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Abstract

Island communities are among the first and most adversely affected by the impacts of
global climate change. Islands are vulnerable to climate change because of their isolated
geography, large coastal areas, and low economic diversification. This paper presents
a model-based evaluation of the macroeconomic impacts of climate change on the Blue
Economy of southern European islands. We consider climate change impact chains on
tourism, maritime transport, and electricity demand in a downscaled modeling framework
for different climatic scenarios to the end of the century. Our findings show important eco-
nomic losses in all climatic scenarios, yet economic damages under an RCP8.5 scenario
more than doubled compared to a RCP2.6 pathway. Magnitudes of impacts vary across
islands, depending on the level of economic diversification and geographic remoteness.
The effects of climate change on the tourism sector are detrimental to the islandic econo-
mies, given the sector’s complex value chain and dominant position in value added. Simi-
larly, increasing electricity demand for cooling and water desalination puts additional stress
on the economy of the islands.
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1 Introduction

Island communities are among the first and most adversely affected by the impacts of
global climate change (Lazrus 2012; Veron et al. 2019). Islands are vulnerable to climate
change as they share relatively large coastal zones and feature valuable ecosystems and
natural environments. Their level of biodiversity is high due to their levels of species end-
emism, unique functional traits, and evolutionary patterns (Taylor & Kumar 2016; Russell
& Kueffer 2019). In addition, islands are subject to more challenging adaptation processes
due to their geographic remoteness. Most islands feature low economic diversification and
share common economic challenges because of their distance from markets and the dif-
ficulties in enjoying the scale advantages arising from human and economic agglomeration
(Weir et al. 2017; Linkov et al. 2014).

Climate change projections for islands around the world indicate that certain islands
may disappear because of sea-level rise, while others will face a large reduction of coastal
areas and land surface (Kelman 2018; Ourbak & Magnan 2018; Kelman et al. 2019). Ris-
ing sea levels, changing precipitation and storm patterns, and increasing air and sea-surface
temperatures can put additional stress on already limited island resources. Resilience and
risk management strategies of these vulnerable lands need to be improved, also by deeper
insights into the mechanisms of climate change impacts and economic damages (McMillen
et al. 2014; Mcleod et al 2019; Sarker et al 2020). Both must be downscaled from global
analyses to regional levels.

Blue Economy sectors, such as coastal tourism, coastal energy, fisheries and aquacul-
ture, and maritime transport, are important to islands as sea-related economic activities
have always been key to their socioeconomic development (Sarker et al. 2018; Bennett
et al. 2019). The concept of Blue Economy refers to the sustainable development of the
economic activities related to the oceans and the coastal areas and the improvement of
coastal livelihoods. As such, sustainable growth of Blue Economy activities is a core part
of recent strategies for green growth in the European Union and other regions around the
world (Ruiz-Salmén et al. 2020; Lee et al. 2020; European Commission 2020a, b). At the
same time, Blue Economy activities in islands face different and often larger challenges
than in coastal regions (Spalding 2016; Hampton and Jeyacheya 2020). To this end, an
assessment of the challenges related to climate change and Blue Economy sectors on an
island level can provide valuable insights for the sustainable development and future resil-
ience of island communities.

Applied macroeconomic analysis of climate change is a complicated task which is
increasingly met with a combination of bottom-up sector-specific models and macroeco-
nomic models (Ciscar et al. 2012; Ciscar et al. 2014; Feyen et al. 2020; Nordhaus 2017;
Bosello & Parrado 2020; Schinko et al. 2020). Because climate change is a global phe-
nomenon, most applications have focused on the large-scale aggregation of geographical
regions. However, if climate damage assessment is to inform adaptation policies, local
results are needed. Downscaled modeling provides useful policy insights from a regional
perspective based on unique vulnerabilities and socioeconomic characteristics. This paper
develops a modeling approach of the economic effects of climate change impacts for rel-
evant Blue Economy sectors of the southern European islands. Our macroeconomic mod-
eling is downscaled to the island level to explicitly consider the economic characteristics
of each island and focuses on tourism, maritime transport, and energy which are found
among the most climate-sensitive and economically relevant sectors for the islands (Smith-
Godfrey 2016).
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This paper contributes to the literature on the assessment of climate change economic
impacts by adopting a downscaled macroeconomic methodology for the Blue Economy
sectors of islands’ economies. The decision to study islands lies in the particularities of
these territories with respect to the mainland and the coarse spatial resolution of many
currently available projections of climate change impacts, both of which make it difficult
to derive valid statements for islands (Leon et al. 2020) and pose unique challenges to their
sustainable development and climate change adaptation efforts. The applied macroeco-
nomic analysis of this paper aims to help the islands to fill in some of the knowledge gaps
that still hinder the design of custom-tailored adaptation options and threaten the wellbeing
of islandic populations.

2 Methodology

This paper considers climate change impacts for Blue Economy sectors with a detailed
regional resolution focusing on nine southern European islands and archipelagos (Azores,
Baleares, Canaries, Crete, Cyprus, Malta, Madeira, Sardinia, and Sicily), with two of them
being EU member states. The focus is on islands located in the Mediterranean and the
Atlantic Ocean. For this island-level economic analysis, islands’ input—output tables have
been constructed or updated to serve as a basis for the detailed analysis of the respective
economy. Second, comprehensive economic outlooks to 2100 have been developed for the
respective islands (Paroussos et al. 2019b) to allow for a dynamic analysis of the economic
impacts of climate change. These outlooks include the main sectors of the island econo-
mies and the relevant Blue Economy sectors and comprise the reference case to which the
climate change scenarios are compared. The latter scenarios are constructed with the intro-
duction of direct economic impacts from biophysical climate impacts of matching levels of
scale in the macroeconomic modeling frameworks.

2.1 Modeling framework

The modeling framework employed to estimate the macroeconomic impacts of climate
change in islands involves two widely utilized macroeconomic models: an island-level
application of the large hybrid general equilibrium model GEM-E3, GEM-E3-ISL, and an
applied macro-econometric model, GINFORS. Both model versions applied for this analy-
sis are presented in detail, including the key equations, in the respective report presented
for the SOCLIMPACT project (Paroussos et al 2019b). Mercure et al. (2019) compare the
different model features, one being a computable general equilibrium model (CGE) and
the other a post-Keynesian macroeconometric one. Nikas et al. (2019) describe the differ-
ences and applications of both approaches as major representatives of climate-economy
models. By applying two different theoretical approaches, we allow for an assessment of
the underlying uncertainty due to differentiated economic assumptions, thus enhancing the
robustness of the ex-ante assessment of climate costs. GEM-E3 is a CGE model that has
been extensively applied in the impact assessment of environmental, energy, and climate
policies (e.g., Karkatsoulis et al. 2017; Paroussos et al. 2019a, b; Vrontisi et al. 2020a, b).
GINFORS is a world macroeconometric model which provides a deep mapping of coun-
try and sector structures utilizing the data set of the OECD Input—Output Database (Lutz
& Meyer 2009; Lutz et al. 2010; Wiebe and Lutz 2016, Meyer et al. 2018, Distelkamp &
Meyer 2019; OECD 2019). Both models have been originally developed to map mutual
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macroeconomic interdependences between national economies and have been further
developed in this paper to enable the analysis of climate change impacts of Blue Economy
sectors on an island level. To this end, regional databases have been constructed to ensure a
harmonized input for both models.

2.1.1 GEM-E3-ISL

The GEM-E3-ISL is a multi-sectoral, recursive dynamic, single-country CGE model that
provides useful insights into the economic system and the interactions of economic agents
at the sub-national level. This is a single-region version of the GEM-E3 global CGE model
(see E3Modelling 2017; Capros et al. 2013). GEM-E3 is written entirely in structural form
and is founded on the principles of the microeconomic theory; agents follow a maximiz-
ing behavior and prices are endogenously calculated to balance. The economic agents that
are individually represented in the model are as follows: firms, households, government,
and the external sector. The model is dynamic and recursive over time, and the dynamics
are driven by capital accumulation, infrastructure accumulation, population, and technical
change. The model is suitable for comparative analysis since it ensures that in all scenarios
the system remains in equilibrium. The single-region version of the large-scale GEM-E3
model was employed as more suitable for this analysis as islands are considered to be small
economies that behave as price takers in the sense that their economic activity does not
affect international prices, and thus, they assume that prices of imported commodities are
given. Provided that bilateral trade data are not available on the island level, the choice of
a single-region version does not compromise the quality of analysis. However, we note that
there are certain limitations particularly with regards to primary factor mobility (i.e., labor
migration and external financing) that force a less-flexible transition to the new scenario
equilibrium. Nevertheless, the single-region model is smaller in size and thus requires less
resources for simulations and allows for a large number of scenario simulations.

The GEM-E3-ISL model version identifies 14 production sectors for which a repre-
sentative firm is assumed. Each producer maximizes their profits, which are defined as the
difference between revenues earned and inputs’ cost, subject to its production technology,
while consumers maximize their welfare through their utility function. The production
technology is represented by a constant elasticity of substitution (CES) function. Markets
are assumed to be perfectly competitive which means that both consumers and produc-
ers act as price takers. Hence, firms maximize their profits by choosing the optimal mix
between capital, labor, and intermediate inputs taking both the factor costs and the price
of their products as given. The stock of productive capital in the economy is given in the
current period but can change in the future through investment, bringing a dynamic feature
in the model structure. Hence, when firms face increased demand for their product, they
will increase their investments but the influence of the increased productive capacity on
the economy will be more evident in the consequent periods. The labor market formula-
tion allows for unutilized resources through involuntary unemployment, following the effi-
ciency wages approach that is described by an empirical relationship between wages and
labor supply. The model closure rule states that the agent’s savings equal investments at
all points in time. This is possible by the adjustment of the regional interest rate, which
denotes for the case of the firm’s regional differentials in the cost of financing. A demand-
driven shock, such as a change in tourism revenues, apart from the direct impact on the
activity of sectors will also induce a second-round of effects that derive from the response
of primary production factor markets (i.e., the labor and the capital market). As wages and
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capital rents adjust to reach a new equilibrium point, resources move towards more profit-
able activities which record competitiveness gains due to changes in production costs. In
this model application, capital and labor are not mobile beyond the regional level; i.e., each
island is limited to its own capital and labor resources. The latter assumption implies a
limitation to extra-islandic investments and interregional labor migration, thus not allowing
for autonomous adaptation that could reduce economic costs.

2.1.2 GINFORS

GINFORS is a macro-econometric model that is based on the post-Keynesian theory where
both sides of the market play an important role, unlike static input—output approaches
(Hein 2017). Behavioral parameters are determined by econometric estimation of time
series data. Since the economy is assumed not to be in equilibrium, markets do not clear,
making it possible to contemplate both involuntary unemployment and idle capital stock.
Furthermore, imbalances between supply and demand are more likely to be offset by
demand-driven mechanisms rather than by price effects.

GINFORS is based on a deep mapping of country and sector structures (Lutz & Meyer
2009; Lutz et al. 2010, 2012; Meyer et al. 2012). The GINFORS (global inter-industry
forecasting system) model is a world trade model mainly based on OECD data, which con-
sistently and coherently models bilateral exports and imports of 25 goods groups for 64
countries and one “rest of the world” region. It incorporates a macro-model, consisting
of exports and imports, other core components of final demand (private and public sector
consumption and investment), markets for goods, and the labor market, for each country.
The models are also divided into 36 goods categories in accordance with the latest OECD
(2019) internationally harmonized input—output (IO) tables. Each national model is linked
to an energy model, which determines energy conversion, energy generation, and final
demand for energy for 19 energy sources disaggregated by economic sector building on
IEA (2019) energy balances. The model takes into account technological trends and price
dependencies.

Given this complete mapping of well-defined accounting and balancing interrelation-
ships, the model can provide a thorough account of complex response relationships on a
macroeconomic scale in each simulation. This modeling philosophy corresponds to the tra-
dition of INFORUM-type models (Almon 1991) and features post-Keynesian system prop-
erties. Considering these system properties, GINFORS-E is thus comparable to the E3ME
model developed and maintained by Cambridge Econometrics (Pollitt and Mercure 2018).
Moreover, the model provides extensive insights into the globalization effects of interna-
tional trade developments.

2.2 Development of island-level databases

The need to apply subnational analysis comes as a consequence of spatial heterogeneity
and at a cost of data availability. The latter is critical to capture the key characteristics
of each island economy and to ensure a harmonized input for both models used for the
analysis. For the purposes of this research, consistent, up-to-date, and harmonized socio-
economic island-level datasets were developed to serve as an input to both models. Both
models are essentially based on applications of input—output accounting frameworks, while
employment data and Tourism Satellite Accounts (TSAs) were also a key part of the newly
developed databases. To construct the databases, all available data was used; however, as
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reporting years, sectoral disaggregation, and methodological approaches were not consist-
ent across islands, updates of existing databases were necessary. The new databases have
a harmonized base year (2015) and sectoral disaggregation (14-sector disaggregation, see
Table 5 of Supplementary Information). The conversion of existing raw data into our pro-
posed classification structure required several methodological steps, including RAS pro-
cedures, which ensure consistency between the entries of the input—output matrices and
row and column totals known from statistics. RAS is a well-known method for data recon-
ciliation (see Memobust 2014) and is an iterative scaling method whereby a non-negative
matrix is adjusted until its column sums and row sums are equal to some pre-specified
totals. Raw data, including gross value added, sectoral gross output, intermediate con-
sumption, compensation of employees, and imports and exports, mostly available at a high
aggregation level, were gathered from regional and national statistical offices, Eurostat
structural business statistics (SBS) database, GTAP database (Aguiar et al. 2019), and rel-
evant publications. For the treatment of data gaps, national statistics were also used for the
purposes of further sectoral disaggregation, final and intermediate demand, and production
structure. National TSAs were also used to produce island-level ones. More details on the
development of island-level IOs and TSAs can be found online in the report prepared for
the SOCLIMPACT project (Meyer et al. 2019).

2.3 Modeling climate change impact chains

Damages are assessed with a bottom-up approach that utilizes regional climatic models
and involves interdisciplinary work based on the concept of climate change impact chains
(Arabadzhyan et al. 2020). This concept emphasizes the notion that risks are the results of
complex interactions between hazards, exposure to natural, social, and economic subsys-
tems and the degree of their vulnerability to climate shocks (IPCC 2012). All quantities
along the modeling chains are estimated specifically on the scale of the respective islands
and for all the Blue Economy sectors considered.

Downscaled climate change projections were conducted for each island by using an
ensemble of 21 Atmosphere—Ocean coupled General Circulation Models (AOGCMs).
Following Jorda et al. (2020), the dynamic contribution inside the basin from the global
models was substituted by the estimate obtained from an ensemble of regional ocean cli-
mate models, from the MedCORDEX online database (https://www.medcordex.eu/).
The climatic projections are linked to RCP2.6 and RCP8.5 IPCC emission scenarios and
considered two time horizons: the near (2040-2060) and the distant (2080-2100) future.
The climatic projections were used as inputs to a range of different economic evaluation
approaches that are described in detail in the Supplementary Information. In that way, cli-
matic impacts are translated into direct economic damages or other types of biophysical
damages that are incorporated into the macroeconomic models (e.g., tourism expenditure
for the tourism sector, or energy demand for cooling for the energy sector). The two macro-
economic models (GEM-E3-ISL and GINFORS) use a harmonized input of direct impacts
associated with the climate hazards of selected impact chains. The methods used to incor-
porate the damages into the macroeconomic modeling frameworks are described in more
detail below.

With respect to the time frame, the macroeconomic models follow the approach of
the climatic simulations; hence, two periods are considered: (i) the near period refers to
the years from 2040 to 2060 and (ii) the distant period (only in GEM-E3-ISL) refers to
the years from 2080 to 2100. All climate impact scenarios are estimated for two different
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climatic projections, namely for RCP2.6 and RCP8.5 concentrations, indicating the climate
impacts under a scenario that aims to keep global warming likely below 2 °C above pre-
industrial temperatures and under a baseline scenario without additional efforts to constrain
emissions respectively.

2.3.1 Impacts on tourism

The studied islands rely heavily on the tourism sector while at the same time rate among
the most popular destinations for EU and non-EU residents. Climate impacts are expected
to affect tourist flows to the islands. For example, the Mediterranean region is expected
to face less favorable conditions given predicted raises in temperature caused by climate
change, which are likely to become increasingly important in the long term. The number of
so-called hot days with temperatures above 35 °C is expected to increase more significantly
in certain areas, for example, the Balearic Islands and Crete (Arabadzhyan, et al. 2020).
This situation will cause important changes in the tourism visitation seasonality of these
islands (Primo et al. 2018).

The bottom-up evaluation of climate change impact chains for tourism is described in
detail in the Supplementary Information and makes use of (i) transfer functions from the
literature, (ii) survey data, (iii) big data analysis, and (iv) experts’ assessment. This bottom-
up process evaluates the changes in total touristic expenditures with respect to a scenario
without climate change consideration, which is then used as an input to the macro models.
The bottom-up inputs that are incorporated in the macroeconomic models are presented in
the Supplementary Information.

As described in the Supplementary Information, different impact chains are considered
for tourism. Our assessment of climate change-induced impacts considers (i) seagrass loss,
(ii) forest fires, (iii) beach reduction, (iv) thermal comfort, and (v) vector diseases. The
GEM-E3-ISL model performs simulations for each of the abovementioned impact chains
as well as for a combination of all hazards referred above.

In GEM-E3-ISL, the tourism sector is represented as an individual agent along with
households, firms, and the government. Tourists’ consumption patterns follow the prefer-
ences indicated in the Tourism Satellite Accounts and expenditures are exogenously speci-
fied for the single country model region. The input from the bottom-up climate impact
chain evaluations is directly incorporated into the model through this exogenous touristic
demand. The allocation of tourism expenditures to different product categories and ser-
vices, which is based on the island-specific Tourism Satellite Accounts, establishes the link
between the exogenous touristic demand and the input—output tables of the domestic econ-
omy in the GEM-E3-ISL model. This allocation of touristic demand to specific demand for
goods and services, and its changes thereof, drives the island’s sectoral economic activity,
employment levels, and trade.

In the extended GINFORS model, tourists’ expenditure is modeled as the final demand
of travelers for goods and services on the respective island. Climate change yields changes
in tourists’ demand and expenditure patterns, which enters the model as an exogenous
change. The demand decrease leads to changes in demand for intermediate goods from
the respective industries and services, and thus to demand changes throughout the econ-
omy. The production of the respective goods changes with demand, with prices and import
shares playing an important role in the sectoral effects. Employment losses are derived
from the respective changes in the production of goods and services.
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2.3.2 Impacts on maritime transport

Maritime infrastructures, i.e., harbors and ports, are affected by climate change through
waves, storm surges, and other extreme weather events (hails, strong rain, etc.). Our assess-
ment identified as the main relevant damage channel for the islands to be the impacts on
infrastructure due to sea-level rise. The amount of investment necessary for the mainte-
nance of port operability (keep ports operating (KPO)) is used as input to the macroeco-
nomic models. This type of input can be considered in two ways in the context of macroe-
conomic models: (i) as adaptation investments necessary to keep the ports operational after
the climate events have occurred or (ii) as damage to port infrastructure which indicates
overall destruction of the available capital stock, without however considering the poten-
tial impacts on the supply of goods to the islands (Christodoulou et al. 2019). Bottom-up
inputs to macroeconomic models are presented in the Supplementary Information.

In the GEM-E3-ISL model, this input is incorporated through the second channel
described above, which is namely considered a damage to port infrastructure that reduces
the capital stock of the maritime sector. Due to the assumption of perfectly mobile capital
across sectors, damages in the capital stock of the maritime sector result in a loss of capi-
tal for the entire economy. In the CGE context, losses in capital stock increase the cost of
capital and as investments follow Tobin’s Q approach, where firm compares its user cost of
capital with its replacement cost to formulate its investment decision, higher capital costs
bring higher investment demand. At the same time, higher capital costs increase production
costs with negative impacts on competitiveness.

In the GINFORS model, investment in infrastructure tends to exhibit positive effects,
creating additional demand for goods and services. This effect is often referred to as the
defensive GDP effect. To integrate the negative effects on the islands from climate change
damages to ports and the additional efforts to keep the islands supplied with imported
goods, these effects are built into transport costs. Thus, they have a negative macroeco-
nomic effect on the model. In maritime transport, the port infrastructure affects transport
costs to a large extend. To implement the KPO expenditures in GINFORS, transport costs
are adjusted to the respective islands accordingly.

2.3.3 Impacts on energy

For the energy sector, we consider the effects of climate change on energy demand of the
islands. This is beyond the scope of the Blue Economy terminology that considers only
the production of coastal energy. In particular, changes in energy demand are identified
through increased electricity demand for cooling and for desalination. The assessment of
the economic impact of climate change on the energy sector focuses (i) on the evaluation
of the additional demand of energy to lead with higher temperatures during the season
prone to heat and (ii) on the estimation of the costs associated with higher consumption of
water to compensate more elevated temperatures across the different domains of humans’
activities (housekeeping, gardening, etc.). Bottom-up inputs to macroeconomic models are
presented in the Supplementary Information.

In GEM-E3-ISL, the increase in energy demand due to cooling needs is simulated both
for industries and services as well as for households. For sectorial activity (e.g., the cool-
ing requirements of the service sector), relevant input is incorporated as changes in the
intermediate demand for electricity while in the case of households it is incorporated as a
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change in the compulsory consumption of electricity. The former implies that along with
households, tourist accommodation will require more electricity per night as the increase
in temperature will increase the overall operation of cooling services. Households will have
to increase their overall electricity consumption to maintain the same level of utility given
the increased occurrence of heatwaves. In addition, decreased precipitation rates imply a
higher supply of water from desalination facilities. The latter uses electricity-intensive pro-
cesses for providing freshwater. This is modeled via the changes in demand for electricity
of the non-market services and the water sector.

In the extended GINFORS model, additional energy demand increases the turnover of
the utilities and demand for intermediate goods increases as well. This exerts a positive
impact. However, they have to expand their capacities over time to meet this demand. For
instance, the amount of PV modules installed on rooftops of residential households, res-
taurants, hotels, and public buildings will be increased, or existing generation is expanded.
Either response will increase the price and thus expenses for electricity and cut into the
budgets of households and the profits of hotels and restaurants. Turnover of utilities
increases. The net effect varies across islands.

2.4 Scenario framework

The scenario framework includes a reference scenario and a set of climate impact scenar-
ios. The reference scenario features no climate impacts or additional climate policies. It
represents the implementation of current climate and energy policies; however, the feed-
back of the islandic emission trajectories to the global carbon budget and hence the linkage
to the RCP trajectories is not considered. Climate impacts are considered exogenous inputs.
The macroeconomic outlooks for each island and the methodology followed to develop
these are presented in detail in the report prepared for the SOCLIMPACT project (Parous-
sos et al 2019b). The GDP growth rate of each island is aligned with the respective national
GDP based on Eurostat’s Ageing Report 2018 (European Commission 2017) until 2070
and on the author’s calculations for the period from 2070 to 2100. Population projections
on an island level are provided by Eurostat for the period 2020-2050 (dataset proj_18r)
while for the period 2050-2100, these are estimated according to the national projections
provided by Eurostat (dataset proj_18np). The outlooks assume that the regional unem-
ployment rate will decrease and in the long term will converge to the natural rate of unem-
ployment. Outlooks are consistent with an SSP2 trajectory and are based on past evidence
and future trends.
The sets of climate impact scenarios are classified into the following categories:

1. Tourism: an assessment of the impact chains related to seagrass loss, forest fires, beach
reduction, and thermal comfort,

2. Energy: an assessment of the impact chains related to increased electricity consumption
for cooling purposes and water desalination,

3. Maritime transport: an assessment of the impacts of climate damages on port infrastruc-
ture,

4. Aggregate: climate impacts induced by all impact chains that are analyzed in this paper,
namely for tourism, electricity demand, and maritime transport.

Supplementary Information presents a summary of the scenario inputs that are incorpo-
rated in the models. For each island under analysis, the GEM-E3-ISL model has performed
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one aggregate and 11 sub-scenarios for each climatic scenario, resulting in 24 scenarios
per island and 216 scenarios in total. The sub-scenarios allow for a decomposition analysis
by impact chain to define the key drivers of macroeconomic impacts and identify which
climate impacts affect the economies of the respective islands. Results of the sub-scenarios
by impact chain for tourism and energy that have been simulated by the GEM-E-ISL model
are presented briefly in the results section, particularly for tourism and energy impact
chains. The GINFORS model has performed the aggregate scenarios by island for each
climatic scenario, resulting in 2 scenarios per island and 18 scenarios in total.

3 Results and discussion

The macroeconomic assessment of climate impacts on the Blue Economy of the southern
European islands shows GDP losses under both climatic scenarios for both models. Results
indicate that climate impacts have a negative effect on economic activity, even if a subset
of impacts is taken into consideration. Signs of GDP results are the same in all islands for
both models, with the exception of two islands in the RCP2.6 scenario, and magnitudes are
comparable, thus adding to the robustness of the findings. Results are described in detail
below, presented first for the aggregate scenario and then by impact sector, as changes from
a reference scenario with no incorporation of climate impacts.

The GEM-E3-ISL CGE model indicates that GDP losses range from—0.2 to—2.6%
in 2050 and —0.3 to—6.0% in 2100 under the RCP2.6 scenario and from—0.6 to—5.7%
in 2050 and — 1.4 to—13.8% in 2100 under the RCP8.5 scenario. The GINFORS macro-
econometric model shows that GDP losses range from 0.2 to — 3.8% in 2050 under RCP2.6
scenario and from—1.6 to—7.3% in 2050 under the RCP8.5 scenario. Private consump-
tion and hence welfare are negatively affected in all climatic scenarios for both models
as income reduces due to the drop of touristic activity and overall economic damages. In
addition to lower consumption levels, the increasing demand for cooling and desalination
results in a higher share of disposable income to be directed towards electricity consump-
tion; hence, demand for other goods and services drops causing additional pressure on the
local economy.

The magnitude of impacts is comparable between the two models, with the macro-
econometric GINFORS model showing slightly larger effects. The ranking of impacts
across islands is shown in Fig. 1 for both models, indicating robust findings for some
islands and larger discrepancies for others. For example, in the RCP2.6 scenario both
models find that the Canary Islands have the highest GDP losses, followed by the Balearic
Islands. However, results for Malta, Sardinia, and Madeira differ, with GINFORS report-
ing higher impacts than GEM-E3-ISL. This is explained by the fact that the GEM-E3-ISL
model features autonomous adaptation mechanisms through price adjustments and demand
responses that can mitigate costs projected by the macro-econometric framework. In the
RCP8.5, these differences are more pronounced due to the higher intensity of impacts, as
seen for example for Malta, Azores, and Sardinia. Nevertheless, the results are robust in
showing that the Canary Islands show the largest GDP losses, around 6% compared to ref-
erence GDP levels, followed by Crete and the Balearic Islands. Overall, Fig. 1 shows that
in both models, economic losses under the RCP8.5 scenario more than double compared to
the respective RCP2.6 losses for most islands, following the higher intensity of biophysical
damages.
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Fig. 1 GDP impacts for the aggregate RCP2.6 and RCP8.5 scenarios in 2050 by model; source: GEM-E3-
ISL and GINFORS models

The level of economic losses differs by island due to the intensity of direct climate
impacts as well as the economic vulnerability. The key drivers of the latter are the geo-
graphical remoteness and the economic diversification of each island. For instance, the
Canary Islands that are geographically remote and have low economic diversification with
a high share of tourism in total value-added show significant economic losses due to cli-
mate impacts. Islands characterized by a high share of tourism in total value added, e.g.,
Canary Islands, Balearic Islands, and Crete, rank high in economic losses on Blue Econ-
omy sectors. GEM-E3-ISL results show that islands with proximity to the mainland, like
Malta, Sicily, and Sardinia, have less intense economic impacts. Particularly with respect
to the impacts due to electricity demand for cooling and desalination, geographic remote-
ness hinders the electrical interconnection of the islands with the mainland and thus ampli-
fies the economic damages.

GINFORS simulations consider that investments in the expansion of energy systems
will generally generate positive growth impulses, assuming that these investments are
additional. On the contrary, in GEM-E3-ISL, the additional investment requirements have
crowding-out effects due to the assumption that capital and labor demand is met by the
island’s own resources in line with the assumption of immobile capital and labor across
regions. On the other hand, for both models, the modeled changes in the tourism and trans-
port sectors dampen economic growth in the islands under consideration. Nevertheless, the
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magnitude of impacts is comparable between the two models, with the macro-econometric
GINFORS model showing slightly larger effects due to the assumption of unresponsive
markets.

3.1 GEM-E3-ISL results

Sea level rise and other coastal-related damages are detrimental to the marine environment
and the beach condition of the islands. Increasing temperatures, increasing occurrence
of heatwaves, and reduced precipitation have an adverse effect not only on human ther-
mal comfort but also on the occurrence of forest fires. Tourist revealed preferences show
a sensitivity of touristic expenditures to climate-related changes, with an average drop of
expenditures by — 13.4% in the RCP2.6 climatic scenario and an average of —22.3% in the
RCP8.5 scenario compared to the reference (see Tables 1 and 2 in Supplementary Informa-
tion). Tourism has a high share in total value added for most islands and features a complex
value chain; thus, impacts on tourism are the largest contributors to total GDP losses for
the majority of islands (Fig. 2). We find that islands characterized by a high share of tour-
ism in total value added, e.g., the Canary Islands, Balearic Islands, and Crete, have higher
economic losses from climate impacts on Blue Economy sectors. Impacts related to beach
reduction are the main drivers of tourism expenditure decline for all islands, followed by
forest fires (Fig. 3).

Tourism-related industries are labor-intensive; thus, lower activity levels exert nega-
tive pressure on the labor market, leading to lower wages and higher unemployment. The
wage income of households falls leading to lower consumption. GEM-E3-ISL results indi-
cate that the sharp reduction in tourism arrivals can bring cumulative GDP losses over
the 2040-2100 period equal on average to 1.2% in the RCP2.6 scenario and 3.2% in the
RCP8.5 scenario compared to the reference levels (Fig. 2). The maximum GDP losses due
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Fig.2 Cumulative GDP changes for the 2040-2100 period by impact sector (stacked columns) and in total
(dot) RCP2.6 and RCP8.5 scenarios for each island; source: GEM-E3-ISL model
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to climate impacts on the tourism sector can reach 6.9% of reference GDP levels for islands
with high shares of tourism in their value added (e.g., Balearic Islands, Crete).

High temperatures, humidity, frequent heat waves, and low precipitation rates will
affect the living conditions of the domestic population and tourists, leading to an increased
demand for cooling and water desalination, both of which are energy-intensive processes.
We project that climate change will cause an average increase of electricity demand by
10% in the RCP2.6 scenario and by 24% in the RCP8.5 (see Tables 4 and 5 in Supple-
mentary Information). In the GEM-E3-ISL model, this sharp increase in demand increases
electricity prices and adds pressure to the island’s limited resources. Geographic remote-
ness is a key driver of these results as it hinders the electrical interconnection of the islands
with the mainland, thus increasing the costs associated with higher electricity demand. The
latter put pressure on the island’s capital requirements and induce crowding-out effects,
given the assumption of immobile capital across regions. The scenario implementation
does not assume any financing tool, as for example the funding of power generation facili-
ties from central governments, which potentially could alleviate the crowding-out effects.
In addition, while existing interconnections have been taken into consideration (e.g.,
Malta to Italy), we note that forthcoming ones have not been considered (e.g., Crete to the
Greek mainland). Interconnections to the mainland can enhance the adaptive capacity of
the islands to the changing electricity demand due to climatic changes. While investments
increase in order to meet higher electricity demand, higher prices bring competitiveness
and GDP losses, as households spend a larger share of their disposable income on energy
services. GEM-E3-ISL results show an average cumulative GDP loss over the 2040-2100
period equal to 0.6% of reference GDP in the RCP2.6 scenario and 1.2% in the RCP8.5
scenario (Fig. 2). We find that higher electricity demand for cooling purposes is the key
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driver of these results for most islands; however, the Canary Islands and Malta are excep-
tions to this as increasing water shortages increase demand for desalination (Fig. 4).

Finally, the analysis looks at the impacts of climate change on port infrastructure. The
risk of stopping or slowing maritime transport mainly arises from the risk of ports becom-
ing non-operative. The latter is primarily linked to sea-level rise, as discussed in the Sup-
plementary Information. The damages of port infrastructure, expressed as a % share of ref-
erence GDP, are on average —0.2% for the RCP2.6 scenario and — 0.5% for the RCP8.5 one
and result in lower capital rents and higher maritime transport prices. GEM-E3-ISL results
show (Fig. 2) that the impact of climate change on port infrastructure can affect the overall
economy with average cumulative GDP losses over the 2040-2100 period equal to 0.2%
of reference GDP in the RCP2.6 scenario and 0.6% in the RCP8.5 scenario, without taking
into consideration potential port closures and severe disruptions of supply chains.

Overall, GEM-E3-ISL simulations for the aggregate scenarios that include all impact
chains, namely incorporating climate damages into tourism, electricity demand, and mari-
time transport, indicate a capacity of the system to adapt to multiple impacts by showing
GDP losses equal or lower to the sum of each sector-specific scenario. For example, as
demand lowers due to less tourism arrivals, the impact of higher electricity prices has a
lower effect on the overall economy. Similarly, a decline in touristic demand releases labor
and capital that are then available to cover the higher demand for electricity.

Macroeconomic implications are significant under both climatic scenarios; however,
economic losses under the RCPS8.5 scenario are twice the magnitude of losses in the
RCP2.6 for most islands (Fig. 5). Results vary when comparing long-term losses of the
RCP2.6 scenario with medium-term losses of the RCP8.5 scenario. The time profile of
impacts is directly associated with the scenario assumptions, namely the inputs from esti-
mated biophysical impacts. GDP losses are more pronounced in the long term due to the
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Fig.4 Cumulative GDP changes for the 2040-2100 period by impact chain of the energy sector in the
RCP2.6 and RCP8.5 scenarios for each island. Source: GEM-E3-ISL model
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projected intensification of climate impacts; however, the scale of this effect differs across
islands.

Private consumption expenditures fall significantly over the examined period as house-
hold income decreases because of low touristic activity. Furthermore, the scenario specifi-
cation implies that a larger share of disposable income will be directed towards electricity
consumption; hence, demand for other goods and services falls creating additional pressure
on the local economy. This in turn will lead to lower investments, as firms do not fore-
see profitable conditions that would incentivize the expansion of their production capac-
ity. Results indicate a positive impact on regional trade balance for most islands as lower
consumption affects demand not only for domestic but also for imported goods and ser-
vices, while exports increase as lower demand for domestic goods and services and lower
touristic activity results in higher availability of resources, thus more competitive produc-
tion costs. This effect is in line with what is observed when firms meet unfavorable condi-
tions in the domestic market and become more extroverted in order to find markets for their
products.

With respect to the labor market developments, the simulation results show decreased
employment levels for both climatic variants (RCP2.6 and RCP8.5) and for the entire
period (see Supplementary Information). The employment losses recorded are attributed
mainly to the decreased employment in the labor-intensive tourism sectors but are also
linked to the competitiveness losses due to higher electricity prices.

3.2 GINFORS results

The macroeconometric GINFORS model allows for mid-term projections of economic
impacts running up to 2050. Despite the usual short-term analyses, macro-economet-
ric models have been used in different applications until 2050 (European Commission
2020b, European Commission 2021, Meyer and Ahlert 2019). Behavioral parameters
are based on time series estimates since 1990. Due to the longevity of the capital stock
in the tourism, maritime infrastructure, and energy sectors, simulations for the next
three decades appear to be adequately covered by this. Shocks from climate change and
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adaptation to it also occur differently up to 2050. In this respect, the use of a macro-
econometric model also seems appropriate over this time frame, as the model answers
the question of how the economic system reacts to these ever-changing shocks over
time. GDP losses due to climate change impacts on the Blue Economy sectors range
from —0.16 in 2030 to—3.8% in 2050 under RCP2.6 scenario and from —0.3 in 2030
to—7.3% in 2050 under the RCP8.5 scenario (Fig. 6). Economic losses under RCP8.5
scenario are much higher than those under the RCP2.6 scenario for all islands. For most
islands, the impacts under scenario RCP8.5 are much higher than those under scenario
RCP2.6 in relative terms.

The GDP losses are driven by the impacts of climate change on tourism, energy, and
maritime transportation in the different islands, thereby impacting consumption and
investment decisions of economic agents throughout the economic systems of the islands.
Impacts on investment are positive in most of the islands under both scenarios of climatic
conditions, because of the need to push forward investments on maritime infrastruc-
ture restoration and renewable energy systems independent from the mainland. Average
impacts on investment across islands range between 0.22% for RCP2.6 in 2030 and 1.3%
for RCP8.5 in 2050; i.e., damages increase and more investment is needed over time and
for the most extreme climatic scenario. Impacts on consumption are always negative and
become higher for those islands with a higher dependence on international tourist arrivals,
such as Malta, the Canary Islands, Azores, and Sardinia. Average impacts on consumption
across all islands range between — 1.08% for RCP2.6 in 2030 to — 5.5% for RCP8.5 in 2050.

The negative impacts on GDP increase over time, ranging from an average impact
across islands of — 1.04% in 2030 for scenario RCP2.6 to—4.4% in 2050 under scenario
RCP8.5. The rate of growth of impacts diminishes until 2050 for most islands. On average,
the increase of GDP losses across islands under scenario RCP 2.6 between 2030 and 2040
is —0.6%, becoming a— 0.3% increase between 2040 and 2050. A similar trend of diminish-
ing marginal increases in GDP losses across islands is found for scenario RCP8.5, although
with higher magnitudes (— 1.3% for 2030-2040 followed by —0.7% for 2040-2050).
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Fig.6 GDP impacts by island for the aggregate RCP2.6 and RCP8.5 scenario in 2050; source: GINFORS
model
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Overall, some islands have higher impacts of climate change on the Blue Economy sec-
tors under both scenarios of climatic conditions, while other islands can expect smaller
impacts. The group of islands with higher impacts includes Sardinia, Madeira, Balear-
ics, and the Canaries. The group with moderate impacts is formed by Cyprus, Azores,
and Malta, and there is a group with relatively lower impacts formed by Sicily and Crete.
We also find two islands with positive GDP impacts for the RCP2.6 scenario, namely the
Azores and Sicily. For the Azores, this is partly driven by an increase in agricultural pro-
duction and comparably low impacts on tourism. For Sicily, high investment needs for
additional cooling outweigh smaller consumption losses. Thus, the differences between
intensity in the Blue Economy sectors across the islands and their exposure to the damages
caused by climate change explain the short- and medium-term variability of GINFORS
results of climate change impacts across islands.

4 Conclusions

We assess the economic impacts of climate change damages in southern European islands
by employing a robust analytical framework consisting of two models with different the-
oretical underpinnings. Our assessment considers climate impacts on the Blue Economy
sectors of tourism, maritime transport, and electricity for two climatic scenarios, namely
RCP2.6 and RCP8.5. The expected impacts on coastal zones and islandic ecosystems are
estimated to be of a large scale. Sea level rise, changes in precipitation, extreme weather
events, and increasing air and sea-surface temperatures can put additional stress on the
island communities. What is more, the geographic remoteness of islands jeopardizes their
capacity to adapt, and their low economic diversification reduces the resilience to extreme
and slow-onset climatic events.

To enhance robustness, the study employs two methodological approaches of applied
macroeconomic theories, a CGE and a post-Keynesian macroeconometric model. The
combination of these different approaches in a single-impact assessment framework is
common in climate mitigation applications for the ex-ante evaluation of climate and energy
policies (e.g., European Commission 2020b) and can provide complementary insights for
the assessment of climate costs. GDP losses are expected under both climatic scenarios
even if a subset of impacts is taken into consideration. The findings are robust and consist-
ent across the two models as the magnitude of results is comparable for most islands. Nev-
ertheless, differences across models and climatic scenarios indicate a range of uncertainty
that is inherent to the ex-ante evaluation of macroeconomic impacts of climate change.
Uncertainty in this analysis is associated with the differences in socioeconomic outlooks
and economic theories of the two models, rather than with the uncertainty linked to the
quantification of climate impacts. In future analyses, the consideration of the full distribu-
tion of climate hazards, i.e., also considering extreme events, would enhance the compre-
hension of the uncertainty space. Incorporating the impacts of tipping points would also
allow for a consideration of extreme events, with low probability but high impact.

Economic losses under the RCP8.5 scenario are significantly higher and are more
pronounced in the long term with the intensification of climate impacts. Our findings
indicate that islands are particularly vulnerable to climate-related damages, both due
to their geographic remoteness and their low economic diversification. The effects of
climate change on the tourism sector are detrimental to the islandic economies, given
the sector’s complex value chain and dominant position in value added. Geographically
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remote islands face an additional challenge due to higher electricity demand for cooling
and desalination which adds pressure to the limited resources of the economy and hin-
ders their competitiveness. A key example is the increasing electricity demand for cool-
ing and desalination that, if needed to be met domestically, adds an important pressure
to the limited resources of the islandic economy. We note, however, that the analysis
focuses on islands located in the Mediterranean and the Atlantic and can thus provide
limited insights for northern islands.

Our assessment describes the economic costs that the southern European islands could
face if anticipatory and adaptation measures are not undertaken. To this end, we highlight
the importance of downscaling the assessment of climate costs to the regional level when
aiming to inform the decision-making process and to better target adaptation policies.
This downscaling implies access to detailed regional economic and climatic data. Future
research can expand the macroeconomic assessment of climate damages on islands to
further economic activities, beyond the Blue growth sectors, and to the evaluation of the
benefits of tailored adaptation policies and strategies designed to counteract the expected
impacts of climate change. In addition, future research can investigate the influence of
labor force and overall population migration due to climate change as well as the avail-
ability of capital transfers from other regions as alternative financing options. This type
of analysis would enhance the flexibility of the system to respond to climate impacts, thus
increase its adaptive capacity, and would require a multiregional spatial general equilib-
rium model to allow for identification of regional specificities such as price fluctuations or
changes in terms of change, and is subject to data availability (e.g., climate impacts for the
rest of the regions).

Our findings add to the literature that calls for immediate ambitious mitigation policies.
While economic costs are still relevant for a RCP2.6 emission trajectory, GDP losses in
some islands more than doubled in the RCP8.5 scenario. Strong synergies can be identified
with the implementation of adaptation and mitigation policies. For example, policies that
foster energy efficiency and the penetration of dispersed renewable energy plants can fur-
ther enhance the adaptive capacity of the islands against the increasing electricity demand
for cooling and desalination. To this end, the Blue Economy strategy, part of the EU Green
Deal, provides the enabling conditions to develop green infrastructure in coastal areas and
develop offshore renewable energy.
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