustria
CastLeol
EastAustria
Lombardia
FriuliGiulia*
WestAustria
Umbria,

Cantabria*
Asturias?
Centro*
Slovakia,
EmiRom*
SchHol*

Veneto’
EastSweden?

SouthSweden?
Extremadura,
Campania*
Bremen*

. Puglia*
Limousin,
Hamburg*
Scotland*

io*
LowSaxony*
Liguria*
NorRenoWes

Provence*
lleFrance,
Cataluna

Finland*
Berli
Saarland
Mld\P){ren

Croatia* LR
ragon 5 i
Norwestcze <4 =
Wallonia, g'
orte’ r
Basilicata* F !t

EastNether*

PaisVasco*
WestNether*
orse’
Algarve?
ales’
NorthNether*
NorWestEng*
Attiki*

iKi
SouEastEng*
NorEastEng*
EastofEng*
WestMidEng,
Northlre*

L

+

T

+
s

2
NorWestPol*
Luxembourg,
LangRoussy
SouthNether*
EastPol
Aquitaine*
rague,
Flanders*
CentPol

e
e tuse

PoitouChar*
Hungal
Centre
FranComte

SouWestPol
Picardie*

e

oy

£

0,
£X
R R N R N R R R R R RN R RN N R R N R R R RN R R R R R RN RN RN RN NN

= ik

== NVn—— = ; e =

050 -0.25 0.00 025 -0.50 -025 0.00 025 050 -025 0.00 025
Percentage change from baseline

LaRioja
Navarra

S
7
o

level + Medium e s126 s2r26 s2r60 s3r45 ® s5r85
scenario
s1r45 s2r45 s3r26 ¢ s5r45

Figure 22 Climate change impacts on energy supply. GDP impacts by region, scenario combination,
investment mobility in 2050 and 2070. Values are percentage changes from the baseline.
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Figure 23. Climate change impacts on energy supply: GDP impacts by region in years 2030, 2050 and
2070. Medium impact case. SSP1-RCP2.6 and SSP5-RCP8.5 comparison. Low interregional investment
mobility upper panel, high interregional investment mobility lower panel. Values are percentage
change from the baseline.
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Figure 24 summarizes the results of all the energy supply simulations. It confirms that,
especially when moving towards the end of the century, and impacts are more
evident, magnitude of economic losses can be in fact influenced more by the social
economic scenario than the climate change one.
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Figure 24. Climate change impacts on energy supply: distribution of GDP impacts across all regions of
the ICES model in 2050 and 2070, by scenario combinations; medium impact case. Low interregional

investment mobility upper panel, high interregional investment mobility lower panel. Values are
percentage changes from the baseline.
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2.2.8 Energy demand

i. Impact modelling

Input data for the macro-economic assessment of climate change impacts on energy
demand have been computed in COACCH D2.4 (Schleypen et., 2019).

The starting points are the econometric estimates of demand to temperature elasticity
from De Cian and Sue Wing (2017). The study determines elasticity for electricity,
petroleum products, and natural gas demand for four different uses (agriculture,
industry, services and residential).

Future trends in regional energy demand are obtained combining these elasticities
with high-resolution ensemble-mean temperature projections from four Regional
Climate Models (RCMs): KNMI RACMO22E, IPSL-CM5A-MR, MPI-ESM-LR, and
CNRM-CMS5. In the ICES model this translates in implementing 12 different impacts i.e.
the number of energy carriers times the number of economic activities. This has been
done for each SSP-RCPs scenario combination examined by the COACCH project.

To implement changes in energy demand in the agriculture, industry, and services
sectors we acted on the energy efficiency in those sectors. Accordingly, to increase
(decrease) energy demand we imposed a lower (higher) efficiency in the use of energy
in the sector. This is functional to push the sector to increase (decrease) energy use as
desired.

A different procedure has been used in the case of the residential sector. In fact, this
does not exist in the ICES model. It has been approximated by the representative
regional household that is a component of the final demand. Energy demand shifts are
obtained imposing exogenous shocks to household energy expenditure while keeping
fixed the household budget constraint. This implies a re-adjustment of household
consumption across all consumption items.

ii. Simulation results

GDP consequences of climate induced shifts on energy demand demonstrate a low
sensitivity to investment mobility. They can be relevant either under high or low
interregional investment mobility. According to the projections from the econometric
estimates (Schleypen et al. 2019) the industrial, agricultural, and commercial activities
are expected to increase substantively their electricity demand, the industrial sector
also natural gas demand, especially in RCP8.5. These trends, induced primarily by
cooling needs, represent an increase in the production costs for firms particularly felt
in Southern European regions (Spain, Italy Greece, but also in Romania and Bulgaria).
In 2070, in RCPs 8.5, 6.0 but also 4.5, these cost increases could induce
macroeconomic losses larger than 1% of GDP in some regions of southern EU with a
peak of -8% in Cyprus (Figure 25 and Figure 26) with possible losses in the order of 2%
of GDP already in 2030. Increases in electricity demand, along with declines in oil and
gas demand are foreseen for the residential sector. In this case the macroeconomic
effects are more difficult to track as they trigger mostly a re-composition of
households’” demand across the different items they are consuming. Therefore,
economic effects are more re-distributional and one can often compensate another.
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Figure 25 Climate change impacts on energy demand in the EU: GDP effects by region, scenario
combination, investment mobility for 2050 and 2070. Values are percentage changes from the

baseline.
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Figure 26 Climate change impacts on energy demand: GDP impacts by region in years 2030, 2050 and
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Figure 27 finally shows that in the case of energy demand the climate scenario tends to
dominate the social economic scenario in the final determination of impacts.
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Figure 27. Climate change impacts on energy demand: distribution of GDP effects across all regions of
the ICES model in 2050 and 2070; medium impact case. Low interregional investment mobility upper

panel, low interregional investment mobility lower panel. Values are percentage changes from the
baseline.
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2.2.9 Labour productivity

i. Impact modelling

In COACCH D2.4 (Schleypen et al., 2019) data on climate change impacts on labour
productivity are estimated for all RCPs applying a fixed-effects panel regression
method linking sectoral value added per working population to temperature,
controlled for by including both the linear and its squared-term. Historical climatic data
comes from the Global Land Assimilation System (GLDAS v2.1). Once the coefficients
have been estimated, they are combined with future climate projections to obtain the
final impacts. We opted to use data from four high-resolution Regional Climate Models
(RCM): KNMI RACMO22E, IPSL-CM5A-MR, MPI-ESM-LR, and CNRM-CM5.

In the ICES macroeconomic model, labour productivity impacts are implemented
directly as changes in the productivity of the labour production factor in the
agricultural and industrial sectors. Econometric estimates foresee a decline in
industrial productivity by 4.8% and in agricultural productivity by 6% in RCP8.5 by 2070
concentrated in Euro Mediterranean countries, and potential gains in Northern EU
countries. Under RCP4.5, industrial productivity could decline by 2.6% by 2070 and
agricultural productivity by 4.1%.

ii. Simulation results

Declines in labour productivity transmit through the overall economic activity
eventually affecting the macroeconomic performance of the regions. The different
degrees of investment mobility across regions play only a marginal role in determining
GDP losses. These match quite well the profile of productivity losses. The highest are
experienced under SSP5-RCP8.5 in 2070 (Figure 28 and Figure 29): southern and
central-eastern European regions are hit more adversely showing potential GDP
contractions in the order of 1.5-2%. Cooler areas like northern-Europe, but also
Austria, or Italian Alpine regions, can gain roughly a 1% improvement in the economic
performance. Note that GDP changes are considerably lower, and less differentiated,
than the initial impacts on labor productivity. This is a direct consequence of the
smoothing action played by market mechanisms: on the one hand, in the production
function the less productive labor input is substituted, to the extent possible, with
other production factors; on the other hand, the demand partly readjusts towards the
consumption of less labor-intensive goods and services becoming cheaper in relative
terms. The SSP1-RCP2.6 scenario combination shows the lowest losses with all the EU
regions experiencing a GDP contraction of 0.5% or lower. Figure 30 finally
demonstrates that, in the case of labour productivity, the temperature, i.e. the climate
change scenario, exerts a larger importance than the social economic scenario in the
determination of the final impacts. Still, the SSP3 scenario, featuring lower “flexibility”
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in the energy production process and in trade mechanisms, tends to highlight,
everything else equal, higher GDP losses than other SSPs.
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Figure 28 Climate change impacts on labour productivity in the EU: GDP effects by region, scenario
combination, investment mobility in 2050 and 2070. Values are percentage change from the baseline.
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Figure 29 Climate change impacts on labour productivity: GDP impacts by region in years 2030, 2050
and 2070. Medium impact case. SSP1-RCP2.6 and SSP5-RCP8.5 comparison. Low interregional
investment mobility upper panel, low interregional investment mobility lower panel. Values are
percentage change from the baseline.
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Figure 30. Climate change impacts on labour productivity: distribution of GDP effects across all regions
of the ICES model in 2050 and 2070, by scenario combinations, medium impact case. Low
interregional investment mobility upper panel, high interregional investment mobility lower panel.
Values are percentage changes from the baseline.
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2.3 Compounded impact assessment

This section of the macroeconomic estimates implements jointly all the sectoral
impacts of the previous sections. It highlights the compounded effect of all the impacts
on regional GDP?,

2.3.1 Simulation results

As a first representation of the full range of results Figure 31 shows all the regional
GDP impacts across all years, regions, climate, social economic scenarios (including
different assumptions on interregional investment mobility), and impact ranges. The
“joint” effect of climate change implies a median GDP loss of 2.2%. It is important to
stress that this analysis does not consider important non-market impacts including on
health and on biodiversity and ecosystem services. It also does not include the
potential impacts of climate or socio-economic tipping points — discussed in COACCH
WP3. These would all be expected to increase GDP losses, and introduce much
stronger impacts for high-warming scenarios. The figure also shows that the focus
“just” on the median losses can be highly misleading. There are indeed strong
regionally differentiated patterns and one fourth of EU regions can experience a loss
that is larger than 5% of its GDP.
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Figure 31. GDP losses in EU regions: all years, all impacts, all scenario combinations. Values are %
change from the baseline.

2 For completeness Appendix 1 reports a comparison of direct versus higher order costs.
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D2.7 Macroeconomic, spatially-resolved impact assessment

Turning to the more detailed regional picture (Figure 32), in most EU regions climate
change impacts can become non negligible already by mid-century. As expected, this is
more evident in the “high impact case” with high investment mobility and in scenarios
with the stronger climate signal: RCP6.0 and RCP8.5. Losses can be larger than 1-2% of
regional GDP. Nonetheless, this result, even though partly moderated, is confirmed in
the “low” and “medium impact” cases and with low investment mobility. Here, losses
larger than 0.5% of regional GDP are common in 2050. The “high impact case” also
highlights the higher economic vulnerability of regions, mostly located in southern and
eastern European countries where the loss is close or larger than 5%. In Latvia the loss
can potentially exceed 10% (see COACCH D3.4 (Botzen et al., 2020) for further
discussion on extreme economic losses and social economic tipping points). Until 2050
macro-economic effects are quite similar across the SSP-RCP combinations. The ampler
difference in the results indeed originates more by the choice of the impact forcing
data, whether they are taken from the low, medium, or high impact case, or by the
assumptions on investment mobility than by the different SSP-RCP combination (Figure
33).

In 2070 GDP impacts and their variability increase. There is an evident difference
across the low and high investment mobility cases. Although losses prevail in both
specifications, and the geographical distribution of macroeconomic effects is robust
across set ups, in the former, losses are smaller, and more regions may gain under a
lower climate signal (either from lower warming scenarios or lower climate sensitivity).
The divergence is almost entirely due to the behaviour of two impacts: primarily sea-
level rise and partly riverine floods. These two impacts affect the regional capital
assets. Investment reactions to capital return are thus one of the main drivers of
systemic macroeconomic effects. Accordingly, the way in which investment mobility is
modelled can play a large role. In the specific case, sea-level rise losses are
considerably smaller and less widespread under low investment mobility. Given that
sea-level rise costs are also among the larger sources of economic losses, this explains
the width of the difference.

The following dynamics can be further described:

- The low impact case highlights potential gains in agriculture, forestry, and
fisheries in many EU regions. At the same time, negative impacts from other
drivers are small. This eventually originates the possibility of net GDP gains in
regions generally located in the central and northern EU, but also in some
southern European countries where the local economic activity is particularly
oriented to these sectors. Gains are however moderate (mostly lower than 1%
of GDP) with just the exception of Bulgaria close to 5% of regional GDP in SSP1-
RCP2.6. On average, over the sample of EU regions, losses prevail over gains
(Figure 33). When present, losses are more widespread in southern EU regions,
nonetheless they can affect northern areas mostly because of sea-level rise.

- Gains from agriculture, forestry and fishing that increase with climate change
can originate, in some regions, lower net losses (or higher net gains) in a
stronger climate signal scenario like RCP8.5 than in a more moderate one like
RCPA4.5.
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The main drivers of macroeconomic impacts from climate change are (Figure
35, Figure 36) sea-level rise (especially in the high investment mobility case),
riverine floods and crop yield changes. Impacts on fishery and forestry (that in
the majority of EU regions originate GDP gains), roughly comparable in
magnitude with impacts on labour productivity, energy supply and demand
(the latter inducing GDP losses), follow. Less relevant in terms of GDP effects
(with some regional exceptions) are interruptions of road networks. On the one
hand these can be good news as we demonstrated in sub section 2.2.4 that
adaptation can deal cost-effectively with one of the most concerning of these
climate change impact: sea level rise. On the other hand, less optimism is
induced noting that positive GDP impacts in low and moderate warming
scenarios, are due to investment mobility patterns or indirect trade effects for
natural resource dependent sectors such as agriculture, forestry and fishing.
Some caution needs to be taken because of the high uncertainty associated
with these dynamics and sectors, and because there may be other constraints.
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Figure 32: Compounded effect of climate change impacts on the EU GDP by region, scenario
combination, investment mobility in 2050 and 2070. Values are percentage change from the baseline.
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Figure 33 Distribution of compounded effect of climate change impacts on GDP across all regions of
the ICES model in 2050 and 2070, all scenario combinations; Low, medium, high impact case, low
interregional investment mobility upper panel, high interregional investment mobility lower panel.
Values are percentage changes from the baseline.

PU Page 62 Version 0.6

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.



D2.7 Macroeconomic, spatially-resolved impact assessment
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Figure 34 Compounded climate change impacts on EU GDP impacts by region in years 2030, 2050 and
2070. Medium impact case. SSP1-RCP2.6 and SSP5-RCP8.5 comparison. Low interregional investment
mobility upper panel, high interregional investment mobility lower panel. Values are percentage
change from the baseline.
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Figure 35: Decomposition of compounded effect of climate change impacts on the EU GDP by region in
2070, LOW EU Investment Mobility, HIGH impact case. SSP1-RCP2.6 left, SSP2-RCP6.0 center, SSP5-
RCP8.5 right. Dots are the total net effect, they may slightly differ from the sum of individual impacts
as they take into account the impact interaction. Values are percentage changes from the baseline.
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Figure 36 Decomposition of compounded effect of climate change impacts on the EU GDP by region in
2070, LOW EU Investment Mobility, MEDIUM impact case. SSP1-RCP2.6 left, SSP2-RCP6.0 center,
SSP5-RCP8.5 right. Dots are the total net effect, they may slightly differ from the sum of individual
impacts as they take into account the impact interaction. Values are percentage changes from the
baseline.
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Figure 37: Decomposition of compounded effect of climate change impacts on the EU GDP by region in
2070, HIGH EU Investment Mobility, HIGH impact case. SSP1-RCP2.6 left, SSP2-RCP6.0 center, SSP5-
RCP8.5 right. Dots are the total net effect, they may slightly differ from the sum of individual impacts
as they take into account the impact interaction. Values are percentage changes from the baseline.
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Figure 38 Decomposition of compounded effect of climate change impacts on the EU GDP by region in
2070, HIGH EU Investment Mobility, MEDIUM impact case. SSP1-RCP2.6 left, SSP2-RCP6.0 center,
SSP5-RCP8.5 right. Dots are the total net effect, they may slightly differ from the sum of individual

impacts as they take into account the impact interaction. Values are percentage changes from the
baseline.
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2.3.2 Uncertainty analysis

With the huge amount of data generated and their multidimensionality, it is important
to understand, analyze, and transparently communicate the role of the different
sources of uncertainty characterizing our investigation.

Macroeconomic results, or their variability, are influenced by four uncertainty sources:
the social economic scenarios (SSPs), the climate change scenarios (RCPs), the “impact
model/climate sensitivity”, that is whether input for the economic assessment derive
from the low, medium, high impact case, and, finally, by the assumption on
interregional investment mobility, high or low.

The contribution of each factor is firstly disentangled with the analysis of variance
(ANOVA) and then by a principal component analysis (PCA). Both have been conducted
over the full period and then the two sub-periods 2020-2045 and 2046-2070 to
highlight possible differences as times passes.

ANOVA:

Over the full period, the ANOVA coefficients (Table 3) highlight that:

- Compared to RCP2.6, all the other three RCPs contribute to higher damages.?

- Compared to SSP2, SSP1 and SSP3 results in higher damages, interestingly SSP5 is
associated with lower damages.

- Compared to the low impact case, high and medium impact cases imply higher
damages.

- Compared to high investment mobility, low investment mobility implies lower
damages.

Table 3: Anova (full 2020-2070)

Coef. P>t
RCP4.5 0.275 0.000
RCP6.0 0.495 0.000
RCP8.5 0.761 0.000
SSP1 0.025 0.002
SSP3 0.151 0.000
SSP5 -0.031 0.002
Level - High 1.240 0.000
Level - Medium 0.445 0.000
Low Inv. Mobility -1.466 0.000

The magnitude of the ANOVA coefficients also provides an information of the role of
the different uncertainty sources in determining the macroeconomic results. The
larger are associated with investment mobility, closely followed by “impact model
sensitivity”, then by the climate scenarios and finally by the social economic scenarios.
This analysis conveys important messages. It stresses the possibility to experience high
economic losses also in low climate change scenarios. Uncertainty associated with the
impact models, which in our case often coincides with climate sensitivity, is indeed a

3 More precisely: the group mean of economic losses in RCP4.5, RCP6.0, RCP8.5 is statistically
significantly different and larger than that in RCP2.6.
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larger driver of economic losses than climate scenarios themselves. This is a further
incentive to implement aggressive mitigation policy as any fraction of degree avoided
can make a large difference. Furthermore, an important impact smoother seems to be
associated with investment mobility. However, these impact reduction opportunities
are far from certain given the difficulty to represent or predict many of the associated
dynamics.

The ANOVA replicated in the two subsamples 2020-2045 and 2046-2070, confirms the
analysis over the full sample with some minor, but interesting differences (Table 4).
Firstly, uncertainty clearly increases as time passes (coefficients are increasing).
Uncertainty from climate sensitivity and investment mobility still dominates, but in
relative terms it increases less than that of the RCPs. SSP3, initially brings lower
damages than SSP2, but then consolidates as an economic losses’ amplifier. We recall
that in SSP3, to represent a “fragmented world”, international trade is more difficult.
SSP5 leads to higher damages in the 2020-2040 period but lower damages thereafter
compared to SSP2.

Table 4: Anova sub periods 2020-2045 (left), 2046-2070 (right)

Coef. P>t Coef. P>t
RCP4.5 0.091 0.000 RCP45 0.495 0.000
RCP6.0 0.095 0.000 RCP60 0.976 0.000
RCP8.5 0.283 0.000 RCP85 1.334 0.000
SSP1 0.057 0.000 SSP1 -0.013 0.263
SSP3 -0.025 0.000 SSP3 0.363 0.000
SSP5 0.021 0.002 SSP5 -0.094 0.000
Level — High 0.515 0.000 Level — High 1.965 0.000
Level — Medium 0.189 0.000 Level - Medium 0.694 0.000
Low Inv. Mobility -0.618 0.000 Low Inv. Mobility -2.483 0.000

Principal Components Analysis

When there are complex interactions across variables, like, in our case, between
macro-economic impacts, climatic and social drivers, the Principal Components
Analysis (PCA) can offer an efficient method to compact and highlight the underlying
relations. The PCA aims to create a new set of uncorrelated variables, that are a linear
combination of the initial variables, and explain as much of the initial variation as
possible.

Thus, the perspective offered by PCA is different, even though connected, to that the
ANOVA. The variables that we test in their ability to determine variance in
macroeconomic outcomes are: the nine combinations of SSPs-RCPs, the three
determinations of impacts from impact models sensitivity, and the two settings for
investment mobility. The relationships between socioeconomic, climatic, impact,
investment mobility scenarios and climate damages in the full sample are shown in
Table 5 below. Only components with factor loadings > 0.3 were retained (Lu and
Marlow, 1999).

PU Page 69 Version 0.6

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.



D2.7 Macroeconomic, spatially-resolved impact assessment

Table 5: PCA Eigenvalues of the correlation matrix (2020-2070)

Variable PC1 (SSP5-RCP8.5) PC2(SSP3-RCP4.5) PC3(High-mobility)
Eigenvalue 2.31 1.58 1.50
Variance (%) 39.4 26.7 18.3
Cumulative variance (%) 39.4 66.1 84.4

In the full sample, the highest correlation coefficients obtained between the principal
components and individual variables indicate that climate damages were 84.4%
determined by three elements. The first principal component (PC1) is the combination
of SSP5-RCP8.5 (39.4%), the second one (PC2) is the combination of SSP3-RCP4.5
(26.7%), while the third component (PC3) is influenced by high investment mobility
(18.3%).

Interestingly, when scenarios are considered as SSP-RCP combinations, their relative
importance increases considerably with respect to the other components. In
particular, SSP5-RCP8.5 that represents somehow the “worst case” for climatic
conditions and SSP3-RCP4.5 that represents the more rigid economic system, are the
major explanatory/drivers of variance in macroeconomic losses. Investment mobility
still plays an important role but ranks third. This enriches the information from
ANOVA. It points out the importance of avoiding both: i) a SSP5-RCP8.5 future that is a
major “contributor” of the volatility of economic performances, and, ii) SSP3-RCP4.5
with an economic system where flexibility (or adaptive capacity) is low.

Table 6. PCA Eigenvalues of the correlation matrix (2020 — 2045 top, 2046-2070 bottom)

Variable PC1 (SSP5-RCP8.5) PC2(SSP3-RCP2.6) PC3(High-mobility)
Eigenvalue 2.25 1.58 1.143
Variance (%) 27.9 21.8 12.1
Cumulative variance (%) 27.9 49.7 61.8

Variable PC1 (SSP5-RCP8.5) PC2(SSP3-RCP4.5) PC3(High-mobility)
Eigenvalue 2.52 1.599 1.150
Variance (%) 43.2 325 15.4
Cumulative variance (%) 43.2 75.7 91.1

PCA for the sub-periods 2020-2045 and 2046-2070 are reported in Table 6. Results are
robust along the two sub-periods and with the full sample PCA, with just one
difference. In the first half of the century, climate signals are less differentiated and
more mixed. This explains why in 2020-2045, in the second component (PC2), RCP2.6
substitutes RCP4.5.
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Appendix 1
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Figure 39. Climate change impacts on agriculture: GDP effects by region in 2030, 2050 and 2070 in the
LOW impact-on-yield case, SSP2-RCP4.5 scenario combination. EPIC and LPJmL models’ comparison.
Low interregional investment mobility upper panel, high interregional investment mobility lower
panel. Values are percentage changes from the baseline.
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Figure 40. Climate change impacts on agriculture: GDP effects by region in 2030, 2050 and 2070 in the
HIGH impact-on-yield case, SSP2-RCP4.5 scenario combination. EPIC and LPJmL models’ comparison.
Low interregional investment mobility upper panel, high interregional investment mobility lower
panel. Values are percentage changes from the baseline.
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3 Spatial analysis of climate change impacts

3.1 Downscaling macroeconomic impact at the 1x1 km grid level for the
EU

3.1.1 Introduction

We propose an approach to downscale the GDP projections of the ICES model at the
grid level. With downscaling, we refer to an information-guided disaggregation of data
to a unit of reference of lower spatial resolution. Projections of variables relevant to
climate change issues often come from top-down aggregated models that infer their
future state starting from aggregate statistics. These statistics are usually gathered
from national or international institutions, and therefore, are available predominantly
at the national or regional level (Swan and Ugursal, 2009). Many policy applications
could need a level of disaggregation at an even finer spatial resolution. This is
especially necessary for the evaluation of climate impacts, which are characterized by
a relevant spatial heterogeneity linked to both on the scenario and the type of
impacts. The spatial levels could span from provinces (such as the NUTS 3 European
classification) to Local Administrative Units (municipalities). Moreover, to prevent
distorting effects posed by administrative boundaries, downscaling methods are often
applied a homogenous partition of space, hence the analyses at the grid level to
varying degrees of resolution.

In this work, we employ downscaling techniques to obtain a geographically explicit
dataset of the ICES scenarios at the 1x1 km grid level for Europe, starting from regional
data. Following the most recent literature, we base our methodology on each grid’s
level of current and projected total population and urban area (Murakami and
Yamagata, 2019).

In the next Sections, first, we provide some context by summarising the literature on
related topics. We then illustrate our methodological approach, as well as the
description and the sources of the data used. To conclude, we describe the resulting
datasets and propose this approach as a valid starting point for more complex analyses
on the spatial distribution of climate impacts.

3.1.2 Review of the literature

Following an increasing availability of projection studies and geo-referenced data,
downscaling applications are becoming more common and endowed with statistical
methods of increasing complexity.

We first consider works that downscale GDP and GDP projections. First seminal work is
the one by Gaffin et al., (2004), that proposes a linear downscaling of global population
and GDP until 2100 for the SRES (Special Report on Emissions Scenarios) data Al, A2,
B1, and B2. As limitations, the authors report implausible high growth rates, a
discontinuity of the projection algorithm, and an assumption of independence
between Population and GDP levels. Van Vuuren et al. (2007) apply an external-input
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based downscaling for population and a convergence-based downscaling for GDP and
emissions by the IPCC- SRES scenarios to the grid level of 0.25 degrees (approximately
27.75 KM). However, the algorithm is applied independently of per capita income
levels. Moreover, this work does not consider additional potentially related variables
like infrastructure, education, or urbanization. Griibler et al., (2007) work on total GDP
from 1990 to 2010, obtained from the SRES scenarios A2, B1, B2, to obtain a 0.5-
degree grid estimate. They employ a 2-step approach: a first estimation of the
mathematical equation for GDP growth and income (GDP per capita) and then an
optimization procedure to reconcile regional deviations from the country’s total. They
report as limitations the availability of starting data, inconsistencies in available data,
and a lack of addressing uncertainty. Taking the global population as a starting point,
Fujimori et al. (2017) downscales its levels with a rank-size rule and distributes GDP
and emissions accordingly.

Kummu and Guillaume (2018) propose a global downscaling of subnational-level
administrative data guided by the Hyde population dataset (Klein Goldewijk et al.,
2011). In addition to GDP and GDP per capita in PPPs, they also downscale the Human
Development Index in a 5-arc minutes resolution (9.3 x 9.3 km grid cells at the
equator) for the years from 1990 to 2015. Finally, Murakami and Yamagata (2019)
downscale the GDP and population scenarios developed by the SSP pathways to a 0.5-
degree grid (approximately 50 Km near the equator). They apply a 4-step approach
based on the Global Rural-Urban Mapping (GRUMP) project’s city population value. In
a first step, the approach estimates the population growth of a sample of the GRUMP
cities population with a two-stage least squares spatial econometric model. They then
define urban and rural potentials per grid based on the grid distance from the
collection of cities and project urban and rural areas according to these potentials.
Finally, they apply a dasymetric mapping approach to downscale rural and urban
population and GDP by defining a set of models based on auxiliary variables, from
which they select the most suitable combination through an ensemble learning
approach. The latter therefore considers spatial and socioeconomic interactions,
accounting for road networks, land cover, and allows a better differentiation for urban
and non-urban areas, as well as allowing urban expansion/shrinkage (therefore
avoiding an overly homogenous downscaling).

For the scope of this work, even if not directly tailored to a GDP application, it is
valuable to consider also articles that provide downscaling methodologies for
population levels. Indeed, our review of the literature reveals a closed link between
exercises looking at the downscaling of GDP levels or growth rates, and the ones on
population, as the two variables are intuitively intertwined.

Bengtsson et al., (2007) propose a trend-extrapolation to downscale the population in
the timeframe 1990-2100 from SRES scenarios, accounting for the separation of urban
and rural areas in 0.5 degrees grids. They highlight as limitations the heterogeneous
definitions of urban populations by each country, and that they adopt a constant
urbanization ratio. Hachadoorian et al., (2011) also adopt a trend-extrapolation, and
compared it to an age-cohorts method in order to downscale the global population of
1995, and projected to 2025.
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Referring to more specific demographic data is sometimes advocated, although their
availability is often questioned (Yamagata et al., 2015). For instance, while not strictly a
downscaling, Raftery et al., (2012) propose a Bayesian hierarchical model estimated via
Markov chain Monte Carlo to project Countries population, based on fertility data. This
shows how we can expect additional refinements of old works and methodologies
based on the availability of new and better data.

Asadoorian (2008) simulates population and emissions up to 2100 by employing a
conditional beta distribution with parameters calibrated on macroeconomic variables.
Nam and Reilly (2013) downscale population density from the NASA SEDAC
(Socioeconomic Data and Application Center) for the years 1990-2015, to a 0.25-
degree grid with a rank-size rule-based approach to estimate city size.

Some works are focused on a single country. Jones and O’Neil (2013) look at the
population in the US for the SRES A2 and B2 within a population potentials model,
introducing free parameters to be calibrated. This includes varying scales of spatial
analysis, urban and rural separation, and avoids grid’s edge-effects and limiting
habitable land area issues. Also for the US population, but for the years 2030 and 2050,
McKee et al., (2015) apply a locally adaptive spatial interpolation technique and
dasymetric modelling. This latter work, however, does not address climate change,
land cover change, and migration. Fang and Jawitz (2018) work at a lower resolution of
a 1 km pixel, applying a power-law scaling to estimate past urban areas. They test five
models to distribute the US population from Census data, with the most complex
including urban-rural divide, inhabitable land, topographic suitability, and
socioeconomic desirability. This approach is particularly sensitive to the availability of
census data.

Jones and O’Neil also proposed an analysis at the global level (Jones and O’Neil, 2016)
where they adopt a parametrized downscaled gravity approach for urban and non-
urban areas in order to downscale the population from all five SSPs. They report that
gravity-based approaches might develop population figures also in unrealistic areas.
Yamagata et al.,, (2015) apply a model ensemble approach comparing different
downscaling methods such as constant-share, share of growth, log-linear trend
extrapolation methods, time series methods (ARIMA) for the Japanese Population
projections, in order to estimate residential electricity.

Finally, to conclude this non-exhaustive list, we highlight a final strand of the literature:
a downscaling tailored for regional or specific contexts. For instance, Merkens et al.
(2016) and Reimann et al., (2018), use a comparable methodology to downscale and
assess SSP scenarios for coastal areas (the former on a global scale, and the latter for
the Mediterranean area). These works embed a higher difficulty due to finding proper
data to categorize relevant factors (e.g. migration propensity to coastal areas) but
show an interesting potential for the field of climate impacts evaluation.

3.1.3 Methodology

We follow Murakami and Yamagata, (2019) approach of downscaling GDP based on
Urban Areas and Population at the grid level, each conditioned by the contribution of
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auxiliary variables’. However, we depart from their approach rather significantly in two
main directions.

The first is that they found their work on the projection of urban potentials, which are
in turn based on the projection of a sample of the greatest cities’ population from the
Global-Rural Urban mapping dataset. The main reason to depart here is that our
starting grid dataset is endowed with population figures already downscaled for the
years 2006 and 2011. We therefore condition the growth of each grid g urban (or
artificial) area directly on the evolution of the grid total population. This information
allows us to discount the contribution of inhabited rural areas to the distribution of
GDP levels to each grid®.

The second main deviation is that instead of averaging through ensemble learning the
contribution to urban areas by the different auxiliary variables, we include them
directly in an econometric model. The resulting projections of urban areas are
therefore conditioned to each grid’s cell effects by the auxiliary variables as fixed
effects.

To project grid-level urban areas, we need to condition the projections to one primary
time-varying variable that we design as population per grid. Having a starting value, for
2011, we define a projection of population per grid through a simple downscaling
procedure known as a “share of growth method” (Yamagata et al., 2015). This method
links the growth of a lower scale unit (in our case the grid g) to the one at an upper
(and available) level (in our case the country C) at times T, ¢, t — T:

(Pt-g B Pt—r-g)
Py . =Py — P, P,
T.g ( T.c — Frc ) (Pr.c ~ Pt—r.C) + P g

To apply this method, we consider the Countries total population growth rates
available from the SSP scenarios, which are in turn employed in ICES. We define four
main urban area trajectories based on the different population projections at the
country level, which corresponds to SSP1, SSP2, SSP3 and SSP5.

Notice that the share of growth method requires three points in time to iterate the
formula, whether our starting dataset has only two. We obtain therefore the first
downscaling at the grid level for the year 2015 with a more straightforward method
known as a “constant share of growth”, where the growth rate is equally shared across
region’s grids. Once the 2015 value is computed as third point for our grids, and the
actual population levels from Eurostat data are derived for 2015 and 2011°, we also
obtain the rest of the years' population through the SSP growth rates. We projected
then each grid g population for each of the selected SSP scenarios.

4 We attempt first a direct replication of their methodology. However, restricting the sample of their
starting data to the European Union did not provide realistic coefficients and urban area projections. We
then deviate from their approach also to obtain a finer resolution for our final grid.

> We plan to investigate also this direction in future applications with the aim of categorizing climate
impacts with specific effects on different crops

6 To have comparable population levels we adapt the Eurostat data by removing some NUTS2 value
which are missing in ICES, such as French dominions and Portugal’s islands of Madeira and Azores.
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The second step in our approach is to model Urban Area (UA) per grid g in our starting
year t = 2011, UA,, based on Population P, ; and a matrix of k auxiliary variables
Xy k.
To account for the nested structure of the dataset, where each grid is part of groupings
of increasing size (Country, and NUTS levels classification), we employ a linear mixed

model (West et al., 2014). We declare our model as:
UAQ.Z{JII = Cl'fg + ,81 Pg.t + ﬁng.k + Zg.qjqu + £

Where, in addition to UA and P, we consider k auxiliary variables Xgx as fixed effects,
which in our best model includes: the log of the distance from the nearest coast, the
log of the distance from the nearest border, the log of the distance from the closest
Functional Urban Area centroid, the grid road density, the grid land percentage
rescaled to 0-1, and the ratio of the grid population levels of 2011 and 2006. We
further assume that the location of grid g affects the urbanized area but in non-
systematic ways. For this purpose, we assume country-specific (C) and region-specific
(R) random effects u.

Table 3 Best linear mixed model estimation results

Dependent variable: Urban Area 2012
Variables Coefficients p-value
Pop 2011 0.041"* (0.00003)
Distance to coasts -0.001™ (0.00004)
Distance to border -0.003™ (0.0001)
Distance to FUA -0.001 (0.0001)
Distance to the airport -0.006™" (0.0001)
Ratio Pop 2011/2006 -0.068" (0.0001)
Road Density 0.00003"* (0.00000)
Land Percentage 0.005™" (0.0003)
Constant 0.091™ (0.004)
Observations 4,436,642
Marginal R"2 0.5250447
Conditional R"2 0.6087025
Note: 'pp™ p<0.01

The model is fitted with Restricted Maximum likelihood with the Ime4 package of
software R (Bates et al., 2018). Prior to fitting, we partially address a non-normal
distribution of the data by log-transforming the variables for Urban Area and
Population.

The results are shown in Table 3. We predict the values of the model given our best
model population coefficient, and proceed to project the Urban Area for each grid by
taking the difference of the prediction by the two models over the simplifying
assumption that the time-invariant exogenous variables will cancel out their effects
over time:
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Iterating this procedure by using the known time t = 2011 as a starting value, and the
end time T as a projected year reference allows us to project Urban Area per grid until
2070 by a five years interval.
To avoid unrealistic results, we bound these projections to a set of assumptions. The
first is that the projected urban area cannot be higher than the land percentage of the
grid, which provides a maximum value of the buildable area. Notice that this
assumption implies that an expansion of the urban area would overcome any rural or
natural area. The second assumption is that we take urbanization as irreversible,
meaning that if the prediction by our model sets a decrease in urban area we fix its
level as the T — 5 one. This fits our CLC data-based definition of urban area, as actually
a collection of artificial areas which could fit different purposes (such as activities and
services) aside from population dwellings. The last condition is that we condition the
evolution of urban areas to the last year of the data from which we calculate our urban
area per grid, which is, at the time of writing, 2018.
The GDP projections from ICES are downscaled by aggregating the model’s regions R
projected urban area for a given year, and distributing the GDP level according to the
grid share over the whole region:

@GDPM
UAg;

GDP,, =

3.1.4 Data

In Table 4 we describe the data used to model the projection of population and urban
area at the grid level.

Table 4 Description and source of the variables

Variable

Description

Source

Urban area (2000, 2006, 2012,
2018)

Area in square meters per grid, summed over the CLC codes
“1”, “Artificial Surfaces”, which include Urban fabric, Industrial,
commercial and transport units, Mine dump and construction
sites, and other artificial non-agricultural areas.

CORINE Land cover data

Grid

Grid for the European area at the 1 KM resolution.

Population per grid (2006, 2011)

Population values by grid

Land Percentage

Share of land per grid (compared to water and other non-
classified areas).

Country ID and NUTS

classification (0,1,2,3 levels)

Code for the administrative location of the grid, in NUTS 2016
classification.

Border distance

Distance in meters from the closest national border. Distances
are always defined from the centroid of the grid cell

GEOSTAT1 and GEOSTAT
2006 initiative of the
European Commission

Airport distance Own elaboration of the distance from the grid’s closest airport. | European Commission
The airports are collected from the point dataset “airports | GISCO, “Transport
2013” networks”

FUA distance Own elaboration of the distance from the closest Functional | European Commission
Urban Area (as per the 2018 definition) centroid GISCO, “Urban Audit”

Road Density Meters of Roads for square meter retrieved from the Global | Global Roads Inventory
Roads Inventory Project (GRIP) dataset, and paired to the | Project, GLOBIO (Meijer
closest grid cell etal., 2018)

GDP projections Projections by the ICES model at the regional level for the | ICES
selected scenarios

Population SSP trends Country level total population growth rates for the selected SSP | 1A
scenarios
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3.1.5 Results

The downscaling exercise results in a collection of .csv datasets storing the GDP levels
for each projected scenario. ICES developed nine baseline scenarios, each with three
different levels of climate impacts, totaling 36 datasets of downscaled GDP time series.
The classification of the datasets follows the regional-level GDP projections, reporting
the scenario combining the selected SSP (Shared Socioeconomic Pathway) and RCP
(Representative Concentration Pathway) both in the baseline and in the climate
impacts (low, medium, or high) versions. To provide an example, the dataset
“GDP_ds_base_s1r26” refers to the downscaled GDP for the base scenario sl1r26,
which combines SSP1 and RCP2.6. “GDP_ds_impacts_s2r45h” refers to the downscaled
GDP for the impact scenario “High” for the s2r45, combining SSP 2 and RCP 4.5.

Each dataset includes a grid level identifier, which is left unmodified from the
European Commission Geostat initiative. Each grid is then classified with the ICES
model reference region, labelled as “Final_ID”. Notice that ICES regions are not directly
comparable with the NUTS 2 classification of 2016, as they are based on the 2013
classification. Moreover, in ICES a couple of regions are aggregated (Trento-Bolzano
and Andalucia). Finally, the GDP time series is labelled as “GDP_scenario_Year”,
ordered from the starting year 2015 to the final year 2070.

The collection of datasets includes a geo-referenced file, “GDP_geo.gpkg”, which
includes only the grid identifiers, as well as the topological representation of the GDP
datasets. It can be used to generate maps and other visualizations of the data quickly.
An example is provided in Figure 42 to Figure 48 where we map some GDP percentage
and absolute variations comparing different years and baseline and impacts.

NUTS 2 Borders
GDP 2015
Hlo-0
Ho-0
Wlo-o0
ENo-0
I 0-0,16
B 0,16 - 0,72
B 0,72- 1,97
[ 1,97 - 4,24
[ 4,24- 10,28
[ 10,28 - 520,52

Figure 42: Magnified GDP levels in 2015, scenario S1R26 (million 2007 USD)
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Figure 43: Percentage change in GDP levels from 2015 to 2050 in the scenario S1R26
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Figure 44: Percentage change in GDP levels from 2015 to 2050 in the scenario S2R60
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Figure 45: Delta of GDP levels in 2050 comparing the baseline and medium impact scenario of S1R26 —
High EU Investment mobility (million 2007 USD)
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Figure 46: Delta of GDP levels in 2050 comparing the baseline and medium impact scenario of S1R26 —
Low EU Investment mobility (million 2007 USD)
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Figure 47: Delta of GDP levels in 2050 comparing the baseline and the medium impact scenario of
S2R60 — High EU Investment mobility (million 2007 USD)
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Figure 48: Delta of GDP levels in 2050 comparing the baseline and the medium impact scenario of
S2R60 — Low EU Investment mobility (million 2007 USD)
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3.1.6 Concluding Remarks

This exercise resulted in a more precise distribution of the GDP levels and their
changes over time and across different climate impacts.

Due to the focus on the urban area variable, the final distribution of the GDP levels
follows closely that of cities and other population centres. However, having based our
projections of the artificial area on the grids’ total population should mitigate the
omission of rural areas. Moreover, given that urban area is a rather inelastic variable,
the GDP distribution in space is rather stable across scenarios, the main variations due
to the impacts and the change in population levels.

As a caveat, additional refinements to the econometric model should be tested, as well
as some robustness checks and validation procedures. For instance, it would be
interesting to retake the analysis with a generalized linear method and with other
distributions that could better fit the data, although, given the fine spatial resolution of
1 Km, the computational burden is relevant. Moreover, more involved random effects
and additional time-varying variables could help in obtaining more precise results.
Besides the visualization of the climate impacts, this exercise could act as a solid base
to develop more complex methods that can be useful to represent a significant spatial
change in the GDP distribution due to the climate impacts.

A promising example regards the differentiation of climate shocks: if a shock could be
categorized appropriately concerning its impact on a variable that can be included in
this method, then also the spatial distribution will change within the given region in
the same scenario. Our methodology allows this inclusion of shocks effects through
different channels that could then be modelled as parameters affecting the within-
region distribution.

Indeed, many of the already considered variables would be affected by climate shocks:
for instance, climate shocks affecting coasts could be amplified in the grids located
near the ocean. Another interesting extension is to add the CLC classification of rural
areas. Disaggregating then the classification of CLC rural and artificial area to more
detailed levels could permit to classify the shocks to different crops and economic
activities.

To conclude, downscaling the projections of GDP changes due to different scenarios
and climate impacts is a relevant exercise, as it laid the base towards a properly spatial
understanding of what is to come at resolutions far lower than the ones employed by
climate assessment models. This information could be very relevant to the
policymaker, as the latter could therefore apply its finite resources in a far more
precise and efficient effort to prevent and contrast the effects of climate change.
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4 Distributional implications of climate change for the EU

4.1 Introduction

Several studies have looked into the distributional impacts of climate change. Dell et
al. (2012) have investigated the impacts of poor and non-poor countries’. Results have
shown that economic growth in poorer countries are negatively affected by increasing
temperatures, whereas results for non-poor countries are not robust. Mendelssohn et
al. (2006) have looked into future impacts of climate change in countries grouped by
income quartile (with GDP per capita as the benchmark). Their results showed that, in
terms of impacts as a share of GDP, the lowest income quartile has a larger estimated
damage, and the damage declines as income quartiles increase. Two hypotheses were
presented and tested: (1) could the damage be due to severity of climate change for
poor countries? The answer was: not really. Even with the same magnitude of changes,
the future distribution of impacts shows the same. (2) Could the impact be due to
poorer countries located in lower altitudes that already experience higher
temperatures? The answer was: Yes, but it's not the only reason. Mendelsohn et al.
speculate that this could be due to the share of climate-sensitive sectors being higher
in poorer countries, and generally to lower technology. Park et al. (2018) looks more
closely into household level exposure bias, and found that 37 of the 51 countries
analyzed have a positive Poverty Exposure Bias, indicating that more of the poorest
quintile are exposed to extreme temperatures that the country average. Using
Ordinary Least Squares, majority of the countries with negative relationship between
temperature in the hottest month and wealth percentile of households are tropical
countries with already hot average climate. For countries with average temperatures
below 20°C, the opposite relationship is seen. Furthermore, there is a clear negative
relationship between occupational exposure and household wealth within 47 countries
included in the analysis.

This chapter contributes to the current scientific knowledge by investigating the
distributional impacts of climate change in the EU at the NUTS2 level using, not only
current climates, but also multiple variables relating to human development, with
corresponding projections under the Shared Socioeconomic Pathways (SSPs). The
analysis takes the perspective of adaptive capacity, represented by human
development indicators, as a factor in changing the magnitude of impacts in the
future, and considers in-country disparities at the NUTS2 level.

7 Poor countries defined as having below-median PPP-adjusted per-capita GDP in the first year the
country enters the dataset.
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4.2 Data

Two impact datasets are sourced from the outputs of the H2020 COACCH project: (1)
impacts to agriculture of which impacts to crops can be separately analyzed, and (2)
impacts to the gross domestic product (GDP). Historical data of human development
indicators are sourced from the Eurostat (ESTAT), while the projections are sourced
from the ICES model (CMCC) and SSP2 (Lutz et al., 2018). Agricultural impacts taken as
30-year averages around the 10-year time-step (e.g. for 2020 2005-2035), are
projected by the biophysical model EPIC. GDP losses are projected with the CGE model
ICES, which include nine climate impacts from the same H2020 project: Agriculture,
Forestry, Fisheries, Sea level rise, Riverine floods, Transport, Energy demand, Energy
supply and Labour productivity, as described in the first part of this deliverable.
Population density is computed by dividing the total population by the total land area
in square kilometers (as of 2016 from ESTAT). Table 5 presents the details of each
indicator.

Table 5: Indicator description

General Spatial
category Specific indicators resolution Unit Source
H2020 COACCH Impacts to crops NUTS 2, Gross value-added, IIASA
Impacts NUTS 0 constant prices
Impacts to total NUTS 2, Gross value-added, IIASA
agriculture NUTS 0 constant prices
Impacts to GDP NUTS 2, Percentchange CMCC
NUTS 0
Income Gross value-added by NUTS 2, Gross value-added, ESTAT
sector NUTS 0 constant prices
GDP per capita NUTS 2, Million Euros per ESTAT
NUTS 0 person
Population by sex NUTS 2, Persons ESTAT
NUTS 0
Education Percent of population NUTS 2, Percent ESTAT
(15-64) by educational NUTSO0
attainment
Health Life expectancy at NUTS 2, Years ESTAT
birth by sex NUTS 0
SSP2 GDP PPP (constant NUTS 23, Billion USD ICES model,
projections 2005 USD)L2 NUTS 01 OECD
GDP MER3
Population by sex NUTS 23, Persons ICES model, Lutz
NUTS 02 etal. (2018)
Percent of population NUTSO0 Percent Lutz et al. (2018)

(15-64) by educational
attainment and sex ?

Life expectancy at NUTSO Years Lutz et al. (2018)
birth by sex®

Climate Mean annual NUTS 2 degrees Celsius

Indicators temperature
(historical)

1 Source: OECD; *Source: Wittgenstein Centre, Human Capital Data Explorer with data from Lutz,
Goujon, KC, Stonawski, and Stilianakis (Eds.) (2018); 3 GDP and Population projections from the ICES
model, consistent with the SSPs (https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=10).
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4.3 Methodology

Unlike existing global studies (Mendelsohn, 2006; Tol et al., 2003) wherein a clear
trend can be seen between the per capita income of countries and climate impacts,
the results for the EU countries is less clear.

The methodology of this research, therefore, extends the method in Mendelsohn et al.
(2006), such that more indicators are considered in determining the distribution of
economic impacts, using a model-based cluster analysis. The parameters considered in
the analysis are selected, based on the results of existing publications such as income
and initial levels of temperature, as well as the components of the Human
Development Index (HDI)® to include possible determinants of adaptive capacity. The
components referring to development consider initial levels, as well as projected levels
as specified in the SSPs.

4.3.1 Gaussian finite mixture modelling

A probability density function defined by a finite mixture model specified the
distribution of observations in x = {x;,%5,...,x,} . In @ Gaussian mixture model, this
distribution takes the form

flx;y) = Egzl Ty fi (x;; 65 ), where fre(x:;0;) ~ N(#kizk)

) contains the parameters of the mixture model, f} is the k* component density for
observation x; with parameter vector 8,, m;, are the mixing weights, and G is the
number of mixture components. The component density is normally distributed
around a mean vector, u;, and other geometric characteristics determined by the
covariance, 2 . In this study, a multivariate parameterization of covariance matrices is
implemented, thus allowing the volume, shape, and orientation of the covariances to
be either equal or variable across groups. The optimal number of components, G, and
the covariance parameterization is determined by using the Bayesian Information
Criterion (BIC) for all models considered. Assuming that G is obtained and fixed, a
maximum likelihood estimator (MLE) of the finite mixture model is calculated using the
expectation-maximization (EM) algorithm. Each component of the finite mixture
density is associated to a cluster.

In order to have a 1 x N matrix for each of the variables in the cluster analysis, the
following aggregations have been done as shown in Table 6:

8 Health, education, standard of living. Other forms of HDI include adjustments for income and gender
inequality, which are treated as separate indicators in this analysis.
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Table 6: Data aggregation

Variable Temporal aggregation Scenario filters Other filters
Historical data on Average from 2010-2015 None none
temperature, income,

education, health,

population density

Projections of The difference of the 30-year SSP2, with growth none
temperature, income, average for temperature, and rates for the
education?, health?, 10-year average for income, country applied
population density education, and health to the to all NUTS 2

historical data regions.
COACCH impact - Impactat2050 SSP2, RCP 2.6 With C0o2
Agriculture and Crops fertilization,

constant  prices,
mean impact

COACCH impact- GDP  Impactat 2050 SSP2, RCP 2.6 Mean impact

1 population projection by education for 5-year time steps on a NUTS O level. The variable has been
transformed to reflect the share of the change in population over 15 years old in each of the education
levels (Level 0-2: no education, incomplete primary, primary, lower secondary; Level 3-4: upper
secondary, short post-secondary, post-secondary; and Level 5-8: bachelor, master and higher) relative to
the change in total population. Base year is 2015. For this analysis, we only consider the change in
population of education level 5-8. 2 Life expectancy represents the number of years a newborn is
expected to live. The variable has been transformed to reflect the change in number of expected life
years in the future relative to 2015.

The aggregation results in a cross-sectional dataset by NUTS2 region. The values are
standardized to reflect comparable variations across variables before they are
subjected to the model-based clustering method.

4.3.2 Cluster analysis relevant for the distributional impacts of climate change

We perform a correlation analysis on all the variables before clustering to gain an
insight on pairs of variables (Figure 49). Then, we perform the model-based clustering
for two purposes: first, to have a systematic grouping of NUTS2 regions based on a
multivariate set of components; and second, to be able to compare the mean values
across clusters to find any emerging patterns between future climate change impacts
and the other socioeconomic variables at present and in the future.
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4.4 Results
4.4.1 Correlation

The results of the correlation analysis show that there is a strong negative correlation
between GDP impact and current temperature, such warmer NUTS2 regions are
expected to have lower (climate change-adjusted) GDP in 2050. A higher projected
GDP impact in 2050, referring to the estimated change in GDP relative to a no climate
change scenario, is also positively correlated a higher share of the population having
tertiary education presently and in the future, higher life expectancy, and a lower
population density.
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Figure 49: Correlation analysis for main data indicators
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4.4.2 Cluster Analysis

The results of the model selection using BIC refer to an optimal of nine clusters,
and a covariance parameterization that suggests an ellipsoidal distribution with
equal volume, equal shape, and a variable orientation (EEV). The orientation of
clusters is also defined, supporting the use of the model-based clustering (Figure
50)
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Figure 50: Results of the model-based cluster analysis showing the optimal number of clusters using
the BIC as the criterion, and a graphical representation of data points grouped into the optimal
number of clusters, where a Principal Component Analysis (PCA) is performed to represent the group
of variables to two dimensions (‘Dim1’ and ‘Dim 2’).

Figure 51 below presents the mean parameter values of the standardized deviation
from the sample mean for each of the variables.
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Figure 51: Mean parameter values in each cluster by variable.

Projected GDP impact in 2050

The results suggest that regions with the largest projected GDP loss in 2050 are
present in Cluster 5, and are the same regions with the warmest climate, the lowest
share of the population with tertiary education, relatively low current population
density and GDP per capita, and above average life expectancy among the EU-27 + UK
countries. In terms of future changes in socioeconomic indicators under SSP2, the
same group of NUTS2 regions also show one of the lowest projected shares of the
population with tertiary education in 2050. Belonging to this cluster are regions in
Spain, Italy, and Portugal.

The highest mean GDP gainers are NUTS2 regions grouped under Cluster 9, which
show an above average projected GDP growth, relatively cool climate with the lowest
precipitation. The same cluster also shows values below the mean for all other
socioeconomic variables, both current and in the future particularly life expectancy.

Other cluster characteristics

Cluster 1 (high future education, high life expectancy) is expected to experience
moderate gains in GDP with climate change and Agriculture due to climate change.
Regions belonging to this cluster have relatively warmer climates, below average
population density, a large improvement in the share of the population having tertiary
education in 2050, and high life expectancy, currently and in the future.
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Cluster 2 (highest population density, high education, low life expectancy) show
relatively greater losses in GDP and above average increases in agricultural production
due to climate change. Regions in this cluster experience moderate climates and
slightly below average precipitation compared to other clusters. The regions also have
the highest population density, currently and in the future, and a relatively large share
of population having tertiary education currently and low life expectancy in the future.

Cluster 3 (low socioeconomic characteristics, high GDP without CC) is characterized by
the lowest life expectancy, current GDP per capita, and among the smallest share of
the population with tertiary education. The regions belonging to this cluster have
below-average population density, relatively dry, yet cool climate. Despite the highest
projection of GDP in 2050, GDP impacts due to climate change are expected to be
greater than the sample average.

Cluster 4 (lowest future education, high future life expectancy, lowest GDP without CC)
is characterized by the highest life expectancy in the future, but has the lowest share
of the population having tertiary education and projected GDP growth in the future.
Regions in this cluster experience below average climate, above average precipitation,
and relatively higher GDP per capita; and are expected to have above average
increases in GDP and agriculture due to climate change.

Cluster 6 (low temperature, high education, low future life expectancy) include regions
experiencing cooler climates, above average life expectancy, a relatively large share of
the population with tertiary education, and GDP per capita in the EU. The regions in
this cluster are expected to have above-average GDP with climate change and higher
projected agricultural production relative to the rest of the EU in 2050.

Cluster 7 (highest education, highest GDP per capita, low temperature, high
precipitation, low future life expectancy) is characterized by the highest share of the
population having tertiary education, and the highest GDP per capita in the EU.
Regions belonging to this cluster also show a combination of the highest amount of
precipitation and a cool climate; a moderately low population density. In terms of
impacts, the regions in this cluster show a higher increase in GDP with climate change
compared to other clusters, but a larger negative agricultural impact due to climate
change.

Cluster 8 (low temperature and precipitation, low life expectancy but high
improvement in the future, high current education) represent regions that have a
relatively cooler and dry climate compared to the rest of the EU. The regions in this
cluster is expected to have a relatively higher GDP and agriculture production due to
climate change in 2050 compared to the rest of the EU. In terms of socioeconomic
characteristics, regions in this cluster have a high share of the population with tertiary
education, higher than average GDP per capita, average population density, and
among the lowest life expectancy, however is projected to have large improvements in
life expectancy in 2050.

PU Page 93 Version 0.6

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 776479.



D2.7 Macroeconomic, spatially-resolved impact assessment

4.5 Conclusions and recommendations for further study

This study aimed at systematically investigating the distributional impacts of climate
change in the context of current values of temperature and human development
indicators, as well as changes in these indicators in the future. The pairwise correlation
suggest that NUTS 2 regions with warmer climates tend to have lower projected GDP
due to climate change. An improvement in health and higher education relates to
higher GDP in the future, despite climate change impacts. The correlation to
development indicators is, however, weak.

In analyzing all the components together, the results show that, while we see relatively
low values of education and per capita income at present and in the future, and the
warmest climate among the regions being associated with the largest losses in GDP
due to climate change in a single cluster, we do not see a clear pattern in relation to
the largest GDP gains due to climate change. The various combinations of levels of
higher education, efforts to improve health, and population density, coupled with
diverse climates, result in different levels of expected economic growth in the future,
and consequently, the resilience of each to withstand climate change. The results
suggest that initial levels of temperature may play a role in determining the GDP
impacts due to climate change, however, it is not the only determinant.

Further study is needed to understand the dynamics between the development
indicators and the possible impact of climate change to GDP, in order to get a grasp of
the magnitude of contribution of each. The results presented here, while showing the
importance of development as a means to reduce GDP impacts of climate change,
correlate development components to estimated GDP impacts (mainly representing an
income channel) which are highly influenced by the composition of the models from
which the economic impacts are projected; and similarly, the projections of the
socioeconomic variables are also determined by the model simulations.
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Appendix 2

Cluster Cluster members®

1 "AT11" "AT12" "AT21" "AT22" "AT31" "AT32" "AT33" "AT34" "BE22" "BE23"
HBE24H HBEZSH HBE31H llESllll HESlZH llESl3ll IIESZIH HESZZH HESZ3H HESZ4I|
HES41H HES42H HES43H HESSlH HESSZH HESS3H HES61|| HES62|| HFR21H HFR22II
"FR23" "FR24" "FR25" "FR26" "FR41" "FR42" "FR43" "FR51" "FRSZ" "FR53"
"FR61" "FR62" "FR63" "FR71" "FR72" "FR81" "FR82" "FR83" "NL11" HNL12"
"NL13" "NL21" "NLZZ" "NL23" IINL34" "NL41" "NL42"

2 "ES30" "FI19" "FI1C" "FI1D" "FI20" "HU10" "R0O32" "SI03" "UKD3" "UKD7"
"UKG3" "UKIS" "UKI6" "UKI7"

3 "BG31" "BG32" "BG33" "BG34" "BG41" "BG42" "CZ02" "CZ03" "CZ04" "CZ05"
llCZO6II llCZO7II llCZO8II HEEOOH IIHU21" llHU22|| IIHU23II llHU31ll llHU32ll IIHU33II
HLVOOH llROllll IIR012|| IIR021" HROZZII ||R031ll ||R041ll HRO42H IISKOZII IISKOSII
llSK04ll

4 "DE11" "DE12" "DE13" "DE14" "DE21" "DE22" "DE23" "DE24" "DE25" "DE26"
"DE27" "DE30" "DE40" "DESO" "DE60" IIDE71II "DE72" "DE73" "DEBOH "DE91"
"DE92" "DE93" "DE94" "DEAlII "DEAZ" "DEA3" "DEA4" IIDEASH "DEBl" "DEBZ"
"DEB3" "DECO" "DEDZ" IIDED4II IIDED5" "DEEO" "DEFO" "DEGO"

5 "EL30" "EL41" "EL42" "EL43" "EL51" "EL52" "EL53" "EL54" "EL61" "EL62"
"EL63" "EL64" "EL65" "ITC1" "ITC2" "ITC3" "ITC4" "ITF1" "ITF2" "ITF3" "ITF4"
"ITF5" "ITF6" "ITG1" "ITG2" "ITH1" "ITH2" "ITH3" "ITH4" "ITH5" "ITI1" "ITI2"
"ITI3" "ITI4" "PT11" "PT15" "PT16" "PT17" "PT18"

6 "DKO01" "DKO02" "DK03" "DK04" "DK05" "IE01" "LU0O" "SE11" "SE12" "SE21"
"SEZZ" "SE23" "SE31" "SE32" "SE33" "UKCl" "UKCZ" "UKDl" "UKD4" IIUKD6"
"UKEl" "UKEZ" "UKE3" "UKE4" "UKFl" IIUKFZII "UKF3" "UKGl" "UKGZ" "UKHl"
IIUKHZH IIUKH3II llUK]lll llUK]ZII IIUK]3II IIUK]4II IIUKKZH IIUKK3II llUKK4ll IIUKLZII
llUKM6II IIUKNOH

7 "FI1B" "IE02" "NL31" "NL32" "NL33" "SI04" "UKK1" "UKM5"

8 "BE21" "BE32" "BE33" "BE34" "BE35" "CZ01" "FR10" "FR30" "LT00" "SK01"

9 "AT13" "PL11" "PL12" "PL21" "PL22" "PL31" "PL32" "PL33" "PL34" "PL41"
llPL42ll llPL43ll llPLSlll llPL52|| IIPL61I| IIPL62|| IIPL63I|

% Clustering is only possible for complete entries and the following regions with missing data were taken
out from the dataset: Missing agricultural impact: MT00, HR03, HR04, ES63, ES64, ES70, BE10, UKI3,
UKI4; missing life expectancy data: UKM7, UKM8, UKM9; No climate data: UKL1; No agricultural impacts
nor data on education: CYO0O.
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