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cenarios de alteracdes climaticas; impactos das alteragdes climaticas; recursos
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computavel.

As alteracdes climaticas sdo consideradas uma das mais sérias ameagas ao
mundo natural e a economia global. Por essa razéo, a avaliacdo dos impactos
das alteragbes climaticas e a definicdo de politicas de mitigagdo tém merecido
a aten¢do das comunidades cientifica e politica em todo o mundo. Uma das
principais causas das alteracdes climéticas séo as variagdes da concentragédo
de gases com efeito de estufa (GEE) na atmosfera, que sdo maioritariamente
emitidos pelo setor energético. Por outro lado, o impacto fisico mais evidente
das alteragbes climaticas é o aquecimento global, que interfere com o ciclo da
agua, em particular através de alteragbes da precipitagdo, e afeta a
disponibilidade e a variabilidade da oferta e da procura de recursos hidricos. A
agua é, por sua vez, essencial na cadeia de producdo do setor energético, e
um input crucial para o setor elétrico — em particular, para a producéo
hidroelétrica. Assim, o setor energético ndo sO contribui para as alteracbes
climaticas, como é, também, vulneravel aos seus impactos. Ao mesmo tempo,
0 setor energético tem um significativo potencial de mitigagdo das alteragdes
climaticas, nomeadamente através de aumentos de eficiéncia e da producéo a
partir de fontes renovaveis, como a hidroelétrica. O objetivo global desta tese &
analisar os impactos e feedbacks entre recursos hidricos, o setor energético e
a economia, considerando os objetivos de energia e clima e as alteracfes
climaticas. Para o caso de Portugal, pais Mediterranico, a analise foca-se i)
nos impactos econémicos das metas fixadas pelas politicas de energia/clima
em vigor e ii) nos impactos econémicos da reducdo da disponibilidade e da
competicdo pela agua, decorrentes das alteragdes climéticas. Os resultados
mostram que: i) a forma mais custo-eficaz de alcancar objetivos de poupanca
de energia é através da reducdo do consumo de energia primaria de origem
féssil, e que a forma mais custo-eficaz de alcangar objetivos de poupanca de
energia final é através da reducéo do consumo de todos os produtos (fésseis e
renovaveis); ii) impactos mais severos das altera¢des climaticas e a reducéo
da disponibilidade de agua que lhes esta associada implicam um papel
crescente dos combustiveis fésseis no mix elétrico, o que provoca um aumento
das emissdes de GEE e pode pbér em causa o cumprimento de objetivos
climaticos; iii) os impactos macroecondmicos e setoriais das alteragbes
climaticas sao mais fortes se a concorréncia pela agua entre a producéo
hidroelétrica e os restantes setores econdmicos nao for considerada, e se a
concorréncia transfronteirica for tida em conta; e iv) os impactos das alteracdes
climéticas na disponibilidade de agua levam a uma reducéo do produto interno
bruto entre -0.1% e -3.2%. Para além da quantificacdo dos impactos
econdémicos das politicas de energia/clima e dos efeitos das alteracdes
climéticas na disponibilidade de recursos hidricos, a andlise fornece elementos
relevantes para a definicdo de politicas de energia e clima.
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Climate change is considered one of the most severe threats to the natural
world and global economy. For that reason, the assessment of climate change
impacts and mitigation policies have deserved the attention of the scientific and
political communities worldwide. One of the main drivers of climate change are
the variations in atmospheric concentrations of greenhouse gases (GHG),
which are primarily released by the energy sector. On the other hand, the most
evident physical impact of climate change is global warming, which interferes
with the water cycle, in particular through changes in precipitation, thereby
affecting the availability and variability of supply of and demand for water
resources. Water, in turn, is essential in the energy production chain and a key
input for the power sector — in particular for hydropower generation. Hence, the
energy sector, not only, contributes to climate change but is, also, vulnerable to
climate change impacts. Simultaneously, the energy supply sector has
significant potential for climate change mitigation, notably through increased
efficiency and the deployment of renewable-sourced technologies, such as
hydropower. The overall objective of this thesis is to analyse the impacts and
feedbacks between water resources, the energy sector and the economy in the
face of energy and climate goals as well as climate change. For the case of the
Mediterranean country of Portugal, the analysis focusses on i) the economic
impacts of current energy/climate policies and targets, and ii) the economic
impacts of future climate-driven changes in water resources availability and
competition. Results show that: i) attaining energy saving targets is most cost-
effectively achieved through a reduction in primary energy consumption of
fossil fuels and that achieving a reduction in final energy consumption is most
cost-effectively achieved through the taxation of all energy products; ii) stronger
climate change impacts and associated reductions in water resources
availability imply an increasing role of fossil fuels in the power mix, thus
increasing GHG emissions and undermining the compliance with climate goals;
iiiy macroeconomic and sectoral impacts of climate change are stronger if
competition for water between hydropower and the other economic sectors is
not considered and if transboundary competition for water is taken into account;
and iv) the impacts of climate change related reductions in water resources
availability result in decreases in gross domestic product (GDP) of between -
0.1% and -3.2%. Hence, beyond the quantification of the economic impacts of
climate/energy policies and climate-driven changes in water resources
availability and competition by 2050, the analyses provide relevant insights that
are of utmost importance for energy and climate policy-making.
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1.1. Motivation

Climate change is recognized as one of the most important threats to the natural world
and global economy, as it interferes with several domains of Earth and Life — namely with
ecosystems, coastal areas, water, health, human settlements, food production, industry
and the energy sector. According to the Intergovernmental Panel on Climate Change
(IPCC, 2013a: p.1450), climate change can be defined as “a change in the state of the
climate that can be identified (e.g., by using statistical tests) by changes in the mean
and/or the variability of its properties and that persists for an extended period, typically

decades or longer”.

The most evident effect of climate change is on air temperature. Historical data shows that
each of the last three decades has been successively warmer than any preceding decade
since 1850 (IPCC, 2013b). Global warming has, as a consequence, led to changes in the
natural and human environment, including changes in the global water cycle, alterations in
weather patterns, reductions in crop productivity, the decline in energy technologies

efficiency and energy resources’ availability, among others.

The main drivers of climate change are the variations in atmospheric concentrations of
greenhouse gases (GHG) and aerosols, changes in land cover and variations in solar
radiation that alter the energy balance of the climate system (IPCC, 2007a). The resulting
positive or negative changes in energy balance due to these factors are termed “radiative
forcing”. Anthropogenic action has been recognized as the main cause of global warming
as it results in the emission of six long-lived GHGs: carbon dioxide (CO,), methane (CH,),
nitrous oxide (N,O), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulphur
hexafluoride (SF,), where the latter three are also known as F-gases. CO, emissions are,
primarily, due to fossil fuel combustion and, to some extent, land-use change. CH,
emissions are due to the production and transport of fossil fuels, livestock, and rice
cultivation, and the decay of organic waste in solid waste landfills. N,O emissions result
from agricultural and industrial activities as well as combustion and human waste

disposal. F-gases emissions result from industrial processes (IPCC, 2014b).

Global atmospheric concentrations of CO,, CH, and N,O have increased sharply since the
industrial revolution, thereby noting that half of the cumulative anthropogenic CO,
emissions from 1750 to 2010 has been released between 1970 and 2010. From 1970 to
2010, total GHG emissions increased from 27 to 49 gigatonnes of CO, equivalent

(GtCO2eq) per year (around +80%), while the world population grew by 87%, global gross
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domestic product (GDP) per capita doubled (+1.8% per year), total energy use increased
by 130% and primary energy use per capita increased by 31% (IPCC, 2014b). Per capita
production and consumption growth are, therefore, amongst the main drivers of GHG
emissions. At the sectoral level, in 2010 (IPCC, 2014d), the largest source of GHG
emissions is energy supply (35%), followed by agriculture, forestry and land use (24%),
industry (21%), transport (14%) and buildings (6%). Despite the global economic crisis of
2007/2008, the decade 2000-2010 recorded the highest total antrophogenic GHG
emissions — growing by 2.2% per year between 2000 and 2010 as compared to 1.3% per
year between 1970 and 2000 (IPCC, 2014d). During these four decades, CO, emissions
increased by 90%, CH, emissions increased by 47% and N,O emissions by 43%, with CO,
representing 76% of total anthropogenic GHG emissions in 2010 (IPCC, 2014b). In
particular, the share of CO, emissions resulting from fossil fuel combustion for energy

purposes increased steadily since 1970, reaching 69% of global GHG emissions in 2010.

The energy supply sector is, thus, one of the main drivers of climate change. In an
increasingly developed world, however, energy is critical for economic growth as almost
no human need can be satisfied without energy services. Thus, the challenge faced by
modern societies is to provide energy services with low environmental impacts and GHG
emissions. In this respect, the energy sector’s potential to adapt to and to mitigate climate
change impacts is essential, which may be achieved through improvements in energy
efficiency and the promotion of renewable energy (notably increasing the share of
endonegenous renewable energy sources, which may also contribute to the increase in
energy security). Despite all economic sectors are expected to contribute to reduce GHG
emissions, the power sector is considered to have the greatest potential. Electricity can,
not only, replace fossil fuels for transports, buildings and heating/cooling needs, but also,

it can be produced from renewable sources.

The energy sector is, however, also vulnerable to climate change. Changes in the
average surface temperature and weather patterns impact energy demand mainly
concerning heating and cooling needs, while impacts on energy supply are related to the
availability of energy resources, the technical efficiency of fuel-to-electricity conversion
(particularly in thermal power systems) and the increased competition for scarce
resources (notably water resources). Hydropower merits special attention. On the one
hand, hydropower is a mature and cost-effective renewable energy power generation
technology that fits in the framework of a clean energy mix and is, therefore, envisaged as

one of the most auspicious technologies to increase renewable electricity generation. On
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the other hand, hydropower is likely to be one of the technologies most vulnerable to
climate-driven changes in water resources availability, which can interfere with its
potential and, consequently, its role in the energy mix. Furthermore, in a climate change
context, hydropower is likely to be affected by the increasing competition for scarce water
resources — both between economic sectors as well as between countries sharing river
basins. Hydropower is, thus, one of the most direct links in the so-called ‘water-energy’
nexus, which synthethizes the relationship between water resources, the energy sector

and resulting externalities.

The ‘water-energy’ nexus is usually addressed using a technological perspective.
However, being water and energy two of the most critical resources in the world economy,
the ‘water-energy-economy’ nexus emerges as a key perspective for the comprehensive
understanding of the climate change impacts on the economy. This through the
quantification of the interdependency between water resources and the energy sector,

that, ultimately, condition economic performance.

1.2. Climate and energy policies in Portugal

Climate change is a global problem and, for that reason, has to be tackled at an
international scale. Portuguese climate change policy is shaped by international treaties to
fight climate change, by the European Union (EU) climate legislation and targets, and
further complemented by national policy instruments that assure that the Portuguese
commitments agreed within the international community and the EU are put into practice.
All these climate policies, including both adaptation and mitigation policies, are
underpinned by projections of climate change impacts and, broadly speaking, aim that the

most pessimistic projections are not realised.

The main international treaty designed to combat climate change is the United Nations
Framework Convention on Climate Change (UNFCCC), adopted in 1992 at the “Rio Earth
Summit”. Since then, the main international negotiations about climate change occur in
the annual Conference of the Parties to the UNFCCC (COP), which is its maximum
decision-body. Here the international community agreed to keep global warming below
2°C compared to pre-industrial levels, as a means of preventing anthropogenic dangerous
interference with the climate system. Under the Paris Agreement reached in 2015 during
the COP21, 195 countries (EU as a whole and Member States included) adopted the first
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universal and legally binding global climate deal. The main goal of the Paris Agreement is
to keep a global temperature increase in the 21% century below 2°C above pre-industrial
levels, and to pursue efforts to limit the temperature increase even further to 1.5°C. Also in
the scope of the Paris Agreement, Parties are required to submit “nationally determined
contributions” (NDCs) to attain this goal. Until 2020, however, the world's only legally
binding instrument for cutting GHG emissions is the Kyoto Protocol, signed in 1997, and

presently in its second commitment period (since 2013).

Mitigating climate change is a priority for the EU. Beyond the internal and external policies
that reflect this commitment, the EU has its own climate strategy which relies on targets
that will enable EU’s transformation towards a low-carbon economy, by 2050. In
particular, within the 2020 Energy and Climate Package, currently in force, the EU has set
the so-called “20-20-20’ targets, namely: 20% of renewable energy sources (RES) in final
energy consumption; 20% improvement in energy efficiency (substantiated in a 20%
saving in primary energy consumption as compared to the 2007 baseline projection for
2020); and 20% reduction in GHG emissions as compared to 1990 levels (which
corresponds with the EU target set in the framework of the Kyoto Protocol second
commitment period). Between 2020 and 2030, the EU climate strategy will be established
in the 2030 Climate and Energy Framework, which encompasses the following targets: at
least 27% share for renewable energy; at least 27% improvement in energy efficiency; at
least 40% reduction in GHG emissions as compared to 1990 levels (which corresponds
with the EU NDC in the scope of the Paris Agreement). The fulfilment of these targets is
the necessary pathway towards EU’s long-term goal of an 80% cut in GHG emissions as

compared to 1990 levels.

In Portugal, the EU targets for 2020 were transposed to national legislation through the
National Renewable Energy Action Plan and the National Energy Efficiency Action Plan.
These set the Portuguese targets of a 31% share of renewable sources in final energy
consumption, a 10% share of renewable sources in energy consumption in transport, and
a 25% saving in primary energy consumption as compared to the use of energy projected
by the EU for Portugal in 2020. Regarding GHG emissions, the +1% cap set for 2020 by
the EU Effort Sharing Decision for emissions not included in the EU Emissions Trading
Scheme (European Union, 2009) was further extended with the goal of an 18% to 23%
reduction in GHG emissions by 2020 (as compared to 2005) under the Portuguese Green
Growth Commitment (MAOTE, 2015). For the 2030 horizon, Portuguese climate policy is
set in the Strategic Framework for Climate Policy (RCM 56/2015), which gathers the main

climate policy instruments — notably the second phase of the National Strategy for Climate
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Change Adaptation 2020 and the National Program for Climate Change 2020/2030. The
latter establishes the following targets for 2030: a share of 40% renewable sources in final
energy consumption; a reduction of 30% in final energy consumption as compared to
baseline projections; and a 30% to 40% reduction in GHG emissions as compared to
2005 (RCM 56/2015). For the 2050 horizon, during the COP22 (Marrakesh, 2016),

Portugal committed to the carbon neutrality of GHG emissions.

1.3. Objectives

The foregoing constitutes the background and the motivation for this thesis: to advance
the understanding of the economic impacts of climate change, with emphasis on the

‘water-energy-economy’ nexus.

With the overall objective of analysing the impacts and feedbacks between water
resources, the energy sector and the economy in the face of energy and climate goals as
well as climate change, the analysis adopts a double perspective: first, focusing on the
policy side of climate change (specifically, on mitigation policies in force); and, second,
focusing on the physical side of climate change (specifically, on the impacts on natural
resources availability and competition). A case study is provided for the Mediterranean

country of Portugal. This is accomplished through the following three specific objectives:

1. To assess the economy-wide effects of the near-term energy and climate policies

and goals designed to mitigate climate change;

2. To assess the long-term sectoral effects of climate change on hydropower

generation and the power sector; and

3. To assess the economy-wide effects of long-term climate change-driven impacts
on water resources availability, under sectoral (between hydropower generation and
the remaining production sectors) and transboundary (between Portugal and Spain)

competition for water.
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1.4. Methodology

The objectives of this thesis are addressed with the adaptation and further specification of
a commonly used methodology to assess the economic impacts of energy, environmental
or climate policies — the so-called ‘E3 models’. These are a particular category of
Integrated Assessment Models that gather the Energy-Environment-Economy
relationships into a single basis. E3 models usually follow a top-down or a bottom-up
approach, which differ, above all, on the assumptions regarding market behaviour and
technological detail. To overcome their limitations, hybrid models, combining “the
technological explicitness of bottom-up models with the economic comprehensiveness of

top-down models” (Bohringer & Rutherford, 2008), are increasingly used.

Although top-down general equilibrium models have been widely used to assess the
economy-wide impacts of economic instruments, such as taxes, these lack the detailed
technological representation of the energy sector that an accurate assessment of energy
and climate policies require. Specific objective 1 is addressed with a hybrid top-
down/bottom-up general equilibrium model for the Portuguese economy to assess the
economic and environmental impacts of complying with the energy efficiency targets,
thereby specifically including the technological representation of the “Electricity”
production sector that allows for the comprehensive analysis of the impacts of reductions

in energy consumption such as those imposed by climate policies.

Although bottom-up technological models of the energy sector have been used to assess
the sectoral economic impacts of climate change, inputs on projected water availability are
usually not considered — a gap that is even more critical as the impacts of climate change
on natural resources strongly depend on the climate region. Specific objective 2 is
addressed with a bottom-up partial equilibrium model of the Portuguese energy sector to
quantify the impacts of climate change on energy supply, with specific focus on the power
sector and hydropower potential, as well as considering the reduction in water resources
availability for hydropower generation resulting from climate change, in a Mediterranean

context.

Finally, although E3 hybrid top-down/bottom-up models have been used to support energy
and climate mitigation policy-making, they usually represent the interaction and feedbacks
between the energy sector, the environment and the economy though disregard the
inherent effects of natural resources availability (notably resulting from climate change).

This thesis advances in the modelling of an E3 top-down/bottom-up hybrid general
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equilibrium model with the inclusion of raw water as a factor of production. The inclusion
of natural resources is acknowledged as one of the necessary improvements for research
on sustainability. As to water resources in particular, these play a crucial role within the
economic analyses of climate change impacts — not only, because these are vital to life in
all its dimensions, but also, because their availability is projected to be significantly
affected by climate change. Accounting for the availability of water resources under
climate change scenarios is a key element to address Specific objective 3 and to advance
the understanding of the impacts of climate change on the real economy — the research

question that motivated this thesis.

1.5. Thesis outline

The thesis is structured in two parts. The first part (Chapters 2 to 5) reviews the literature
on the relevant topics for this thesis and presents the Portuguese case study. The second
part (Chapters 6 to 8) addresses the three specific objectives of the thesis. Chapter 9,

finally, provides the conclusions and discussion.

Chapter 2 provides a general framework of climate change impacts on water resources
and the associated effects on hydropower generation. These impacts, alongside with the
role of hydropower in the energy mix of a low carbon economy, are further discussed in
the light of the ‘water-energy’ nexus. Chapter 3 reviews existing projections of climate
change impacts on hydrological variables and hydropower generation potential for
Southern Europe, in general, and Portugal, in particular. Chapter 4 provides an overview
of the Portuguese energy sector, based on statistical information over the period 1990 to
2015. Chapter 5 broadly describes the methodological approach adopted in the thesis.
Different approaches of E3 models (top-down, bottom-up and hybrid) are briefly
presented. The enrichment of the conventional E3 models with the inclusion of natural

resources (in particular water) is also addressed.

Chapter 6 assesses the economic and environmental impacts of climate policies,
specifically those of achieving the energy efficiency targets set in Portugal. To this end, a
static hybrid Computable General Equilibrium (CGE) model for a small open economy,
comprising 31 production sectors and a technological disaggregation of the electricity

production sector, is used. Alternative scenarios simulate the economic, technological
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(power mix) and environmental (CO, emissions) impacts of different energy policies

designed to attain the Portuguese energy efficiency targets by 2020.

Chapter 7 assesses the effects that a reduction in water endowments (resulting from
climate change) will have on hydropower generation and, further, on the Portuguese
electrical system, by 2050. A bottom-up model of the energy system (TIMES_PT) is used
to simulate the impacts of alternative scenarios for changes in water availability, derived

from the IPCC projections for the region by 2050.

Chapter 8 assesses the economic impacts from the simultaneous effects of climate-
driven changes in the availability of and competition for scarcer water resources in
Portugal by 2050, departing from the ‘water-energy’ nexus. To this end, the CGE model
(from Chapter 6) is extended with the inclusion of raw water as a production factor and an
integrated modelling approach through a soft link between the CGE and the TIMES_PT
bottom-up model (presented in Chapter 7). Departing from a quantification of the ‘water-
energy’ nexus via hydropower, different scenarios are developed to assess, using the
hybrid CGE model, the economic impacts of reduced water availability arising from

climate change, considering water competition between sectors and countries.

Finally, Chapter 9 concludes with an overview of the research main results and their
policy implications, an exposition of the research main limitations, and suggestions for

future research.
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Climate change is currently recognized as one of the main threats to the natural world and
global economy. The most evident effect of climate change is on air temperature.
Available data have shown a warming of 0.85°C between 1880 and 2012 as well as that
each of the last three decades has been successively warmer than any preceding decade
since 1850 (IPCC, 2013b). Global warming has been triggering changes in the natural and
human environment, such as on the water cycle, weather patterns, acidification of oceans,

crop productivity, energy technology efficiency and natural resources availability.

It is extremely likely (i.e. more than 95% certain) that the dominant cause of global
warming since the mid-20" century is the accumulation of greenhouse gases (GHG)
produced by human activities (IPCC, 2013). The energy sector is currently responsible for
the major part of global greenhouse gas (GHG) emissions (IPCC, 2014d) and may, itself,
have an important role in climate change mitigation, notably through improved efficiency
and the widespread diffusion of renewable-sourced technologies. Furthermore, energy
use is vital to human society, and a critical factor for economic development. For these

reasons, the energy sector has received significant attention in climate change analyses.

Following the context and motivation of this thesis, this chapter focus on a particular
dimension of climate change impacts — namely water resources — and on a specific
component of the energy sector which is simultaneously recognised by its potential to
mitigate climate change and its vulnerability to climate change impacts — namely
hydropower generation. Section 2.1 broadly describes the climate change impacts on key
hydrological variables. Section 2.2 presents the climate change impacts on hydropower
generation. Section 2.3 describes the ‘water-energy’ nexus that frames the relationship
between water resources and the energy sector, with particular emphasis on the role of

hydropower.

2.1. Climate change impacts: hydrological variables

Climate change directly affects several hydrological variables, which interfere with the
availability, timing and variability of demand and supply of water resources and, therefore,
with numerous domains of life and economic activity. Climate change is expected to
deepen water stress and this constitutes a growing challenge for policymaking concerning

land use, energy planning and, more broadly, economic development. For these reasons,
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water resources are often considered in climate change impact assessment studies (e.g.
(Ciscar et al., 2014; OECD, 2015)).

The most evident effect of climate change is on temperature, which will interfere with the
hydrological cycle through changes in hydrological variables such as potential
precipitation and evapotranspiration. The former is determinant for soil moisture,
groundwater, and the amount and temporal distribution of runoff that is further influenced
by factors such as streamflow diversion/regulation, seasonal changes in riverflows, and
interactions between surface and groundwater. Other relevant impacts of climate change
are the melting of glaciers and polar ice, sea level rise resulting from the thermal
expansion of ocean waters, and the higher incidence of extreme weather events, such as
droughts, heat waves and extreme rainfall leading to floods, as the hydrological cycle
accelerates (Berga, 2016; Cunha, Oliveira, Nascimento, & Ribeiro, 2007; Falloon & Betts,
2010; Schneider, Laizé, Acreman, & Flérke, 2013).

Given its effects on hydrological variables, climate change is expected to impact, in
particular, river flow regimes (Garcia-Ruiz, Lépez-Moreno, Vicente-Serrano, Lasanta—
Martinez, & Begueria, 2011; Schneider et al., 2013). Altered precipitation regimes
influence the water quantity reaching the soil and, hence, runoff generation and the
magnitude of river discharge'. The relationship between changes in precipitation and
runoff is not one-to-one — (Arnell, 2004) shows that the reduction in runoff can be 2 to 4
times larger than the reduction in precipitation and (Turral, Svendsen, & Faures, 2010)
estimate that a 20% reduction in precipitation may lead to a 50% reduction in runoff.
Finally, river discharge is influenced by snowmelt and snow accumulation — particularly
important in mountain basins. On the one hand, snowmelt occurs earlier and more rapidly
in the year. On the other hand, with increased temperatures, less snow is accumulated in
the headwaters and less rain falls as snow in winter. Such impacts significantly alter river
regimes and streamflow characteristics through greater and more irregular runoff in
winter, higher runoff in earlier spring, lower summer flows, and anticipated exhaustion of
headwater reservoirs (Erol & Randhir, 2012; Lépez-Moreno, Beniston, & Garcia-Ruiz,
2008; Schneider et al., 2013).

Besides the hydrological effects, climate change also interferes with biophysical
parameters that, ultimately, affect water resources. Increased temperatures reduce the

moisture content of soils and intensify transpiration processes in plants, and evaporation

1 “River discharge is a function of meteorological runoff (precipitation minus evaporation) and drainage basin
area” (Milliman, 2001: p.754).
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from soil and water bodies. Such changes in evapotranspiration resulting from changes in
temperature also influence runoff — (Nash & Gleick, 1993) show that an increase of 2°C to
4°C in average temperature could result in a decrease of 4% to 21% in streamflow, even if
precipitation remains stable. Hence, these changes cause river regime disturbances,
concerning not only the quantity and quality of water resources, but also, their temporal

distribution.

The effects of climate change on water resources are, undoubtedly, multiple, complex and
interlinked. Therefore, their accurate evaluation requires going beyond temperature and
precipitation by assessing, in particular, associated changes in runoff as this is the most
representative component of the hydrological cycle to describe freshwater availability
(Cunha et al., 2007; Papadimitriou, Koutroulis, Grillakis, & Tsanis, 2016).

2.2. Climate change impacts: hydropower generation

The energy sector may have an important role in mitigating climate change impacts, as it
can actively contribute to reduce GHG emissions through improved efficiency and
renewable energy technologies. Hydropower plays a key role, due to two main reasons:
first, hydropower produces around 100 times less GHG emissions than thermal power
plants (Berga, 2016); second, it is the most widely exploited form of renewable energy
generation, accounting, in 2016, for 17% of worldwide electricity and for 71% of renewable
generation (IEA, 2017; WEC, 2016). However, considering that hydropower generation is
highly dependent on river discharge and seasonal distribution patterns (Ribbelke &
Vogele, 2012) that are determined by the amount and regularity of rainfall (Costa, Santos,
& Pinto, 2012; Schaefli, 2015), hydropower will probably be one of the renewable energy
sources to be most affected by climate change given the expected increased variability in

precipitation and associated changes in water availability.

Climate change impacts on hydropower generation can be grouped into two categories: i)
direct climate-induced impacts that influence hydro-meteorological variables and, hence,
directly affect the availability of water for hydropower generation, and ii) indirect impacts,
such as increased competition for water resources, which are a result of the amplified
scarcity of the natural resource and lead to changes in social and economic activities that,

in turn, may increase water stress (APA, 2013; Mukheibir, 2013).
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Direct impacts of climate change on hydropower generation

The main mechanisms through which climate change can directly affect hydropower
generation are: changes in precipitation, changes in river flows, changes in evaporation,
melting of freshwater glaciers and dam safety (Chandramowli & Felder, 2014; Mideksa &
Kallbekken, 2010). The first two, if positive, could strengthen the potential for hydropower
generation. In addition, climate change impacts on hydropower generation will vary
according to the infrastructure type: i) hydropower plants with storage capacity are less
vulnerable to short-term variations than run-of-river power plants (Lehner, Czisch, &
Vassolo, 2005); ii) deep dams with smaller surface areas will likely be less affected by
climate change impacts (namely higher temperatures and resulting increased
evaporation) than those with large surface areas (Mukheibir, 2013); and iii) reservoirs
allow for a better management of flashflow events and river flow variability (Gaudard &
Romerio, 2014). Therefore, climate change impacts (namely reduced precipitation and
runoff; average or seasonal) will be distinct for storage and run-of-river hydropower plants.
Whereas in the former it may be possible to manage storage and maintain the normal
generation of electricity during the dry period (thus allowing for the matching between
power supply and demand), in the latter it may not because these depend on the
designed river flow to maintain their electricity output and because they are sensitive to
short-term changes in runoff (Mukheibir, 2013; Schaefli, 2015).

Hydropower plant locations and sectoral policies have always been designed under the
assumption that hydrology and climate would remain relatively stable over time (Ebinger &
Vergara, 2011; Garcia-Ruiz et al.,, 2011). Nonetheless, climate variability is already
interfering with the planning and operation of hydropower systems. Hence, climate change
will not only affect the operation of existing hydropower plants, but also, compromise the
viability of new investments (Ebinger & Vergara, 2011). Climate change may, thus,
accentuate the existing uncertainty in the operation of hydropower systems (Schaeffer et
al., 2012).

Indirect impacts of climate change on hydropower generation

Regarding the indirect impacts of climate change, two different types of competition for
water resources should be considered. On the one hand, competition among economic
sectors; on the other hand, competition between countries sharing common river basins

that deepen the conflicts over the alternative uses of water (APA, 2013; WWAP, 2014).
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Competition for water resources between economic sectors is expected to increase with
climate change, as reduced runoff and increased sectoral water use (hamely
irrigation/agriculture, industry and domestic consumption) will reduce water availability for
hydropower generation. Therefore, increased sectoral competition for water resources in a
situation of water stress will likely become more frequent and intense. As shown by
(Pereira-Cardenal et al., 2014; Valverde et al., 2015), lower inflows and higher irrigation
demands will lead to an increase in water values — thus increasing the price and reducing
hydropower generation. Water allocation among sectors is, thus, an important issue in the

context of climate change.

Competition for water resources between countries is expected to increase with climate
change, and will exacerbate the existing complexity of transboundary water management.
Any change in water availability or use in the upstream country affects the availability and
guality of water resources in the downstream country. Thus, in a climate change scenario,
if the upstream country increases its water withdrawals, the downstream country will face
reduced water availability that will negatively affect water dependent-economic sectors
such as hydropower generation and agriculture (Florke, Wimmer, et al., 2011). Climate
change is, thus, expected to pose additional challenges in the relations between countries
regarding the fulfilment of the transnational treaties regulating the water use and

exploitation of transboundary river basins (Zeitoun, Goulden, & Tickner, 2013).

2.3. The ‘water-energy’ nexus and the role of hydropower generation

Climate change impacts on water resources availability are, thus, expected to exacerbate
the existing competition among countries (sharing common river basins) and sectors
(economic activities and households; (IEA, 2016; WWAP, 2014)). In particular the bi-
directional link between water resources and the energy sector is of major importance. On
the one hand, water resources are essential in all phases of energy production processes,
notably in the extraction and mining of fossil fuels, irrigation of biofuel crops, cooling of
thermal plants and, finally, hydropower generation. On the other hand, energy is
indispensable to water provisioning services, from extraction and pumping to distribution
and treatment (Brouwer et al., 2017; IEA, 2016; Khan, Linares, & Garcia-Gonzalez, 2017).
Water resources and the energy sector are thus closely interlinked and any management

or political decision concerning the allocation of water will have broader, economy-wide,
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impacts. Such interlinkages and resulting externalities are the cornerstone of the so-called
‘water-energy’ nexus (WWAP, 2014).

The interdependency between water resources and the energy sector is particularly acute
for hydropower generation, which is the largest water-using technology within the power
generation sector (WWAP, 2014). This may be explained by two main reasons. First, the
uncertainties associated with the impacts of climate change on the hydrological cycle,
water availability and energy production have already evidenced the conflicts between
distinct and concurrent uses for scarce water resources (Khan et al., 2017; WWAP, 2014).
Second, following trends in favour of a low carbon economy, energy mixes are rapidly
shifting from fossil to renewable energies that need to be backed-up — with hydropower
considered the most feasible and cost-effective option for the management of intermittent
renewable energy sources in the grid (IRENA, 2012; REN21, 2011; Schaefli, 2015;
WWAP, 2014).

The critical role of hydropower in the ‘water-energy’ nexus is further strenghtened by the
stage of hydropower development. Hydropower has developed significantly over the last
decade (+38% between 2004 and 2013; (REN21, 2014)) and is expected to maintain a
vital role in many countries’ energy mix (IEA, 2015). It is, therefore, envisaged as one of
the most auspicious technologies to increase renewable electricity generation (Berga,
2016). Morevoer, according to (IPCC, 2007b) 85% of unexploited hydroelectric potential
from OECD countries can reduce CO, emissions at a negative marginal abatement cost.

The stage of hydropower development is very much owed to its comparative advantages
relative to alternative power generation technologies (IRENA, 2012). Hydropower is
considered the cheapest, most mature, reliable and cost-effective renewable power
generation technology currently available (Berga, 2016; IEA, 2011). It is capital-intensive
but operating costs are low and the lifespan is long (Berga, 2016; REN21, 2011).
Hydropower plants can start-up rapidly and operate in an efficient way almost immediately
— in contrast with thermal plants where start-up periods are longer. Hence, it is considered
the most flexible source of power generation as it can satisfy demand fluctuations in
minutes (IRENA, 2012). Finally, hydropower is one of the most efficient technologies at
producing and storing electricity, performing clearly better than alternative technologies in
energy storage to meet system peaks, for periods that range from days to years,
depending on the size of the reservoir (Gaudard & Romerio, 2014; IEA, 2011; IPCC,
2011).
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From an environmental perspective, GHG emissions from hydropower generation come
mainly from construction and silting of reservoirs. Overall, as compared to other power
generation technologies, hydropower performs quite well environmentally (Berga, 2016;
Gaudard & Romerio, 2014). The most important environmental impacts associated with
hydropower generation relate to modifications in river flows, water quality deterioration,
changes in biodiversity and population displacement (IRENA, 2012; Santos & Miranda,
2006; Schaefli, 2015; Scherer & Pfister, 2016). Hydropower advantages, in terms of costs,
storage capacity, energy security and environmental impacts, thus cover different and
important issues that need to be considered in the design of any energy system as well as
in the scope of climate and energy policies pursuing sustainability. Hydropower appears,
therefore, to become increasingly important in the future (Gaudard & Romerio, 2014;
Lehner et al., 2005; Zarfl, Lumsdon, Berlekamp, Tydecks, & Tockner, 2014).

Nevertheless, different factors may affect the comparative advantage of hydropower
relative to alternative energy technologies (Gaudard & Romerio, 2014). On the one hand,
the role of hydropower may be strengthened due to the increasing share of intermittent
energy sources, such as wind or solar energy (Berga, 2016; Schaefli, 2015; Scherer &
Pfister, 2016). Given its flexibility and storage capacity, hydropower provides the
necessary backup to balance demand and supply — thus optimising the use of variable
renewable energy sources in the electrical system, assuring security of supply and
establishing itself as a solution for the challenges of a power system in transition
(Eurelectric, 2015). On the other hand, its role may be impaired due to the development of
new storage technologies as well by climate change impacts on water resources

availability.

Concerning water resources consumption, hydropower generation is one of the greatest
water users while final water consumption is relatively low (mainly through evaporation).
The water used to drive turbines is returned to the river system, either near the dam or
further downstream. Moreover, hydropower systems provide other services than energy
generation, namely: i) water storage for irrigation, industry and domestic consumption; ii)
improved conditions for navigation, fishing, tourism and leisure activities; and iii)
minimization of the effects from natural variability of precipitation and floods through river
flow control (IPCC, 2011; IRENA, 2012; Santos & Miranda, 2006; Tapiador et al., 2011).

Finally, it must be noted that the ‘water-energy’ nexus is mostly approached from a
technological perspective (Hamiche, Stambouli, & Flazi, 2016), and the majority of studies

only highlight the linkages, problems, risks and opportunities in water and energy
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resources management (Dai et al., 2018). Nonetheless, the likely climate change impacts
on water resources availability, as well as their implications for the energy sector and the
wider economy, evidences the relevance of approaching the ‘water-energy’ nexus from an
economic perspective and, thus, extending the analysis to the ‘water-energy-economy’

nexus.

19






CHAPTER 3

PROJECTED CLIMATE CHANGE IMPACTS IN SOUTHERN EUROPE AND

PORTUGAL: WATER RESOURCES AND HYDROPOWER GENERATION



Chapter 3

Portugal, the case study of this thesis, belongs to a climate region that embraces the
whole Southern European region (Képpen-Geiger classification; (Kottek, Grieser, Beck,
Rudolf, & Rubel, 2006)). Following a brief overview of the climate change scenarios from
which climate change projections are derived (Section 3.1), this chapter reviews available
projections of climate change impacts on water resources (Section 3.2) and hydropower

generation (Section 3.3) for Southern Europe, in general, and Portugal, in particular.

3.1. Climate change scenarios: equating plausible futures

Climate change scenarios are obtained from global and regional circulation models and
emissions scenarios. At present, the climate change scenarios most commonly used in
literature are those from the Intergovernmental Panel on Climate Change (IPCC) —
namely those developed for the Special Report on Emissions Scenarios (SRES; (IPCC,
2000)) and that update the 1S92 scenario series (Leggett et al., 1992; Pepper et al., 1992).
More recently, the Representative Concentration Pathways (RCP; (van Vuuren, Edmonds,
et al., 2011)) were developed for the IPCC 5th assessment report (IPCC, 2014c). This
section summarizes the SRES and RCP scenarios.

3.1.1. Special Report on Emissions Scenarios (SRES)

The SRES encompasses four alternative families of scenarios (Al, A2, B1 and B2), which
led to the formulation of 40 different scenarios (IPCC, 2000). These four storylines
describe possible future developments concerning economic growth, demography,
technological change, environmental protection, governance and behavioural patterns
(excluding any climate policy). While the Al and B1 storylines put emphasis on economic
global convergence and social and cultural interactions, the A2 and B2 storylines are

regionally-oriented and describe diverse development pathways (see Table 3.1).
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Table 3.1. SRES storylines overview and main characteristics

Family Al* A2 B1 B2

Scenario Group

Variable AlC AlG AlB A1T A2 B1 B2
Population growth Low Low Low Low High Low Medium
GDP growth Very high Very high very very Medium High Medium

high high

Energy use Very high Very high ?1/:(32/ High High Low Medium
Land-use changes Low/medium Low/medium Low Low Medium/high High Medium
Resource availability High High Medium  Medium Low Low Medium
of oil and gas
Pace and direction of
technological Rapid Rapid Rapid Rapid Slow Medium Medium
progress
Change favouring Coal Oil & gas Balanced Non- Regional Ef‘fluenc_y & "Dynamll(':s

fossils dematerialization as usual

Source: (IPCC, 2000)
Note: * This scenario family develops into four groups describing alternative directions of technological change
in the energy system: coal, oil and gas, balanced and non-fossils

The Al storyline and scenario family describe a future world with a low population growth
rate and very rapid economic growth, where regional average income per capita
converge. Economic convergence derives, in particular, from technological progress and
international cooperation. Energy and mineral resources are abundant, technical progress
increases their productivity and final energy intensity decreases. Four alternative
directions reflect the uncertainty in the development of energy sources and conversion
technologies: i) evolution along a carbon-intensive (coal-based) energy path; ii) evolution
with increasing dependence on oil and gas; iii) evolution towards a balanced technological
and supply sources mix; and iv) transition to renewable energy sources and nuclear
energy (IPCC, 2000).

The A2 storyline and scenario family describe a very heterogeneous world in which
different economic regions coexist. Population growth is high, global economic growth is
uneven, the income gap between industrialized and developing regions remains and,
thus, average per capita income is low. International cooperation is weak and
technological change is differentiated between regions. Energy intensity declines but

global environmental concerns are relatively poor (IPCC, 2000).

The B1 storyline and scenario family describe a fast-changing and convergent world
where population growth is low, mainly due to social and environmental concerns.

Economic development is balanced worldwide and gains are invested in resource
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efficiency improvement ("dematerialization"). Technological change and diffusion play an
important role. The transition from conventional to alternative energy sources is smooth
and accommodates the introduction of clean and resource-efficient technologies. Thus,

environmental quality is high (IPCC, 2000).

Finally, the B2 storyline and scenario family describe a world in which emphasis is put on
local and regional solutions to economic, social and environmental development.
Population growth is moderate. Income per capita also grows moderately and both local
and global inequities decrease. Energy systems differ among regions due to natural
resources endowments, which leads to heterogeneous technological change — growing
regions poor in natural resources invest more in technology and innovation than regions

rich in natural resources. At the global scale, energy intensity declines (IPCC, 2000).

3.1.2. Representative Concentration Pathways (RCP)

The RCP are internally consistent sets of projections of the components of radiative
forcing? (emissions, concentrations, land use and land cover) compared to pre-industrial
levels. The RCP are derived from Integrated Assessment Models and represent the
emissions scenarios available in literature — covering the whole range of associated
forcing levels. Accordingly, four RCP were produced, leading to radiative forcing levels of
8.5, 6, 4.5 and 2.6 Watts per square meter (W/m?) by 2100 (see Table 3.2). Note that the
various RCP do not constitute a set with its own internal logic — i.e. there is no consistency
between RCP relative to each other, as each RCP relies on its own set of emissions
scenarios and corresponding socio-economic, biophysical and technological assumptions.
Therefore, differences among them must not be read as a result of a specific climate

policy or socio-economic pathway (van Vuuren, Edmonds, et al., 2011).

2 Radiative forcing “is the net change in the energy balance of the Earth system due to some imposed
perturbation. It is usually expressed in watts per square meter averaged over a particular period of time and
quantifies the energy imbalance that occurs when the imposed change takes place” (Myhre et al., 2013:
p.664). This concept is used to evaluate and compare the strength of the various mechanisms — natural and
anthropogenic — affecting the Earth’s radiation balance and, thus, leading to climate change. Radiative forcing
is dominated by the long-lived GHGs and is used to compare warming or cooling influences on global climate.
The IPCC considers only those whose emissions are covered by the UNFCCC: carbon dioxide (CO2),
methane (CHas), nitrous oxide (N20), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulphur
hexafluoride (SFs).
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Table 3.2. RCP scenario overview and main characteristics

Scenario component Integrated
RCP Description Assessment
GHG emissions Agricultural area Air pollution Model

Rising radiative forcing pathway Medium for cropland Medium-

RCP8.5 leading to 8.5 W/m?in 2100. High baseline and pasture high MESSAGE
Stabilization without overshoot Medium baseline: Medium for cropland

RCP6  pathway to 6 W/m? at stabilization high mitigation ' but very low for Medium AIM
after 2100 9 9 pasture (total low)
Stabilization without overshoot Medium-low Verv low for cropland

RCP4.5 pathway to 4.5 W/m? at i yan g asturg Medium GCAM
stabilization after 2100 9 P

RCP2.6 Peak in radiative forcing at ~ 3 Very low Medium for cropland Medium-low IMAGE

W/m? before 2100 and decline and pasture

Source: (van Vuuren, Edmonds, et al., 2011)

In the RCP8.5, greenhouse gas (GHG) emissions increase over time. It is a baseline
scenario that does not consider any specific climate mitigation target. The RCP8.5 is
based on the SRES A2r scenario, which describes a heterogeneous world where
population is continuously increasing, while per capita income growth and the rate of
technological change are low. The combination of high population growth, inherent high
energy demand and a fossil-fuel based energy system, generate high and increasing
levels of GHG emissions and concentrations over time — leading to the highest radiative
forcing among the RCP by 2100 (Riahi, Gribler, & Nakicenovic, 2007; Riahi et al., 2011).

The RCP6, RCP4.5 and RCP2.6 are climate policy scenarios, meaning that if climate
policies to reduce GHG emissions were not considered, then radiative forcing would
exceed the target by 2100. Both the RCP6 and RCP4.5 are stabilization scenarios in
which total radiative forcing is stabilized shortly after 2100, without overshooting the target
level. In the RCP6, the socio-economic reference scenario is an updated version of the
SRES B2 scenario with respect to demographic and economic parameters (Masui et al.,
2011). Stabilization is achieved through the implementation of technologies and strategies
to reduce GHG emissions (Hijioka, Kainuma, Masui, Matsuoka, & Nishimoto, 2008). The
RCPA4.5 is derived from its no-climate-policy scenario, which encompasses population
growth until the mid-century and a decline by 2100, a growth in gross domestic product
(GDP), increased primary energy consumption, and the predominance of fossil-fuels
despite the proliferation of renewable and nuclear energy. In the RCP4.5 stabilization
results from a climate policy based on global GHG prices (Thomson et al., 2011). The
RCP2.6 corresponds to the aim of limiting global mean temperature increase to 2°C. Itis a

‘peak-and-decline’ scenario, as radiative forcing level reaches around 3.1 W/m?2 by mid-
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century and returns to 2.6W/m? by 2100. It is based on the SRES B2 scenario, which
represents a medium development scenario for population, income, energy use and land
use. The radiative forcing target is achieved through a significant reduction in GHG
emissions over time, which is due to improved energy efficiency, increased use of
renewables and nuclear power, expansion of bioenergy, and carbon capture and storage
(van Vuuren, Stehfest, et al., 2011).

3.2.  Projected climate change impacts

Based on the SRES and RCP scenarios, projections from the IPCC show that climate
change is increasing the existing vulnerability associated with the present use of water
resources and augmenting the uncertainties concerning water quantity and quality over
the coming decades (IPCC, 2013b). Expected changes in precipitation and temperature
will lead to changes in runoff and water availability. Regions prone to droughts are
anticipated to become larger. In regions where precipitation is expected to decrease,

extreme rainfall events may increase and flooding risks intensify.

These large-scale climate change projections do not reduce, however, the usefulness of
regional and local analyses of climate change impacts, as change signals and magnitudes
may differ considerably from the large-scale means (Christensen, Carter, Rummukainen,
& Amanatidis, 2007; Jacobeit, Hertig, Seubert, & Lutz, 2014). Given this likely
discrepancy, several studies concerning specific regions — ranging from world regions to
local watersheds — have been carried out. This section reviews the literature analysing the
likely climate change impacts in Southern Europe and Portugal. The climate projections
presented are, almost all, based on the IPCC SRES scenarios, while limiting the analysis

to ranges of variation to come-up with clear tendencies.

Southern European countries will be among the most affected by climate change, and
most vulnerable to water scarcity — even in a low water demand scenario it is expected
that more than 60% of the area in Southern Europe will suffer severe water stress in
summer by 2050 (Flérke, Wimmer, et al., 2011). Whereas forecasts for Northern and
Central Europe comprise an increased risk of inland flash floods, coastal flooding and
reduced snow cover in mountain areas, projections for Southern Europe point towards a

significant warming in summer and a decrease in rainfall already by 2030 (IPCC, 2007b).
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Hence, resulting droughts and inherent water shortages are considered the major threats

of climate change in Southern Europe (Ciscar et al., 2014).

In Portugal, climate conditions are influenced by those that generally describe Southern
Europe and the Mediterranean basin, i.e. by Mediterranean climate conditions, according
to the Koppen-Geiger classification (see (Kottek et al., 2006)). Thus, Portugal is
considered a hot-spot region where temperature is expected to increase, precipitation is
expected to decrease, and, hence, runoff is projected to decrease (Cunha et al., 2007,
Giorgi, 2006; Pulquério, Garrett, Santos, & Cruz, 2014). These effects are anticipated to
increase from the Northern region, with Atlantic influence, towards the South, with
Mediterranean characteristics (APA, 2013).

Temperature

Temperature projections for Southern Europe consensually forecast warmer conditions.
(Schneider et al., 2013) simulations point towards a 2.3°C increase by 2050, and (Jacob
et al., 2014) report a 1°C to 4.5°C increase for a moderate and a 2.5°C to 5.5°C for a
severe climate scenario by 2100. The latter is in accordance with the comprehensive
analysis drawn up in the PESETA project (Ciscar et al., 2014)3, which points towards an
increase of 2.3°C to 3.7°C in Southern Europe for the period 2071-2100 — coherent with
the average projected for Europe (+2.4°C to +3.9°C). These annual average values
comprise a degree of seasonal heterogeneity, as projections for winter suggest an
increase of between 1.7°C and 3.3°C while projections for summer encompass an
increase of between 2.6°C and 4.2°C. Compared to the European average, temperature
increases in Southern Europe will be smaller in winter but larger in summer (for Europe,
projections range between +2.7°C and +4.0°C in winter and between +2.2°C and + 4.2°C
in summer). For a global warming of +2°C relative to pre-industrial climate, (Vautard et al.,
2014) also projected stronger increases in summer temperatures for Southern Europe
than for Europe (+2°C to +3°C against +1.7°C, respectively), with the Iberian Peninsula
recording one of the largest increases. These projections are in line with broader analyses
for the Mediterranean basin (Southern Europe included), notably those from (IPCC,
2013b) that forecast increases in temperatures ranging between 1°C and 4°C in winter up
to 6°C in summer by 2100, and from (Erol & Randhir, 2012) that project temperature
increase of 3.5°C to 4.3°C by 2100. All these projections thus substantiate

3 The PESETA project used climate simulations forced by two IPCC scenarios (A1B and RCP 8.5) and one
ENSEMBLES scenario (E1) (see https://ec.europa.euljrc/en/peseta-ii).
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(Giannakopoulos et al., 2009), that argue the Mediterranean basin will face 2°C warming
over the period 2031-2060.

Temperature projections for Portugal are based on the HadCM3 and HadRM2 climate
models* (Cunha et al., 2007), and indicate an increase in annual mean temperatures of
between 2.0°C and 3.0°C by 2050, and of between 3.5°C and 5.0°C by 2100 — particularly
in summer (between +3.0°C and +5.0°C by 2050, and between +5.0°C and +7.0°C by
2100 (Santos, Forbes, & Moita, 2002)). Spatial asymmetries are expected, translated in
larger increases in the Central and Southern regions than in the Northern region.
Likewise, estimates produced in the context of the PRUDENCE project® foresee an annual
increase of 1.3°C in surface air temperature per degree of global warming. Seasonal
differences are also identified: +1.2°C in spring, +1.7°C in summer, +1.3°C in autumn and
+1.0°C in winter by 2100 (Christensen, 2005).

Precipitation

Precipitation projections for Southern Europe foresee reductions in annual precipitation by
the mid-end 21™ century, though ranges of decrease vary. Some projections point towards
a reduction of between 4% and 8% (Erol & Randhir, 2012), while others foresee a
stronger decrease of 10% to 20% (Ciscar et al., 2014; Garcia-Ruiz et al.,, 2011,
Giannakopoulos et al., 2009). (Schneider et al.,, 2013; Vautard et al., 2014) seasonal
projections are coherent with these results: a 10% to 25% reduction in summer
precipitation and a 15% decrease in winter precipitation. By contrast, (Ciscar et al., 2014)
projections point towards divergent seasonal patterns for Southern Europe: whereas
summer precipitation is also projected to decrease (by 18.7% to 34.9%, against an
average decrease of 6.3% to 12.8% in Europe for three out of four scenarios), winter
precipitation is expected to increase (by 1% to 4.2%, against an average increase of 1.6%
and 14.1% in Europe for three out of four scenarios). The increase in winter precipitation
in Southern Europe is also projected by other authors, such as (Jacobeit et al., 2014) and
(Erol & Randhir, 2012), who project a 1% to 4% increase in winter season annual
precipitation per decade. Differently, some projections only point towards wetter winters in
the northwest of the Iberian Peninsula (Garcia-Ruiz et al., 2011). Precipitation changes in

the intermediate seasons seem to be less pronounced than in winter and summer

4 HadCMS - Hadley Centre Coupled Model and HadRM2 - Hadley Centre Regional Model are produced by the
Hadley Centre for Climate Prediction and Research. The former is a Global Circulation Model and the latter a
Regional Circulation Model.

5 PRUDENCE - Prediction of regional scenarios and uncertainties for defining European climate change risks
and effects (http://prudence.dmi.dk/)
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(Garcia-Ruiz et al., 2011). Extreme precipitation events are also expected to increase in
Southern Europe, both in magnitude and frequency, especially in winter and summer
(Ban, Schmidli, & Schar, 2015; IPCC, 2013b; Lépez-Moreno et al., 2013; Paxian et al.,
2015; Santos, Corte-Real, Ulbrich, & Palutikof, 2007; Scoccimarro, Gualdi, Bellucci,
Zampieri, & Navarra, 2016).

Precipitation projections for the lberian Peninsula point to among the most negative
impacts in Europe (Koutroulis et al.,, 2018), with precipitation decreasing for any
temperature increase scenario. This is line with (Jacob et al., 2014) projections of a 25%
reduction in summer precipitation in the Iberian territory under a severe climate scenario,
by 2100.

Precipitation projections for Portugal foresee an overall decrease by 2050 and 2100, and
reinforce the aforementioned spatial and seasonal variability. At the regional level,
simulations foresee wide ranges of changes®. In particular for 2050, projections point
towards a 10% increase in winter precipitation in the North, along with an up to 30%
reduction in summer precipitation in the North and the South. As for 2100, winter
precipitation is projected to increase by 30% to 45%, whereas summer precipitation may
decrease by 50% to 75% (Santos et al.,, 2002). The projected seasonal variability is in
accordance with different authors that highlight a decreasing trend in precipitation in the
Iberian Peninsula (de Melo-Gongalves, Rocha, & Santos, 2016; Lépez-Moreno, Vicente-
Serrano, Angulo-Martinez, Begueria, & Kenawy, 2010; Rasilla, Garmendia, & Garcia-
Codron, 2013; Rodrigo & Trigo, 2007) — with largest decreases occurring in summer and
spring. Likewise, the PRUDENCE project (Christensen, 2005) foresees an annual
decrease of -6.1% in precipitation per degree of global warming — resulting from a
generalized declining trend in all seasons except winter (+1.5% in winter against -11.6% in
spring, -19% in summer and -9.2% in autumn by 2100). At the regional level, (Guerreiro,
Kilsby, & Fowler, 2016) projections for changes in annual precipitation by 2100
encompass: -33% to +7% for the Douro river basin (North), -34% to +10% for the Tagus

river basin (Centre) and -41% to +10% for the Guadiana river basin (South).

6 The main source of projections for precipitation and runoff in Portugal is SIAM project results’ (Santos et al.,
2002; Santos & Miranda, 2006).
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Droughts

Due to the intensification of the existing intra- and inter-annual variability of precipitation
and temperature in Southern Europe (Fayad et al., 2017; Ozturk, Ceber, Tirkes, &
Kurnaz, 2015), an increase in the length of the dry season is foreseen (Dubrovsky et al.,
2014; Hertig & Tramblay, 2017; Michaelides et al., 2017). As a consequence, heat waves
may become more frequent, additional dry days are expected and consecutive drought
years are likely to increase (EEA, 2017a; Lehner, D6ll, Alcamo, Henrichs, & Kaspar, 2006;
Lehner et al., 2017; Orlowsky & Seneviratne, 2012; Pascale, Lucarini, Feng, Porporato, &
ul Hasson, 2016; Prudhomme et al., 2014; Santos et al., 2002). Southern Europe’s
drought risk has increased considerably over the 20" century due to the higher
temperatures (Ciscar et al.,, 2014; Gudmundsson & Seneviratne, 2016) — in particular,
(Flérke, Wimmer, et al., 2011) simulations point out that by 2050 the region will face a
50-year drought of today’s magnitude more than once per decade. This is in accordance
with (Roudier et al., 2016), who assessed the effects of +2°C global warming on
hydrological extremes (floods and droughts) to conclude that Southern European

countries will experience an increase in the intensity and duration of droughts.

For the Iberian Peninsula, (Koutroulis et al., 2018) project a 5% to 25% increase in
drought periods and duration. Besides these trends, increases in the severity and
frequency of both moderate and severe droughts are also projected (Stagge, Rizzi,
Tallaksen, & Stahl, 2015).

Runoff and river discharge

As most studies forecast lower precipitation, higher temperatures and higher
evapotranspiration rates for Southern Europe, runoff rates and riverflows are expected to
decrease by the end of the 21t century. Hydrological changes triggered by climate
change encompass a considerable decrease in average annual runoff (Arnell & Gosling,
2013; IPCC, 2013b; Koutroulis et al., 2018), ranging between 0% and 23% by 2020
(Falloon & Betts, 2010), between 10% and 30%-50% by 2050 (Arnell, 1999; Gosling &
Arnell, 2016; Milly, Dunne, & Vecchia, 2005), and between 20% and 50% by 2100
(Hagemann et al.,, 2013). River flows will be remarkably modified and increasingly
intermittent by 2050, with Southern Europe being the most affected region in Europe.
River discharge will be lower during the whole year (this trend is already observed in
many rivers since the 1980s), and both the maximum and the minimum flow magnitude

will be considerably affected; summer flows will be increasingly lower, and winter
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discharges will be more irregular (Garcia-Ruiz et al., 2011; Schneider et al., 2013).
Minimum flows may reduce by 10% to 20% by 2020 and by up to 40% by 2080, notably in
the Iberian Peninsula (Forzieri et al., 2014), and streamflow droughts may become more

severe and persistent (Ciscar et al., 2014; Papadimitriou et al., 2016).

In Portugal, the runoff regime is strongly influenced by seasonal and spatial variability of
precipitation. Although the increased potential evapotranspiration and reduced
precipitation are expected to decrease annual water availability, the main constraint to
water management are their seasonal changes (Santos et al, 2002). Projected impacts
show an increasing seasonal asymmetry and a generalized decrease in runoff (Cunha et
al., 2007; Santos et al., 2002; Santos & Miranda, 2006)). At the territorial level, runoff is
highly variable across regions as the wet northern coastal river basins contrast with the
dry inland southern basins (Santos et al., 2002). Annual runoff, by 2050, is projected to
decrease in all seasons, and by up to 10% in the North and 50% in the South (see Section
7.2.1.; Table 7.1). By 2100, expected reductions (also projected by (Almeida et al., 2015))
intensify in the North and in the South while noting that the projections’ signs are
contradictory between models (Santos et al., 2002). Also, (Almeida et al., 2015) project a

23% reduction in runoff by 2100, under an extreme climate scenario.

These results are coherent with other studies focusing on specific Portuguese river
basins. Considering severe climate change scenarios by 2100 (Papadimitriou et al., 2016)
project a 35% reduction in average runoff for the Guadiana river basin, while (Mourato,
Moreira, & Corte-Real, 2014) projections for the Cobres basin (South) point towards
annual variations ranging between -35% and -80%, with autumn and spring recording the
strongest reductions (between -61% and -96%, and between -40% and -99%,
respectively). (Nunes, Seixas, & Pacheco, 2008) compared the Ribatejo (Centre/South)
and Alentejo (South) basins to conclude that surface runoff will decrease by, respectively,

76% and 62% under a 40% reduction in precipitation.

As to river discharges, (Guerreiro, Birkinshaw, Kilsby, Fowler, & Lewis, 2017) project an
overall decrease for the international basins of the Douro, Tagus and Guadiana rivers by
2045-2070, despite significant regional and seasonal variability. At the regional level,
projections encompass a -52% to +25% change in mean annual discharge in the Douro
river, a -60% to +32% change for the Tagus and a -82% to +68% change for the
Guadiana. At the seasonal level, the largest changes are projected for autumn (exceeding
-60% for the Douro, -70% for the Tagus, and -90% for the Guadiana), closely followed by

spring. Also focusing on the Tagus river basin, (Lobanova, Koch, Liersch, Hattermann, &

31



Chapter 3

Krysanova, 2016) project a 30% to 60% reduction in river discharge by 2100, under a

moderate and severe emission scenario, respectively.

It can be concluded that the scale of climate change impacts on runoff/river discharge
increase from North to South and that the magnitude of projected decreases are larger
than projected increases (Santos & Miranda, 2006). In addition, considering that the larger
Portuguese river basins are transboundary, climate conditions in Spain are also
determinant for the Portuguese hydrological regime. Expected climate changes are similar
to those for Portugal and, hence, reduced runoff from the Spanish sub-basins implies that
the reductions in water availability in the Portuguese sub-basins may be amplified. In
addition to decreased runoff, the likely retention of water in the Spanish part of the river
basins will deepen the negative change in water availability across the Portuguese sub-
basins (APA, 2013; Cunha et al., 2007).

3.3. Projected climate change impacts on hydropower generation

Numerous authors have shown that small changes in water inputs can induce major
alterations in reservoir functioning. According to (CCSP, 2007), the sensitivity of
hydropower generation to changes in precipitation and river discharge is greater than
unity. (Nash & Gleick, 1993) states that a 20% reduction in runoff may induce a 60%-70%
decrease in annual water storage and a 60% reduction in power generation. (Kao et al.,
2015) show that there is a strong linear relationship between annual hydropower
generation and annual runoff, such that runoff explains 66% to 98% of the variation in
annual hydropower generation for 16 out of 18 study areas in the United States of
America. Finally, (Simdes & Barros, 2007) concluded that the reduction in hydropower
reservoir water levels in Brazil, which led to the energy crisis in the beginning of the 21%
century, was caused by seasonal changes in precipitation and higher temperatures over
the previous two decades, rather than by changes in the frequency and intensity of

precipitation and extreme events.

The most commonly used methodology to assess climate change impacts on hydropower
resource endowments consists in translating long-term climate variables into runoff
(Ebinger & Vergara, 2011; Schaeffer et al., 2012). The likely impacts of climate change on
runoff are evaluated by hydrological models that use precipitation and temperature

projections from General Circulation Models or hypothetical scenarios. In turn, the impacts
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of climate change on hydropower generation are assessed by introducing simulated river
flows in electric power models (Schaeffer et al., 2012). Climate change effects determine
seasonal and regional conditions for hydropower generation, given that some regions will
be negatively affected in summer and positively in winter production (Flérke, Wimmer, et
al., 2011). Technological aspects also condition the potential for hydropower generation.
In this regard, (Florke, Wimmer, et al., 2011) estimate a loss in hydropower potential for
run-of-river power plants in Western and Southern Europe as well as storage plants in
Southern Europe, due to the likely reduced water availability resulting from decreased
precipitation.

One of the reference studies on the climate change impacts on European hydropower
sector is the (Lehner et al., 2005) assessment for the 2070 horizon. The expected
decrease in hydropower gross potential’ ranges between 3.3% and 5.6%, while strong
regional asymmetries are foreseen — from a reduction of 20% to 50% in Mediterranean
countries to an increase of more than 30% in Northern Europe. These results are
coherent with (van Vliet, Vogele, & Ribbelke, 2013), who estimate that the reduction in
hydropower gross potential in Southern Europe (France, Spain and Portugal) will surpass
15% in the period 2031-2060, against a 4% to 5% decrease for Europe. As for the mid-
end 21°% century, projections point towards a reduction of 20% to 50% in Southern
European hydropower gross potential (IPCC, 2007b; Jochem & Schade, 2009; van Vliet,
van Beek, et al., 2016).

Nonetheless, a more realistic interpretation of changes in future hydropower generation
considering existing hydropower plants is provided by developed hydropower potential®.
Concerning the latter, (Lehner et al., 2005) projects a reduction of between 6.7% and
12.4% for Europe by 2070 — with impacts varying between -8.9% for run-of-river and -
15.1% for reservoir plants. (Dowling, 2013) project that hydropower generation in Europe
will reduce from 10% of total power generation in 2013 to less than 6% by 2050, thereby
noting that hydropower generation may increase in Northern Europe and decrease in
Southern Europe (especially in summer). These estimates are in line with other studies,
such as the (Golombek, Kittelsen, & Haddeland, 2012) projections of a 15% net decrease
in hydropower generation for Western Europe by 2085, and (Turner, Ng, & Galelli, 2017)

projections of a 20% to 40% reduction in hydropower generation for Southern Europe by

7 ‘Gross hydropower potential’ is defined as “the annual energy potentially available if all natural runoff at all
locations were to be harnessed down to the sea level without any energy losses” (Lehner et al., 2005: p. 842).
Hydropower potential is, by convention, forecast based on the 90% dependable river flow (Jain & Singh,
2003).

8 ‘Developed hydropower potential’ corresponds to “a country’s supplied electricity by hydropower”, i.e., to the
part of gross potential which is being or will be used in the future (Lehner et al., 2005: p. 842).
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the end of the 21% century. For the Iberian Peninsula, (Pereira-Cardenal et al., 2014)

project a 15% to 32% reduction in hydropower generation by the mid-21% century.

For Portugal, (Lehner et al., 2005) point to a reduction in hydropower generation between
-44.4% and -22.1% by 2070. Given that both high and low flows are expected to become
more extreme, the impact on run-of-river plants may be stronger than on reservoir plants
(-24.9% and -15.1%, respectively). These results are coherent with (Turner et al., 2017)
projections of a 21% reduction in hydropower generation in Portugal by 2050, and both
considerably more unfavourable than the -2.5% and -5% reduction in hydropower
generation in Portugal projected by (Hamududu & Killingtveit, 2012) in the scope of a
global analysis. (Cleto, 2008) project that hydropower generation will be 7% lower under a
severe climate change scenario than under a moderate one, whereas (Alves, 2013)
conclude that hydropower generation in Portugal will decrease by 7% by 2050 (as
compared to 2010). Particularly for the Tagus river basin, (Lobanova et al., 2016)
conclude that hydropower generation by 2100 will decrease by between 10% and 50%
under a moderate climate change scenario, and between 40% and 60% under a climate
change extreme scenario. However, some studies indicate that climate change will not
negatively affect projections for runoff and hydropower generation (APA, 2013) or will
even improve the potential for hydropower generation (EC, 2009) in Portugal. As a result,
(Bonjean Stanton, Dessai, & Paavola, 2016) conclude that existing projections for climate
change impacts on hydropower generation in Portugal by 2050 are not consistent; still,
projections for 2100 consistently point towards a decrease in annual hydropower

generation in Portugal.

Considering that the main Portuguese river basins are transboundary, competition is likely
to intensify in a context of increased water scarcity induced by climate change. Moreover,
competitive energy companies pursue their own interests and profits and, thus, their
management strategies do not encompass global optimization criteria for the sector (e.g.
benefiting from cascade effects (APA, 2013)). Portugal is likely to be negatively affected
by increased international competition, especially in hydropower systems located in the
Douro and Tagus rivers (downstream of relevant Spanish hydropower plants). In the
Guadiana river this issue may not be so problematic due to the existing large storage
capacity in the Algueva dam (APA, 2013). It is, therefore, plausible that competition for
water in hydropower generation between Portugal and Spain will intensify due to climate
change and, thus, constitute an increasing challenge for policymakers. Hence, projected
changes in runoff conditions in Southern Europe may put the reliability of hydropower

generation in jeopardy (IPCC, 2014a; Lobanova et al., 2016) — also in Portugal.
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Despite it is widely recognized that climate change impacts on hydropower will be of
importance, country-specific research on their quantification is relatively scant — even
considering the relevance of spatial analysis for policymaking (Chandramowli & Felder,
2014). Furthermore, the abovementioned projections are the outputs of research focusing
on the climate change biophysical impacts on hydropower generation. Naturally, when the
preponderant role of water resources in all dimensions of life (hamely human and animal
consumption, ecosystem maintenance, economic activity or even land use competition) is
brought to the analysis, complexity of energy modelling increases. It is essential to
consider and understand these sectoral impacts and the existing interrelations, and even
take into consideration that potential developments in water demand by upstream users
may aggravate the potential climate impacts (Kundzewicz et al., 2008; Schaefli, 2015).
Indeed, as argued by (Pollitt et al., 2010), including biophysical data as well as resource
use and availability are among the modelling improvements needed to analyse

sustainability in the scope of macroeconomic development.

35






CHAPTER 4

KEY FIGURES OF THE PORTUGUESE ENERGY SECTOR



Chapter 4

Given the overall goal of analysing the impacts and feedbacks between water resources,
the energy sector and the economy in Portugal, this chapter contextualizes the research
by summarizing some key figures of the Portuguese energy sector over the period 1990-
2015, with particular emphasis on the power generation and hydropower sectors. Data
presented cover several dimensions of the energy sector, such as production (Section
4.1), consumption (Section 4.2), prices (Section 4.3), economic indicators (energy
intensity and dependency; Section 4.4) and greenhouse gas (GHG) emissions (Section

4.5). Presented data are derived from (Eurostat, 2018a).

4.1. Energy production

Energy production in Portugal over the period 1990 to 2015 is differentiated by primary
production of energy, electricity generation and hydropower generation. Primary
production of energy refers to the extraction of energy products in a useable form from
natural sources (Eurostat, 2018b); electricity generation refers to the electricity produced
by transforming other forms of energy (Eurostat, 2018b); and hydropower generation
refers to the electricity generated from the potential and kinetic energy of water in

hydroelectric plants (Eurostat, 2018b).

Primary production of energy

Despite the inter-annual variations, primary production of energy in Portugal increased by
56% between 1990 and 2015 (from 3.4 to 5.3 million tonnes of oil equivalent (Mtoe)),
corresponding to an average annual growth rate of 1.8% (see Figure 4.1a). Thus, primary
energy production per capita shows a positive growth in Portugal (+51%), whereas in the
EU-28 a negative growth was recorded over the same period (-24%). Nevertheless,
primary energy production per capita is systematically lower in Portugal than in the EU-28

(0.5 toe per capita against 1.5 toe per capita, respectively, in 2015).

Portuguese primary energy production relies almost entirely on renewable sources (Figure
4.1b). Biomass has been the main source of primary energy production, though its share
in total primary energy production decreased from 73% in 1990 to 59% in 2015.
Hydropower is the second source of primary energy production in the country, fluctuating
between 10% (2012) and 33% (1996) due to hydrological variability. Wind power is
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becoming an important source of primary energy production in Portugal, as its share has
been continuously increasing since it started to gain importance in the production
structure since 2000 (from 1% in 2001 to 19% in 2015). Solar power and geothermal
energy still have an incipient role, respectively accounting for approximately 3% and 4% of
total primary energy production in 2015. Non-renewable wastes (both industrial and
municipal) represent a small portion of total (2% in 2015), and fossil fuels (coal) were used

only until the mid-90s (around 3% of total).

Figure 4.1. Primary energy production in Portugal over the period 1990-2015 — total and

per capita (a) and by source (b)

(a) (b)
100%
6 07
80%
5 06
) 60%
05 3
4 &
3 hd
- 0,
= 04 2 40% .
3 o
0-3 8 .
20%
2
02
] 0% I
0.1 1990 2000 2010 2015
00
1990 1995 2000 2005 2010 2015 m Fossil fuels Geothermal energy
Waste Hydro power
: m\Wind power Solar power
Mtoe toe per capita Biomass
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Note: ‘Fossil fuels’ refers to coal, natural gas and petroleum products; ‘Waste’ refers to industrial and non-
renewable municipal waste; ‘Solar power’ refers to solar thermal and solar photovoltaic; ‘Biomass’ refers to

wood, renewable waste, black liquors and biofuels.

Power Generation

The gross production of electricity in Portugal has increased by almost 86% over the
period 1990 to 2015 (from 27,449 Gigawatt hour (GWh) to 50,938 GWh), corresponding to
an annual average growth rate of 2.5% (Figure 4.2a). Hence, power generation per capita
in Portugal increased by almost 80% (i.e. +2.4% per year; see Figure 4.2a), in contrast

with the 18% increase recorded in the EU-28 (+0.7% per year). Notwithstanding the
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greater growth rates recorded in Portugal, Portuguese electricity production per capita
was below the EU average in 2015 (approximately 80% — although the gap has narrowed
from 2.4 MWh Megawatt hour (MWh) per capita in 1990 to 1.1 MWh per capita in 2015).

Thermal power has always been the most important source of electrical energy production
in Portugal, although its share fluctuates due to the variable performance of renewable
energies (Figure 4.2b). Accordingly, while in 1990 electrical energy in Portugal was
provided by only two sources (thermal power, 68%; hydropower, 32%), in 2015 the
production mix is more diversified (thermal power, 59%; wind power, 23%; hydropower,
17%; solar, 2%). The evolution of the electricity production mix reveals a clear choice for
renewable and endogenous sources of energy as to promote sustainable development
and to reduce energy dependency (in accordance with political guidelines as stated in
(RCM 20/2013)). Accordingly, the share of renewable energy sources in the power mix
increased from 32% in 1990 to 41% in 2015 (surpassing 50% in 2013 and 2014, wet

hydrological years).

Figure 4.2. Gross production of electricity in Portugal over the period 1990-2015 — total

and per capita (a) and by source (b)
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Note: ‘Combustible fuels’ includes coal, crude oil, natural gas, biomass, waste; ‘Others’ correspond to

geothermal energy, tide, wave and ocean, heat from chemical sources and other sources.
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Portugal has been a net importer of electricity. Net imports increased from nearly zero
GWh in 1990 to 2,266 GWh in 2015, corresponding to an annual growth rate of 17.9%.
Net electrical imports in Portugal were negligible between 1990 and 2001; since then
these were consistently higher, due to the operational start-up of the Iberian Electricity
Market (reaching their maximum in 2008; 9,431 GWh or 21% of total net generation in the
country; Figure 4.3). There is also a straight relation between net electricity imports and
hydrological conditions, as dry years result in general in higher values of imports with
negative impacts on the energy bill. Net imports per capita in Portugal are somewhat
above those for the EU-28 until 2002 (on average about +0.04 MWh per capita) and well
above those for the EU-28 after 2002 (on average about +0.4 MWh per capita). In 2015
net imports per capita were of 0.22 MWh in Portugal and 0.03 MWh in the EU-28.

Figure 4.3. Net imports of electricity in Portugal over the period 1990-2015 — total and per

capita
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Source: Based on (Eurostat, 2018a)

Hydropower generation

Hydropower has always played an important role in the Portuguese energy system (see
Figure 4.1b). The power mix took advantage of the relative abundance of endogenous
water resources in the country, which contribute to offset the lack of fossil fuels.

Nonetheless, electricity generation from hydropower is quite variable due to hydrological
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cycles — as reflected in the Hydropower Capacity Factor (HCF) that, over the period 1990-
2014, ranged between 1.37 (in 2003) and 0.41 (in 1992 and 2005; see Figure 4.4).

Figure 4.4. Hydropower Capacity Factor and Electricity generation from hydropower in

Portugal over the period 1990-2015
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The irregular HCF is fully reflected in hydropower generation (see Figure 4.4). Thus, over

the period 1990-2015, maximum hydropower generation outputs were recorded in 2010,
2003 and 2014 (16,148 GWh, 15,723 GWh and 15,570 GWh, respectively) and minimum
outputs in 1992 and 2005 (4,608 GWh and 4,731 GWh, respectively). On average, large
hydropower plants (over 10 Megawatts (MW)) provide around 92% of total output in

Portugal — small-scale hydropower plants (less than 10MW) providing the remaining 8%.

At the regional level (NUTS 2), the Norte region is the main provider of electricity from

hydropower, contributing yearly with more than 70% to total national production (see

Figure 4.5). The Centro region accounts for around 20% and the Alentejo region accounts

for the remaining 10% of hydropower generation in Portugal. Note that the Algarve and

Lisboa regions do not enter in the hydropower generation mix.
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Figure 4.5. Electricity generation from hydropower in Portugal, by region (NUTS 2), over
the period 1990-2015
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4.2. Energy consumption

Energy consumption in Portugal over the period 1990 to 2015 is differentiated by gross
inland and final energy consumption. Gross inland energy consumption refers to the total
energy demand of a country (Eurostat, 2018b); final energy consumption refers to the total
energy consumed by end users, excluding that which is used by the energy sector itself
(Eurostat, 2018b).

Gross inland energy consumption

Gross inland energy consumption in Portugal has kept an almost continuously increasing
trend between 1990 and 2005, while showing a declining trend between 2006 and 2012
(see Figure 4.6a). It has increased by 26% between 1990 and 2015 (from 18.2 to 23.0
Mtoe), corresponding to an average annual growth rate of 0.9%. The corresponding gross
inland energy consumption per capita increased by 22% over the same period (from 1.8 to
2.2 toe per capita), whereas in the EU-28 it decreased by 9% (from 3.5 to 3.2 toe per
capita). Note, however, that gross inland energy consumption in Portugal has always
been considerably below the European average. Fossil fuels (solid fuels, petroleum
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products and natural gas) represent the major share in gross inland energy consumption
by fuel (more than 75%), although their consumption has been declining since 1990 (from
82% in 1990 to 78% in 2015) and renewables play an important and increasing role (from
18% in 1990 to 22% in 2015; Figure 4.6b).

Figure 4.6. Gross inland energy consumption in Portugal, total and per capita (a) and by
fuel (b) over the period 1990-2015
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Final energy consumption

Final energy consumption in Portugal increased continuously until 2005, though started to
decline as of 2008 due to the financial crisis (Figure 4.7a). Even so, it increased from 11.9
Mtoe in 1990 to 16.0 Mtoe in 2015 — corresponding to a 35% increase and an average
annual growth rate of 1.2%. Per capita final energy consumption in Portugal increased by
30% (1.1% per year; see Figure 4.7a), while in the EU-28 it decreased by 6.6% (-0.3% per
year). Despite these different trends, per capita energy consumption in Portugal is lower
than in the EU-28, although the gap has been shrinking over time (from 48% lower in
1990 to 27% in 2015).

Final energy consumption in Portugal relies mainly on fossil fuels (solid fuels, petroleum
products and natural gas; see Figure 4.7b). Although their share has been decreasing

over time, they still represent almost 60% of Portuguese final energy consumption in
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2015. Concerning the other energy products, electrical energy and renewables also play
an important role in Portugal — accounting for 25% and 14% of final energy consumption

in 2015, respectively.

Figure 4.7. Final energy consumption in Portugal, total and per capita (a) and by product
(b), over the period 1990-2015
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The transport sector is the main consumer of final energy (41% of total), followed by
industry (28%), households (16%), services (12%) and agriculture (3%) — resulting in a
sectoral breakdown that differs from the past (Figure 4.8). On the one hand, final energy
consumption by the industry sector decreased (from 40% in 1990) while, on the other
hand, consumption by the transport sector increased (from 32% in 1990). Finally,
consumption by the services sector has also increased due to the tertiarisation of the

economy, increasing its share from 5% in 1990 to 12% in 2015.

Concerning the share of renewable energy in gross final energy consumption, the 2020
target is set at 31% for Portugal and at 20% for the EU-28 ((RCM 20/2013); Figure 4.9).
Whereas in the EU-28 the share has been continuously increasing since 2009 (when the
2020 target was enacted in legislation), in Portugal the share increased until 2009,
remained almost constant between 2009 and 2012 (during the financial crisis) and

increased between 2012 and 2015. Note that Portugal’s performance is better than the

45



Chapter 4

average EU-28 and, accordingly, the Portuguese target is more ambitious than that for the
EU-28 as a whole.

Figure 4.8. Final energy consumption by sector in Portugal (%) over the period 1990-2015
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As to electricity consumption in particular, in Portugal it increased by 95% between 1990
and 2015 (from 23,5 to 45,8 GWh), corresponding to an average annual growth rate of
2.7% (Figure 4.10a). Accordingly, between 1990 and 2015 electricity consumption per
capita increased by 87% in Portugal (from 2.4 to 4.4 MWh per capita), as compared to
19% in the EU-28 (from 4.6 to 5.4 MWh per capita). Nevertheless, and although the gap is
tightening, Portuguese electricity consumption remains lower than the European (-18% in
2015).

In 2015, the main consumers of electricity in Portugal are the services (38%), industry
(34%) and residential (26%) sectors (Figure 4.10b). The situation in 2015 is considerably
different from the one in 1990, when industry and services accounted for 52% and 21% of
electricity consumption, respectively. This results, also, from the growing tertiarisation of
the economy. Residential consumption shares barely changed between 1990 and 2015
(+1 percentage point). Electrical consumption in the transport sector is still incipient at

present (<1%).
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Figure 4.9. Share of renewable energy in gross final energy consumption in Portugal and
the EU-28, over the period 1990-2015
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Figure 4.10. Final electrical energy consumption in Portugal, total and per capita (a) and
by sector (b), over the period 1990-2015
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4.3. Energy prices

Energy prices in Portugal are largely determined by the international market, given the
country’s dependence on the import of fossil fuels (see Section 4.4 below). Crude oll
import prices increased continuously between 2001 and 2008 (Figure 4.11), from 32 to 95
USD/barrel (+197%, corresponding to an average annual growth rate of around 17%).
Despite a sudden drop in 2009, due to the global financial crisis that led to a reduction in
oil demand, import prices increased again between 2009 and 2012 — reaching a historical
maximum in 2012 (102 USD/barrel). Similarly, natural gas import prices increased
consecutively between 2002 and 2006 (+134%; +24%/year), and reached their maximum
in 2008 (13 USD/MBTU; Figure 4.12).

Figure 4.11. Crude oil and natural gas import prices in Portugal (real 2010 USD) over the
period 1990-2015
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Regarding the energy prices charged to end-users (Figure 4.12), gas prices in the
industrial sector increased by 53% between 2005 and 2016 (+4.0% per year, against
2.2% in the EU-28), whereas electricity prices increased by 32% over the same period
(+2.6% per year, against 1.6% in the EU-28). Regarding energy prices charged to

households, gas prices increased by 106% (+6.8% per year) and electricity prices
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increased by 70% (+5.0% per year) over the period 2005-2016, whereas in the EU-28

they both increased by 4% per year over the same period.

Figure 4.12. Energy prices charged to end-users in Portugal, gas (a) and electricity (b),
over the period 2005-2016
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4.4, Energy indicators

Energy indicators in Portugal over the period 1990 to 2015 comprise energy intensity and
energy dependency. Energy intensity is the ratio between the gross inland consumption of
energy and the gross domestic product (Eurostat, 2018b), and energy dependency refers
to the ratio between net energy imports and the sum of gross inland energy consumption

plus international maritime bunkers (Eurostat, 2018b).

Energy intensity

The energy intensity indicator is usually considered a proxy of the economies’ energy
efficiency. The Portuguese energy intensity (Figure 4.13) decreased from 150.8 kilograms
of oil equivalent (kgoe) per 1000€ in 1995 to 133.6 kgoe/1000€ in 2015 (-11%). In 2015,

the amount of energy required to produce a unit of economic output in Portugal was 11%
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higher than the EU-28 average (120.0 kgoe/1000€). Nonetheless, Portuguese energy

intensity has been decreasing almost continuously since 2005, following the EU-28 trend.

Figure 4.13. Energy intensity in Portugal and the EU-28 over the period 1990-2015
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In the same vein, the inverse of energy intensity is usually considered as a proxy for the
level of energy productivity, thus reflecting the degree of decoupling of energy use from
growth in GDP. In coherence with energy intensity indicator, energy productivity is lower in
Portugal (7.5€/kgoe) than in the EU-28 (8.3€/kgoe) in 2015. However, between 1995 and
2001, Portugal achieved a higher level of energy productivity than the European Union.

Energy dependency

Portugal is a net energy importer, with a national rate of energy dependency that is not
only high (exceeding 80% between 1990 and 2009) but also consistently higher than the
EU-28 average (54% in 2015; see Figure 4.14). The minimum rate reached in Portugal
was 71.2% in 2014. The decreasing trend in energy dependency since 2005 is due to the
promotion of endogenous renewable resources — mainly wind energy. Historically, the
oscillations in Portuguese annual dependency rates are associated with hydrological

conditions (see Figure 4.4). At the European level, energy dependency has been
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increasing and the dependency rate in 2015 (54%) was 10 percentage points higher than
in 1990 (44%).

Figure 4.14. Energy dependency in Portugal and the EU-28 over the period 1990-2015
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Over the period 1990 to 2015, Portuguese net imports of energy products recorded a total
growth of 16% and an annual growth of 0.6% (see Figure 4.15). Net imports increased
over the period 1990 to 2005 and decreased afterwards — mainly due to the combined
effects of import reductions and export accruals. Concerning net imports per capita
(Figure 4.15), Portugal and the EU-28 recorded identical growth over the period 1990-
2015 (+11%; 0.4%l/year). Between 1997 and 2005, Portuguese net imports of energy
products per capita were considerably higher than those in the EU-28, due to the increase
in gross inland energy consumption (see Figure 4.6a) that outpaced the increase in
national energy production (see Figure 4.1a). Conversely, in recent years the gap reduced
and European net imports became larger than the Portuguese, although in 2015

Portuguese and EU-28 net imports per capita were identical (1.8 toe per capita).
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Figure 4.15. Net imports of energy products in Portugal, total and per capita, over the
period 1990-2015
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45. GHG emissions

GHG emissions in Portugal, excluding emissions and sinks related to land use, land-use
change and forestry, increased by 16% between 1990 and 2015 (from 59.8 to 69.4 Mtoe),
corresponding to an average annual growth rate of 0.6% (see Figure 4.16). Therefore,
GHG emissions per capita shows a positive growth in Portugal (+12%), whereas in the
EU-28 a negative growth (-29%) was recorded over the same period. Nevertheless, GHG
emissions per capita are systematically lower in Portugal than in the EU-28 (6.7 tonnes of
CO; equivalent (tCO.e) per capita against 8.5 tCO.e per capita, respectively, in 2015).

The sectoral share of GHG emissions in Portugal has not changed significantly over the
period 1990-2015. The energy sector is responsible for the largest share of GHG
emissions (around 70% over the period 1990-2015; see Figure 4.17a), followed by
industry and agriculture (11% and 10% in 2015, respectively). Within the energy sector,
fuel combustion in energy industries represents the major part of GHG emissions,
although this varies with the share of renewable energy sources in the power mix. The
share of GHG emissions from energy industries increased from 30% in 2010 to 39% in

2015 and, accordingly, the share of renewable energy sources decreased from 48% to
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41% over the same period (see Figure 4.2b). Fuel combustion from transport is the
second major emitter, representing 35% of energy-related GHG emissions in 2015. The
manufacturing and construction sectors represent less than 20% of fuel combustion

related GHG emissions.

Figure 4.16. GHG emissions per capita in Portugal and the EU-28 over the period 1990-2015
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Figure 4.17. GHG emissions in Portugal, total (a) and in the energy sector (b) over the
period 1990-2015
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Chapter 5

Due to the magnitude of the issue, climate change and impacts have been widely
studied by several disciplines. As climate change may ultimately affect economic
growth and compromise sustainable development, the economic side of climate
change has been attracting increased attention from researchers and policymakers. In
particular, special attention has been devoted to the main driver of anthropogenic

climate change — i.e. the energy sector.

The growing interest in the relationship between the energy sector and climate change
dates back to the 1980s, when the Bruntland Report (Brundtland, 1987) identified the
energy sector as a key factor for sustainable development. This, on the one hand,
because of its essential character in modern societies and, on the other hand, because
it is responsible for the major part of greenhouse gas (GHG) emissions and, thus,
climate change (Nakata, Silva, & Rodionov, 2011). Accordingly, energy system
analyses widened their scope® to highlight the energy-economy and environment
connection and later, in the 1990s, to the broader relationship between energy-
economy-environment and climate change (Bhattacharyya & Timilsina, 2010).

Such a holistic analysis of the energy-economy-environment components of any
energy or climate mitigation policy requires an integrated assessment framework that
simultaneously considers the feedbacks and the interactions between these three
spheres. This can be achieved using Integrated Assessment Models (IAM), which
“combine knowledge from a wide range of disciplines to provide insights that would not
be observed through traditional disciplinary research. They are used to explore
possible states of human and natural systems, analyse key questions related to policy

formulation, and help set research priorities” (IPCC, 1996: p.14).

In addition, informed policy-making requires a full understanding of the costs and
benefits of energy/climate policies regarding employment, competitiveness, and
economic structure. Economic impacts derive from the responses of economic agents
(consumers; firms) to policy signals that, ultimately, are intended to shift the economic
course to an environmentally desirable pathway of the energy system (Bataille,
Jaccard, Nyboer, & Rivers, 2006; Hourcade, Jaccard, Bataille, & Ghersi, 2006). In this

context, E3 models (a particular type of IAM), which gather the energy-environment-

9 Energy system analysis dates back to the 1950s, based on the energy accounting approach (Hoffman &
Wood, 1976), which relies on energy balances to comprehensively account for how energy is consumed,
converted and produced in a region or economy. However, the first oil crisis in the mid-1970s raised new
concerns about energy security and vulnerability to oil prices, and energy-economic models thrived to
produce more reliable and comprehensive information (Nakata et al., 2011).
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economy relationships into a single basis, have been extensively used (e.g. (APA,
2012; EC, 2011b; OECD, 2015)).

Within E3 models, two distinct approaches are commonly used: top-down and bottom-
up. Building on their strengths, hybrid models merging top-down and bottom-up
features are prospering in literature. This chapter reviews the conventional top-down
and bottom-up approaches (Section 5.1), describes the usual methodologies to
construct hybrid models to address energy-environment-economic policy issues
(Section 5.2), and presents an advancement in the integrated assessment modelling of
climate change issues by enriching the E3 hybrid models with the inclusion of
biophysical parameters (in particular water resources availability; Section 5.3).

5.1. E3 modelling approaches: top-down and bottom-up

The quantitative assessment of energy/climate policy impacts is conducted with either
top-down or bottom-up models. Top-down models are mainly used by economists,
while bottom-up models are preferably used by engineers. Accordingly, these two
approaches differ, above all, by the assumptions on market behaviour and specification
of technological detail (Bohringer & Rutherford, 2008; van Beeck, 1999). The next
subsections briefly describe (Subsections 5.1.1. and 5.1.2) and compare (Subsection

5.1.3) the main features of each modelling approach.

5.1.1. Conventional top-down

Usual top-down approaches rely on economic theory (micro- and macroeconomic
foundations). They adopt an economy-wide perspective to examine a broad equilibrium
framework through the representation of goods and factors markets as well as their
interactions. Top-down models are, thus, able to capture the market interactions and
inefficiencies arising from market distortions or market failures (Béhringer & Rutherford,
2008).

Top-down models may follow a partial equilibrium approach if they represent the
interactions of a limited number of markets (e.g. electricity generation and

consumption), or a general equilibrium framework if they comprise a full representation
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of all markets and agents. Since the 1980s, Computable General Equilibrium (CGE)
models are the most common expression of the top-down approach (Hourcade et al.,
2006). They include aggregate economic variables to evaluate the overall
macroeconomic performance of the economy (Béhringer & Rutherford, 2008; Nakata,
2004; Nakata et al., 2011).

Consistent with their economic nature, top-down models are not technology explicit.
Production of each good or service is represented by an aggregate production function,
which is usually characterized by the shares of inputs (e.g. capital, labour, energy and
materials) and the elasticities of substitution between them (Nakata, 2004). The energy
sector is represented, following the same approach, by aggregate production functions
that capture substitution (transformation) possibilities through constant elasticities of
substitution (transformation) (Bohringer & Rutherford, 2008). Top-down models thus
use a weak representation of the energy system (notably of energy sources,
conversion technologies and end-use demand). Technological change is, usually,
represented by an “Autonomous Energy Efficiency Index”° (AEEI; (van Beeck, 1999)),
thereby reflecting technology efficiency improvements and capital stock turnover
independent from technology prices or other policy or economic variables (Bataille et
al., 2006). Elasticities of substitution/transformation and energy efficiency parameters
are exogenous and, usually, estimated from historical data, which may compromise
their intertemporal validity — especially in the context of technological breakthroughs
and new energy/climate policies (Grubb, Kdhler, & Anderson, 2002; Hourcade et al.,
2006).

5.1.2. Conventional bottom-up

Bottom-up approaches are dominated by partial equilibrium models of the energy
sector (Boéhringer & Rutherford, 2008). These have an engineering character and focus
exclusively on the energy sector, containing a detailed representation of the energy
system (Bohringer & Rutherford, 2008; Nakata et al., 2011; Pandey, 2002). Energy,
partial equilibrium models use highly disaggregated data to describe technological

options and technical constraints, costs, primary energy sources, and emissions factors

10 The AEEI is a heuristic representation of non-price driven changes in energy use over time, notably of
improvements in energy intensity that are explained by technological change and changes in the economic
structure, rather than by changes in fuel prices (Paltsev et al., 2005).
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(Nakata, 2004). They consider current and future energy technologies, both on the

supply and the demand side.

Bottom-up models usually disregard market behaviour and agent preferences,
assuming that consumer and firm decisions are based on cost-effectiveness criteria to
attain equilibrium in quantities and prices (Hourcade et al., 2006; Jaccard, Nyboer,
Bataille, & Sadownik, 2003; Nakata et al., 2011; van Beeck, 1999). Due to their
sectoral scope (partial equilibrium approach), conventional bottom-up models do not
consider the interactions between the energy sector and the rest of the economy and,
thus, the macroeconomic impacts and feedbacks of energy/climate policies and agent
behaviour (Bohringer & Rutherford, 2008). Some consider simpler price response
through exogenous energy service-price elasticities, which may reflect part of the
feedback effects from the economy to the energy system. However, good estimates of
these elasticities are rare and, moreover, the full macroeconomic interaction between
the energy sector and the broad economy, notably the impacts on gross domestic
product (GDP), employment and economic structure, remains out of reach (Fortes,
Pereira, Pereira, & Seixas, 2014).

5.1.3. Comparative overview

Due to the different purposes, structures and assumptions, top-down and bottom-up
models usually produce divergent results (Nakata, 2004). Broadly speaking, top-down
and bottom-up models can be distinguished by the comprehensiveness of policy
impacts captured as well as by their maximum/minimum degree of endogenization of
market/agent behaviour and aggregation/disaggregation of technologies, respectively
(Bohringer & Rutherford, 2008; Nakata, 2004; van Beeck, 1999).

Bottom-up models allow for a comprehensive analysis of technology-specific policy
impacts on the energy sector, but fail in representing the macroeconomic feedbacks of
such policies — assuming that the anticipated estimation of financial costs, using the
social discount rate, corresponds to the full cost of switching technologies (Jaccard et
al., 2003). As a consequence, bottom-up models tend to underestimate the efforts to

achieving a low-carbon society (Hourcade et al., 2006; van Vuuren et al., 2009).

Conversely, top-down models allow to assess economy-wide price policy instruments

(e.g. taxes), but they lack the detail on present and future technological options and,
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thus, treat technology as a ‘black box’ from an engineering point of view (van Beeck,
1999). Thus, top-down models usually point towards higher costs of compliance with
climate policies than bottom-up models because they disregard the technological
development that would reduce costs and enhance substitution possibilities between
inputs (Hourcade et al., 2006; Jaccard et al., 2003).

This may explain why the top-down approach is generally associated with the
“pessimistic’ economic paradigm, and the bottom-up approach with the “optimistic”
engineering paradigm (Grubb, Edmonds, ten Brink, & Morrison, 1993). The described
features of top-down and bottom-up approaches show they are rather complementary
than competitors. Such complementarity is highlighted within hybrid models, whose
integrated framework includes “feedbacks between energy supply and demand, and
between the energy system and the structure and output of the economy” (Jaccard et
al., 2003: p.56).

5.2.  Combined top-down and bottom-up: hybrid modelling approaches

E3 models have proven to be valuable tools for policy-making. To be genuinely useful,
an E3 model may perform well in three different dimensions: technological explicitness,
behavioural realism and macroeconomic completeness (Hourcade et al., 2006; Jaccard
et al., 2003). As mentioned before, bottom-up conventional approaches provide the
necessary technological explicitness, but lack the economic dimensions; by contrast,
top-down approaches possess the necessary micro- and macroeconomic features, but
disregard the technological component. Hence, in isolation, top-down and bottom-up
approaches seem insufficient to fully answer energy-economy-environment policy

issues.

A comprehensive framework of analysis for energy-economy-environment policies can
thus be achieved through hybrid approaches, which combine “the technological
explicitness of bottom-up models with the economic comprehensiveness of top-down
models” (Bohringer & Rutherford, 2008: p.575). For that reason, hybrid models are
widespread in literature as a means to, simultaneously, overcome limitations of both
top-down and bottom-up approaches as well as maximize their potentials. Different

methodologies are used in the construction of hybrid models and, following (B&hringer
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& Rutherford, 2008), these can be broadly grouped into three categories, as presented

below.

Soft-link between two independent models

Within this methodology, independent top-down and bottom-up models “communicate”
through iterative data exchange until convergence is achieved. The main advantages
of this approach are transparency and detail, as structural changes of the original
models are minimal (Labriet et al., 2010; Martinsen, 2011). However, due to the distinct
characteristics of top-down and bottom-up models, namely on behavioural assumptions
and accounting concepts, difficulties are often encountered to achieve overall
consistency and convergence (Bdhringer & Rutherford, 2008). Examples of this
approach include (Fortes et al., 2014; Krook-Riekkola, Berg, Ahigren, & Sdderholm,
2017; Labandeira, Linares, & Rodriguez, 2009; Labriet et al., 2010; Messner &
Schrattenholzer, 2000).

Linking one model type to a reduced form of the other

This methodology consists in focusing on one modelling approach (top-down or
bottom-up) and using a simplified form of the other (Béhringer & Rutherford, 2008) in
such a way that a reduced version of one of the models is incorporated into the other.
The most usual practice is to link a bottom-up model to a highly aggregate one-sector
macroeconomic model producing a non-energy good within a single optimization
framework (Bohringer & Rutherford, 2008). However, as explained in (Labandeira,
Linares, et al., 2009: p.5), this approach “involves a significant reduction in the level of
detail provided by the model [...] which in turn means lower heterogeneity of industries
and therefore reduced substitution opportunities and higher costs from any simulated
policy“, thus hampering the analysis of sector-specific impacts of simulated policies.
Examples of this practice include, for instance, (Messner & Schrattenholzer, 2000;
Rivers & Jaccard, 2005; Strachan & Kannan, 2008). Conversely, (Bosetti, Carraro,
Galeotti, Massetti, & Tavoni, 2006) include a reduced form of a bottom-up model into a

top-down model.
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Integration of models in a single framework

This methodology relies on the integration of the two modelling approaches (top-down
and bottom-up) into a single framework (see Boéhringer, 1998). The most common
practice is to include the technological detail of bottom-up models (usually, including
the power generation sector through a set of discrete technologies, rather than
covering the whole energy system; see e.g. (Bohringer & Rutherford, 2008; Wing,
2008)) into a top-down general equilibrium framework. There have been several
attempts to accomplish this approach and to overcome the major technical challenges
involved (Labandeira, Linares, et al., 2009), but the most usual approach is to develop
an integrated hybrid model as a Mixed Complementarity Problem (MCP). Examples
from the empirical literature include (Bohringer & Loschel, 2006; Eskeland, Rive, &
Mideksa, 2012; Frei, Haldi, & Sarlos, 2003). The mixed complementarity format does
not solve, however, the consistency problems between engineering and
macroeconomic data from bottom-up and top-down models, respectively, nor the
dimensionality and complexity inherent to the complete integration of heterogeneous
models (Labandeira, Linares, et al., 2009; Wing, 2008). Taking these limitations
into account, (Wing, 2008) defined a methodology to overcome data inconsistencies
(further applied by, e.g., (Dai, Masui, Matsuoka, & Fujimori, 2011; Proenca, 2013)) and
(Bohringer & Rutherford, 2009) established a method to decompose and solve
iteratively a MCP model to surpass dimensionality problems (also applied by (Lanz &
Rausch, 2011; Tuladhar, Yuan, Bernstein, Montgomery, & Smith, 2009)).

5.3. Advancing hybrid E3 modelling: the inclusion of water resources

Hybrid E3 models, thus, provide a comprehensive framework of analysis for energy-
environment-economy policies. Even though the interactions and feedbacks between
the energy sector (supply and demand), the environment (usually greenhouse gas
(GHG) emissions) and the economy (production sectors and economic agents) exist,
the inherent effects on/of natural resources availability are not accounted for (typically,
these are not included in the model). Moreover, economic outputs of production
processes that enter the environment (e.g. GHG emissions) and their implications
(such as pollution or climate change) are usually treated as externalities, which are

given a price in the model (Pollitt et al., 2010). However, a full assessment of impacts
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requires that these pressures are measured in physical units and, hence, including
resource use and availability is envisaged as one of the main improvements for
research on sustainability (Pollitt et al., 2010), which, a fortiori, also apply to the
assessment of economic impacts of climate change. In particular, the inclusion of water
resources plays a crucial role in economic analyses of climate change impacts, both
because water resources are vital to life in all its dimensions and because water
resources availability is projected to be significantly affected by climate change —
particularly in some regions of the World, such as the Mediterrean region (see
Chapters 2 and 3).

In this respect, the increased use of top-down water-oriented CGE models constitutes
a remarkable advancement in the understanding of the economic consequences of
transdisciplinary problems such as climate change. According to (Calzadilla, Rehdanz,
Roson, Sartori, & Tol, 2016), water-oriented CGE analyses can be grouped into two
broad categories. One refers to the economic impacts (e.g. on consumption, costs,
water demand or the whole economic system) driven by economic instruments and
policies, such as water pricing systems, water-related taxes and subsidies, water use
efficiency improvements, and the introduction of water markets. The other, which is
relevant for this thesis, refers to the economic impacts of changes in water
endowments triggered by climate change. Concerning the latter, the economy-wide
effects of climate change (i.e. changes in precipitation, temperature and river flows) on
water endowments have been studied for different geographic areas, from single
countries to the world (see e.g. (Faust, Gonseth, & Vielle, 2015; Jason Koopman, Kuik,
Tol, & Brouwer, 2017; Roson, 2017)). Within this strand of literature, much attention is
devoted to the agricultural sector (e.g. (Berrittella, Rehdanz, Roson, & Tol, 2008;
Calzadilla et al., 2013; Calzadilla, Zhu, Rehdanz, Tol, & Ringler, 2014)), as this is one
of the largest water consumers in the economy and plays an essential role in food
security in a water-scarce world. Hence, research has mostly focused on the ‘water-

food’ nexus and, less so, on the ‘water-energy’ nexus.

Although the majority of these water-oriented CGE analyses seek to address the
impacts of restricted water supply, changes in water availability are frequently modelled
via exogenous shocks in productivity rather than through an explicit change in water
endowments (Ponce, Bosello, & Giupponi, 2012). Furthermore, in these cases the
interaction between the economy and natural resources availability exists through the
interaction between demand and supply, while the implications for the energy sector

and the corresponding environmental and economic consequences are out of scope.
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This means that, due to their characteristics, both the commonly used hybrid E3 and
water-oriented CGE models disregard the ‘water-energy’ nexus. Hence, these two
approaches can be combined in order to fill this gap — i.e. closing the ‘water resources

— energy — environment — economy’ loop and thus providing insight in the ‘water-
energy-economy’ nexus.
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Abstract

Energy efficiency is an increasingly critical issue in public policies, because it is the key to
decoupling economic growth and environmental pressures. The European Union has
already defined its strategy for 2030 and outlined general goals for 2050, but many
Member States are still working to accomplish the 20-20-20 targets. This paper fills a gap
in literature by analysing the sectoral, economic and environmental impacts of attaining
energy efficiency targets through an energy fiscal policy, simulated by a hybrid
computable general equilibrium model with technological detail. Six scenarios are defined
for energy savings in primary or final energy consumption of fossil-fuelled or all energy
products. For the case study of Portugal, results show reductions in GDP of 0.5% to 6.2%
along with a reduction in energy dependency (up to -18.5p.p.), energy intensity (up to -
21%) and CO, emissions (up to -55%). Important policy relevant results include that: (i)
primary energy saving targets lead to lower economic costs than final energy saving
targets and that (ii) larger and more distorting impacts on electricity generation arise from
a relatively low taxation of all energy products (fossils and renewables) than from higher
taxes on fossil fuels only. This paper highlights the trade-off between economic
performance and environmental concerns. It shows that the size of these trade-offs
depends on where (primary or final energy consumption) and what (fossil or all energy

products) energy savings are targeted, yielding relevant insights for policy makers.
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6.1. Introduction

The energy sector represents around two-thirds of total anthropogenic greenhouse gas
(GHG) emissions (OECD/IEA, 2015a), which are recognized as the main factor causing
climate change (IPCC, 2013b). Given the crucial role of energy in modern societies and
the multiple associated impacts of fossil energy consumption (such as resource depletion,
pollution, climate change, and energy and economic security), energy efficiency emerges
as the key to prevent the increase in energy consumption without sacrificing the use of
energy services and economic progress (i.e. to decouple economic growth and energy
use). Even though a rebound effect” is likely to occur, increased efficiency may reduce
energy consumption — thus catalysing a series of beneficial effects on the environment,
economy and society (e.g. decreasing GHG emissions, reducing production costs,
improving human health) (EC, 2014b).

In the European Union (EU), energy efficiency is a priority political action towards a low-
carbon economy as well as a critical factor in the short, medium and long-term strategies
for energy and climate action. For the short-term, it is one of the three pillars (along with
GHG emissions and Renewable Energy Sources (RES)) of the 2020 Energy and Climate
Package. For the medium-term, it is embodied in the 2030 Climate & Energy Framework
(EC, 2014a) and substantiated in the binding target for 2030 that was proposed in the
update to the Energy Efficiency Directive (EC, 2016). For the long term, the EU political
guidelines for energy and climate (EC, 2011a, 2015) emphasize energy efficiency as a
priority to face the challenges posed by the growing interdependency of global markets

and as a driver of the EU energy system transformation.

Although medium and long term energy and climate targets are already being set, the EU
is still working to meet the 20-20-20 targets, namely: 20% reduction in GHG emissions as
compared to 1990 levels; 20% of RES in final energy consumption; and 20% saving in
primary energy consumption as compared to the 2007 baseline projection for 2020 (EC,
2008) (this latter corresponding to the energy efficiency target). For the EU as a whole,
GHG and RES targets are likely to be achieved while the energy efficiency target is
expected to fall short of the target by around 2 percentage points (EC, 2014b). Moreover,

the EU recognizes that only two-thirds of the progress made towards the 2020 target

11 The rebound effect occurs because energy efficiency may lead to a reduction in energy prices. Such
reduction may have income and substitution effects that stimulate energy demand that, therefore, may reduce
the initial potential energy-savings from energy efficiency improvements (Broberg et al., 2015; Yu et al., 2015).
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derives from improved efficiency, while the remaining one-third results from the lower
economic growth as compared to projections (due to the financial crisis that hit Europe in

2008). This means that the EU energy-saving potential is not fully realised (EC, 2014b).

Following the EU law, the 2020 package was transposed to national legislation and each
Member State defined its own targets. Portugal defined: i) a 31% share of RES in final
energy consumption and 10% for energy consumption in transport; ii) a 25% saving in
primary energy consumption when compared to the use of energy projected by the EU for
Portugal in 2020 (EC, 2008), which corresponds to the national energy efficiency target
(RCM 20/2013); and iii) an 18% to 23% reduction in GHG emissions by 2020, as
compared to 2005 (APA, 2015), which includes the +1% cap set by EU Effort Sharing
Decision (European Union, 2009) for the emissions not included in the EU Emissions
Trading System. Actual performance points towards a satisfactory positioning by 2020
regarding RES targets as well as primary energy intensity, while final energy intensity was
almost 30% above the EU average in 2013 (RCM 20/2013). To overcome this gap, the
National Energy Efficiency Action Plan 2016 (NEEAP; (RCM 20/2013)) defined a set of
policy instruments to promote energy efficiency through final energy consumption. The
goal is to achieve the abovementioned 25% saving in primary energy consumption by
2020.

While energy efficiency is usually measured by energy intensity or its inverse, energy
productivity, the energy efficiency targets established by the EU and Portuguese energy
and climate policies for 2020 are expressed in terms of energy savings in absolute terms
— i.e. a decrease in energy consumption. Thus, it is not measured in relation to any
indicator of economic activity, such as Gross Domestic Product (GDP). Although the EU
recognizes that alternative measures may be equated (EC, 2014b), the EU energy

efficiency target set for 2030 is also expressed in terms of energy savings (EC, 2016).

Energy efficiency is a recurrent subject in literature, notably within climate change and
mitigation policies analyses, and computable general equilibrium (CGE) models are
increasingly applied (Babatunde, Begum, & Said, 2017). Numerous studies focus on
rebound effects (e.g. (Broberg, Berg, & Samakovlis, 2015; Koesler, Swales, & Turner,
2016; Wei & Liu, 2017; Yu, Moreno-Cruz, & Crittenden, 2015)) and on the extent to which
they compromise the effectiveness of energy efficiency policies (Bataille & Melton, 2017).
Few studies focus on the relationship between energy use and economic growth.
Examples of these latter are found in (Bataille & Melton, 2017) and (Cabalu, Koshy,
Corong, Rodriguez, & Endriga, 2015), who applied dynamic CGE models to assess the
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impacts of energy efficiency improvements on economic growth in, respectively, Canada
and the Philippines. Both concluded that energy efficiency improvements lead to an
increase in GDP and employment, which are the result of an increase in output in almost
all sectors except the energy sectors, whose activity levels decrease due to the lower
demand for energy products. Previously, (Mahmood & Marpaung, 2014) concluded that
while a carbon tax leads to a reduction in GDP in Pakistan, its combination with efficiency
measures result in a growth in GDP as well as larger reductions in energy consumption
and associated GHG emissions. Nonetheless, the review by (Bataille & Melton, 2017)
highlights the limited attention devoted to the relationship between energy efficiency and
economic performance in macroeconomic studies on energy efficiency impacts.
Furthermore, CGE models are more often used to assess the impacts of economic
instruments (notably taxes) to reduce CO, emissions (e.g. (Liu & Lu, 2015; Pereira,
Pereira, & Rodrigues, 2016; Tian et al., 2017)) than to fulfil energy saving targets.

This paper aims at filling this gap in literature, by assessing the sectoral, economic and
environmental impacts of achieving energy efficiency targets (measured as energy saving
targets), for the case study of Portugal. To this end, we use a hybrid static CGE model for
a small open economy and that comprises 31 production sectors. Results provide some
counterintuitive outcomes that are of political and scientific interest at the international
scale as they are not specific for the Portuguese case nor for a particular time horizon. In
particular: (i) the heterogeneous impact on the efficiency of the energy system depending
on whether the energy saving target is directed at primary or final energy consumption; (ii)
the heterogeneous and undesirable outcomes with regard to the impact on fossil fuels
with lower carbon content; and (iii) the larger and more distorting impacts on electricity
generation arising from a relatively low taxation of all energy products (fossils and

renewables) than those resulting from higher taxes on fossil fuels only.

The remainder of this paper is organized as follows. Section 6.2 describes the CGE model
and data. Section 6.3 describes the assessed scenarios. Section 6.4 presents and
discusses the impacts of simulated policies. Finally, Section 6.5 presents the main

conclusions.

6.2. Model and data

A hybrid static CGE model for a small open economy is used, building on the one

developed by (Labandeira, Labeaga, & Rodriguez, 2009). The model is extended with
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labour market imperfections and the technological disaggregation of the electricity
production sector. The model has been programmed within General Algebraic Modelling
System (GAMS (Rosenthal, 2012)), using the Mathematical Programming System for
General Equilibrium (MPSGE) subsystem (Rutherford, 1999) and solved using the PATH
solver (Ferris & Munson, 2008). The model comprises 31 production sectors (4 energy
sectors and 27 non-energy sectors) and 3 institutional sectors (private sector, public

sector and foreign sector). Primary production factors are capital and labour®?.

6.2.1. Production activities

Producer behaviour is based on the profit maximization principle, such that in each sector
a representative firm maximizes profits subject to a constant returns to scale technology —
characterized by a succession of nested constant elasticity of substitution (CES)
production functions combining intermediate inputs and production factors (Figure 6.1).
Produced goods and services are, in turn, split between the domestic and export markets
according to a constant elasticity of transformation function (see also Section 6.2.3.

Foreign sector).

Figure 6.1. Production structure
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O

12 A full description of the production and consumption functions is provided in Appendix 6.1.
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The model includes a bottom-up representation of the Portuguese power sector, which is
represented by a set of eight discrete technologies that, together, provide the
homogeneous electricity commodity. Each technology is described by a CES function
combining different inputs: primary factors (labour and capital), materials and energy
resources (Figure 6.2). This approach follows several examples in literature, such as
(Proenca & St. Aubyn, 2013; Wing, 2008; Cai & Arora, 2015).

Figure 6.2. Electricity sector production structure
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Note: The “technology-specific energy resource" only applies to fossil-fuelled technologies; for renewables,

the energy sources are provided by nature at zero cost.

6.2.2. Domestic final consumers

Household behaviour follows the welfare maximization principle, such that a
representative consumer maximizes utility (welfare) subject to a budget constraint.
Consumption is captured through a succession of nested functions that combine, at the
top level, demand for leisure and a composite good (made up of savings, and
consumption of goods and services) according to a CES function (Figure 6.3). At the
second level, savings trade-off with consumption in fixed proportions, given we assume
that marginal propensity to save is constant. At the third nest, CES functions represent

consumer decisions between energy and non-energy goods and services.
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Government aims to maximize public consumption subject to a budget constraint.
Government consumption comprises several goods and services (e.g. social security,
healthcare and education). Public expenditure is financed through tax revenues, property

and capital rents, and transfers.

Figure 6.3. Consumption structure
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6.2.3. Foreign sector

International trade is modelled under the Armington assumption that domestic and
imported goods are imperfect substitutes for domestic consumption (Armington, 1969),
meaning that total supply in the national economy (for intermediate and final demand)
corresponds to a CES composite good that combines domestically produced and
imported goods (the so-called “Armington good”; Figure 6.4). Likewise, domestically
produced goods can be supplied to the inner market or exported to satisfy demand from
the rest of the world, under a constant elasticity of transformation supply function. Finally,
it is assumed that transfers and rents from the exterior, Portuguese consumption abroad,

and tourist consumption in Portugal are exogenous.
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Figure 6.4. Nesting production structure of Armington good
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6.2.4. Factor markets and closure rules

Two primary production factors are considered: capital and labour. These are perfectly
mobile between sectors at the national scale, but immobile internationally. Labour is
supplied by a representative consumer owning a fixed endowment of time, which is
devoted to labour supply and leisure consumption. The labour market is taken to be
imperfect, where involuntary unemployment exists. This is introduced by a wage curve,
which negatively relates the real wage level and unemployment rate by an elasticity
parameter (the elasticity of real wage to unemployment; approximately -0.1) following
(Blanchflower & Oswald, 1995). Equilibrium is determined by the intersection of the
labour demand curve and the wage curve, setting a real wage that is above the market
clearing level. Involuntary unemployment results from the difference between labour
supply (given by the wage curve) and labour demand, which becomes endogenous to the
model. The demand for labour by each production sector is determined by the solution of
the producers’ cost minimization problem. Accordingly, the optimal wage becomes

endogenous to the model such that it satisfies the market clearance condition.

Capital supply is inelastic and capital demand is determined by the abovementioned cost
minimization problem. Capital rents are endogenous to the model, determined by the
market clearance condition. Investments correspond to the sum of sectors’ gross capital
formation, and is formulated as a Leontief function. National savings correspond to the
sum of private and public savings and is, therefore, endogenous to the model. The
national net lending/borrowing capacity, which corresponds to the difference between

national saving and investment, determines the macroeconomic equilibrium.
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6.2.5. Energy consumption and CO, emissions

The model computes energy consumption in physical units (thousand tonnes of olil
equivalent; ktoe). These enter the model based on the sectoral-specific energy
consumption per energy carrier (coal, refined petroleum products, natural gas and
electricity) in the benchmark. It must be noted that: i) only primary consumption of coal by
coal-fired power plants is included in the model because the consumption of coal by other
sectors is negligible (DGEG, 2016a); ii) renewables are part of primary energy
consumption of the “electricity” production sector (following (DGEG, 2016a)). CO,
emissions resulting from fossil fuel combustion enter the model in fixed proportions to
fossil fuels, according to the specific emission coefficient of each fossil fuel for each

sector.

6.2.6. Benchmark data and calibration

The CGE model was calibrated to a base year which reflects the initial/lbenchmark
equilibrium. Base year quantities and prices, together with the exogenous elasticities,
determine the free parameters of the model's functional forms (Bohringer & Rutherford,
2013). The core dataset of the model is a Social Accounting Matrix (SAM) for the year
2008, comprising 31 economic sectors (Appendix 6.2), built on the 2008 symmetric 86-
sector Input-Output (I-O) tables for Portugal®® (DPP, 2011). Unemployment data was
taken from official statistics (INE, 2016b), and elasticities of substitution were taken from
(Bohringer, Ferris, & Rutherford, 1998; EC, 2013b; Hertel, 1997; Kemfert & Welsch, 2000;
Labandeira, Labeaga, et al., 2009; Melo & Tarr, 1992; Wing, 2006) (Appendix 6.3).

While the SAM and the elasticities of substitution provide the macroeconomic
comprehensiveness of the model, the technological disaggregation of the electrical
generation sector was introduced using a bottom-up approach. To this end, the SAM’s
aggregate “Electricity” production sector was split into eight (most representative)
technologies in Portugal (DGEG, 2016b) — three fossil-fuelled (coal, oil and natural gas)
and five renewable sourced (hydropower, onshore wind power, solar photovoltaic,

geothermal and biomass). Hence, the Electricity sector’s total output was broken-down

13 More recent symmetric Input-Output tables for Portugal (for 2013) were made available in 29.12.2016 (INE,
2016a). The economic structure as of 2013 is broadly similar to that of 2008 — in particular, the weighted
average of differences between sectoral shares in 2008 and 2013 is 0.27%.
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according to the cost structure and the output shares of each generation technology. In
particular, unitary costs of electricity generation per technology were taken from the
TIMES_PT database (see (Teotonio, Fortes, Roebeling, Rodriguez, & Robaina-Alves,
2017)). These are disaggregated into capital costs, fuel costs, and operation and
maintenance costs (the latter considered a proxy for labour costs, following (Wing, 2008).
Although 2008 represents the benchmark year, technological costs for 2015 (from
TIMES_PT) were used (Table 6.1). These most recent technological data provide a more
accurate portrait of the current Portuguese power sector and are still coherent with the
macroeconomic data referring to 2008 (given the stagnation of economic growth since the
start of the financial crisis in 2008 and the lower pace at which the national economic
structure evolves, as national accounts statistics confirm; see (DPP, 2011; INE, 2016a)).
Accordingly, the Portuguese electrical mix considered in the benchmark corresponds to
the average of the period 2008-2015. This average provides a better reference point than
a single year, which is significantly dependent on the corresponding weather conditions —
particularly for hydropower (e.g., hydropower generation in 2015 was 40% lower than in
2014 and 15% lower than the average of the period 2008-2015).

As macroeconomic and technological data derive from different sources, it was necessary
to reconcile them so that they could be combined into an integrated framework of
analysis. To do so, information on unit generation costs (€/MWh), input cost shares and
electricity generated per technology in the period 2008-2015 (Table 6.1) were combined to
compute the corresponding capital, labour and fuel costs per technology — thereby
converting electrical generation from physical units (GWh) into monetary units that are
compatible with the SAM. We thus obtained the necessary technological breakdown of the
electricity generation sector in the SAM that is consistent with the TIMES_PT database
(see (Teotobnio et al., 2017)). These data were introduced in the CGE model to provide the
bottom-up representation of the electrical generation sector in the benchmark year.
Finally, CO, emission coefficients (CO, to energy content) were computed from emission
data in the benchmark year (UN, 2016), and energy consumption (measured in physical

units) was taken from the Energy Balance for Portugal (DGEG, 2016a).
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Table 6.1. Electrical generation, unit output costs and cost shares and per technology in

the benchmark

Gwh % Unit generation Input cost shares

cost (€2011/MWh) Fuel Capital  Labour
Year Average 2008-2015 2015
Fossil-fuelled technologies 25908 51.0%
Coal 11 576 22.8% 3543 € 42.2% 23.8% 34.0%
Qil 2 469 4.9% 56.34 € 84.0% 6.3% 9.7%
Natural gas 11 863 23.4% 44 .30 € 81.5% 9.1% 9.4%
Renewable technologies 24 873 48.9%
Hydropower 11588 22.8% 1444 € 0.0% 68.50%  31.5%
Onshore wind power 9709 19.1% 48.49 € 0.0% 74.6% 25.4%
Biomass 3010 5.9% 185.19 € 68.4% 16.3% 15.3%
Solar photovoltaic 374 0.7% 137.95 € 0.0% 79.6% 20.4%
Geothermal 192 0.4% 62.29 € 0.0% 57.2% 42.8%

Total electrical generation 50 780 100.00%

Source: Electrical generation data were taken from (DGEG, 2016c). Generation and input cost shares were
based on the TIMES_PT database (see (Teotoénio et al., 2017)).

6.3. Simulated scenarios

We take the economic structure of Portugal in 2008 to simulate the likely impacts of
achieving the 25% energy savings set in the Portuguese NEEAP. The national statistics
do not show significant structural changes apart from the small change in scale (i.e. the
absolute value of GDP; the 2008 and 2013 relative sectoral breakdowns of gross value
added (GVA) are broadly similar; (see (INE, 2016a)) and this is what is really relevant for
CGE models). Moreover, this is in line with the methodology of the Portuguese
Government (APA, 2015), which considers the 2008 sectoral GVA breakdown will persist

over the next two decades.

The energy efficiency target is defined as a 25% reduction in primary energy
consumption, while the expected impacts of the NEEAP are set both in terms of primary
and final energy savings. Accordingly, we analysed the impacts of a reduction in primary
and final energy consumption in Portugal. To simulate the impacts of energy efficiency
targets, we took into account the energy savings achieved to date because of the
implementation of the NEEAP. In particular, the 11% primary energy saving achieved in

2013 (PNAEE, 2017) falls 14 percentage points short of the set 25% primary energy
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saving (RCM 20/2013). Hence, an additional reduction of 14% is needed to comply with
the national target. Assuming that no further efficiency improvements occur as a result of
the NEEAP, the impacts of a 14% reduction in energy consumption represent the costs to
assure the compliance with the national environmental targets. In addition, we simulated
the extreme scenario where NEEAP measures did not take place (or, alternatively, a
strong economic recovery took place) and, thus, corresponds with a 25% reduction in
energy consumption. Given the RES and GHG emissions components of policies
underlying our analysis, the energy consumption reduction scenarios are defined for
reductions in primary or final energy consumption of fossil/fossil-fuelled or all energy

products. In particular, we simulated the scenarios presented in Table 6.2.

Table 6.2. Simulated energy saving target scenarios

Scenario Policy target (% energy saving) Policy variable
Scenario PE_14  -14% primary energy consumption Energy savings in primary energy (PE)
PE i ) consumption of fossil fuels (coal, natural gas
PE_25 -25% primary energy consumption  gnd refined petroleum products)*

_ FE_Fos_14  -14% final energy consumption ~ Energy  savings in final ~energy (FE)
Scenario consumption of fossil-fuelled energy products
FE_Fossil FE Fos 25  -25% final energy consumption ~ (natural gas, refined petroleum products and

- - fossil-fuelled electricity)

~ FE_AI_14  -14% final energy consumption ~ Energy  savings in final energy (FE)
Scenario consumption of all energy products (natural

FE_AI FE All 25 -25% final energy consumption ~ 9as, refined petroleum products and electricity
- [from fossil and renewable sources])

* Note: Imports of electricity are not taxed because: i) fossil and renewable sourced electricity imports are
indistinguishable; and ii) electricity imports represent a negligible part of primary energy consumption in
Portugal (see (DGEG, 2016d)).

The goal of this paper is to assess the economic impacts of complying with energy
efficiency targets that may be defined in different ways and scenarios. All of them will
generate direct extra costs for economic activities (and opportunity costs) that will drive
substitution effects among inputs and changes in consumption behaviour. Accordingly, the
hybrid CGE model will simulate the energy saving targets scenarios through a tax on
primary/final consumption of fossil/all energy products that are, in turn, recycled via a
reduction in indirect taxes on the final consumption of non-energy goods and services
such that the fiscal revenue associated with the tax does not affect the public budget. The
rationale considered to follow this methodology is twofold. On the one hand, the tax will
capture the extra costs (direct or opportunity costs) associated with any specific measure

on energy consumption to attain the energy savings targets. On the other hand, the tax
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provides desirable outcomes, such as “static efficiency” (i.e. identifying the cheapest
compliance option (OECD, 2016)).

6.4. Results and discussion

This section presents and discusses the main results of the simulated policies from a

sectoral, macroeconomic and environmental perspective.

6.4.1. Impacts on the energy sector

Achieving energy savings targets leads to demand price hikes in energy products — in
particular if the policy target is attained via a tax on final energy consumption (scenarios
FE_All and FE_Fos; Figure 6.5). The largest price increase occurs for natural gas, due to
the higher ktoe content per euro (price) of natural gas (1.48 ktoe/M€) than other fossil
fuels (e.g. 0.66 ktoe/M€ for refined oil products) — explained by the lower international
prices per ktoe and the lower domestic fiscal burden on natural gas as compared to the
other fossil fuels. Results for coal (prices and output levels) are not reported because
there is no production of coal in Portugal and all consumption relies on imports (almost

entirely for electricity generation).
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Figure 6.5. Impacts of energy saving targets’ scenarios, aiming a 14% (_14) and 25%
(_25) reduction in energy consumption, on energy demand prices (% change as

compared to the benchmark)
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Constraining energy consumption induces a generalized decrease in output levels of the
energy sectors. Natural gas records the strongest impacts (Figure 6.6), which is related to
the above mentioned strong impacts on prices and to the below explained changes in the

electricity mix (electricity is the main Portuguese consumer of natural gas).

Despite the strong impacts recorded in activity levels (Figure 6.6), there are no significant
changes in the economy’s energy mix!*. The share of refined petroleum products (48% in
the benchmark) ranges between 45% in the FE_Fos_25 scenario and 49% in the FE_All
scenarios (_14 and _25). The share of electricity (28% in the benchmark) increases by up
to 34% in the FE_Fos 25 scenario, while it remains constant in the PE and FE_All
scenarios. Finally, the share of natural gas (7% in the benchmark) decreases to 4% in the
FE_Fos_25 scenario. Note that the low shares of fossil fuels in the FE_Fos_25 scenario

are offset by renewable-sourced electricity.

14 Heat, waste and renewables, except electricity, were not included in the CGE model. Their share in the
benchmark (17% of final energy consumption) is assumed to be kept constant in all scenarios.
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Figure 6.6. Impacts of energy saving targets’ scenarios, aiming a 14% (_14) and 25%
(_25) reduction in energy consumption, on the activity levels of energy sectors (% change

compared to the benchmark)
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Focusing on the electricity sector, results show that achieving the policy target through
energy savings in the final consumption of all energy products (scenario FE_AIll) implies
that changes in electricity generation are mostly explained by each technology’s cost-
effectiveness and maximum capacity. By contrast, achieving the policy target via energy
savings in the consumption of fossil fuels only (scenarios PE and FE_Fos) provides
advantages for renewable-sourced electricity generation (Figure 6.7). This result derives
from the fact that electricity is a homogeneous good and, thus, generation technologies
are treated as quasi-perfect substitutes®™. Hence, as fossil-fuelled generation becomes
more expensive due to the tax on energy inputs, renewable technologies increase their

activity levels to offset the decrease in fossil generation.

Compared to the benchmark, the electrical mix becomes dominated by renewable
technologies when energy saving targets are achieved by limiting fossil fuels consumption
(scenarios PE and FE_Fos; Figure 6.7). Under a 14% reduction in energy consumption,
wind and hydropower output increase, respectively, by up to 42% and 22% in the PE
scenario, and by up to 54% and 61% in the FE_Fos scenario. Under the energy saving

target of 25%, wind and hydropower output increase, respectively, by up to 54% and 44%

15 We assume that the elasticity of substitution between technologies is 10, following (Wing, 2006), as to
prevent corner solutions (i.e. all electricity is generated by the cheapest technology).
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in the PE scenario, and by 54% and 71% in the FE_Fos scenario. In the last two
scenarios it represents the maximum technical potential of wind power and, for the
FE_Fos scenario, the maximum technical potential for hydropower under average
hydrologic conditions (see (APA, 2012)). If the energy saving target covers final
consumption of all energy products (scenario FE_AIl), renewables do not have a
comparative advantage over fossils. As a result, the electrical mix is not so significantly

different from the benchmark.

Figure 6.7. Electricity generation mix per energy saving targets’ scenario, aiming a 14%
(_14) and 25% (_25) reduction in energy consumption (GWh and share of RES)
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6.4.2. Impacts on the non-energy sectors

As to the non-energy sector activity levels, smaller variations occur if the energy saving
target is achieved through reductions in primary energy consumption (Figure 6.8%).
Results show a generalized decrease in activity level in almost all cases. Service sectors
(namely public, financial and other personal services) maintain their activity levels, as their
production costs are barely affected given their low levels of energy consumption. Sectors

with relevant levels of energy consumption (such as accommodation and food service

'® Results for policies aiming at a 25% reduction in energy consumption lead, in almost all sectors and
scenarios, to impacts that are twofold the ones obtained for a 14% reduction. Hence, those former results are
not presented.
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activities, and manufacturing of food and textiles) also maintain their activity levels as the
effect of the energy tax is mitigated via fiscal revenue recycling (reduction of indirect taxes
on goods and services). Sectors with relatively lower energy consumption and higher
indirect taxation, such as the manufacturing of leather products and transport equipment,
manage to increase their output levels in the presence of energy taxes. Within the
mechanism adopted, it turns out that the effect of energy taxation on production costs is
counterbalanced by a reduction in the tax burden in the final consumption of goods and
services supplied by these sectors and, hence, results in moderate changes in consumer
prices and reasonable inflation rates for all scenarios (see also Section 6.4.3). By
contrast, energy intensive sectors record noticeable reductions in their production levels
(e.g. between -2.0% and -6.7% for non-metallic mineral products). This negative effect
derives, first, from the preponderance of energy inputs in the production function
(increasing production costs) and, second, from the fact that this effect could not be
completely offset via fiscal revenue recycling (thus resulting in increasing prices and
reducing activity levels). Overall, the most affected sectors represent around 17% of GDP
in the benchmark and simulated scenarios and, therefore, none of the simulated policies

induces significant structural changes in the national economy.

Figure 6.8. Sectoral impacts of energy saving targets’ scenarios, aiming a 14% reduction
in energy consumption, on output levels of non-energy sectors (% change compared to

the benchmark)
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6.4.3. Macroeconomic impacts

Results show that the macroeconomic impacts of achieving energy saving targets are
broadly negative, irrespective of the tax base (Table 6.3). The energy tax increases
energy prices and production costs and, thus, reduces profits. Accordingly, producers
rearrange production processes — in particular the use of energy and other inputs (notably
capital and labour) as to minimize the impacts on production costs. Simultaneously,
sectoral activity levels contract and, as a consequence, demand for inputs and labour
decrease, and involuntary unemployment increases. Still, the impacts of taxing primary

energy consumption (scenario PE) are the less severe.

The fiscal revenue recycling mechanism implies that consumer prices do not increase
considerably following the increase in production costs and, thus, the aggregate effects on
final consumption of non-energy products are negligible. Though inflation is moderate, its
combined effect with lower nominal wages results in a slight decrease in real wages.
Moreover, this decrease in real wages is associated with an increase in the rate of

involuntary unemployment. Overall, this leads to a decrease in real GDP in all scenarios.

From a macroeconomic perspective, attaining the energy saving targets by taxing primary
energy consumption (scenario PE) is most appropriate as it results in smaller reductions
in GDP and lower inflation rates, while the effects in unemployment and real wages are
limited. Comparison of the FE_ scenarios shows that the most cost-effective solution is to
make no distinction between fossil and renewable sources (scenario FE_AIl). This is
related to the fact that taxing all energy consumption implies that the tax burden is spread
across a larger tax base (which reduces the tax rate to achieve a certain energy saving)

and, thus, the resulting economic distortions are smaller.

Table 6.3. Macroeconomic impacts of simulated energy saving targets’ scenarios, aiming

a 14% (_14) and 25% (_25) reduction in energy consumption (% change compared to the

benchmark)

Macroeconomic variable Scenario PE Scenario FE_Al Scenario FE_Fos

PE_14 PE_25 FE_AI_14 FE_AI_25 FE_Fos_14 FE_Fos_25

Real GDP at market prices -0.5 -1.1 -2.3 5.1 -2.6 -6.2
Consumer Price Index 0.3 0.5 0.5 1.3 11 2.5
Welfare (HEV) 0.0 0.0 0.0 0.0 0.0 0.1
Real wage -0.2 -0.2 0.0 0.0 -0.2 -0.3
Unemployment rate 1.3 2.6 0.0 0.0 1.3 3.9
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6.4.4. Impacts on energy security

The reduction in energy consumption leads to an improvement in the energy trade
balance for all scenarios (i.e. to a lower deficit, as Portugal is a net energy importer; Table
6.4). The smallest deficit reduction occurs for the PE scenario, where national energy
needs are increasingly satisfied by imports of final energy products and electricity due to
the larger impacts on primary energy prices that rise production costs of the energy
sectors and reduce their activity levels. The largest deficit reduction occurs in the FE_Fos
scenario, where the electricity trade balance deteriorates in response to the lower activity
level of the fossil-fuelled energy sectors — further intensified by the reduction in domestic

power generation (between -6.9% and -7.6%; Figures 6.6 and 6.7).

The energy saving targets scenarios assessed improve, also, energy security, measured
by the dependence on net imports (Table 6.4), due to the simultaneous reduction in
energy consumption and increase in endogenous renewable-sourced energy. Scenario
FE_AIl presents the smallest progress because the incentive to shift from imported to

renewable domestic energy sources is limited given that all energy products are taxed.

Table 6.4. Impacts of energy saving targets’ scenarios, aiming a 14% (_14) and 25%
(_25) reduction in energy consumption, on energy trade balance (% change compared to

the benchmark) and on energy indicators

Benchmark Scenario PE Scenario FE_AIl Scenario FE_Fos
(M€) PE 14 PE 25 FEAI 14 FE Al 25 FE_Fos 14 FE_Fos 25

Energy trade balance

Mining of coal; extraction
of crude petroleum and -7,478.22 -13.4%  -26.5% -10.8% -18.7% -21.1% -35.1%
natural gas

Refined petroleum -679.93 88.1% 203.6% 7.6%  -14.9% -8.1% -19.7%
products

Electricity -636.77 18.2% 35.6% -6.2% -17.5% 49.8% 89.6%

Natural gas -0.12 93.4% 183.5% -10.7% -23.1% -47.1% -69.4%

Total -8,795.04 -3.3% -4.2% -10.2% -18.3% -14.9% -24.9%

Energy indicators

Energy dependence (%) 76.3% 70.9% 65.7% 74.7% 74.8% 64.9% 57.8%

Share of energy in total
trade (%)

Energy trade balance (%
GDP)

10.7% 10.0% 9.4% 9.9% 9.1% 9.5% 8.6%

-5.1% -5.0% -4.9% -4.7% -4.3% -4.4% -4.0%
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6.4.5. Impacts on energy intensity

Final energy intensity falls in all scenarios (Figure 6.9). As expected, the largest
decreases are observed for the most energy intensive sectors (in particular manufacturing
and transport). Scenarios FE_AIl and FE_Fos lead to similar changes in total energy
intensity, despite sectoral differences, which are explained by the incidence base of
energy saving targets (all energy products and fossil fuels, respectively) and the sectoral
energy mix. Accordingly, the services and households sectors, which consume mainly

electricity, record largest reductions within the FE_AIl scenario.

Figure 6.9. Impacts of energy saving targets’ scenarios, aiming a 14% (_14) and 25%
(_25) reduction in energy consumption, on intensity of final energy consumption (%

change compared to the benchmark)
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The decomposition of aggregate energy intensity changes into the contribution of changes
on energy consumption and GDP (Figure 6.10) shows that improvements are mostly due
to a reduction in energy consumption. Thus, energy intensity improvements derive,
mainly, from energy efficiency gains (i.e. from lower energy needs per output) and, less
so, from structural changes in the economy at the aggregate level (i.e. from a shift to
tertiary sector activities with lower energy consumption) as the sectoral GVA structure is

kept relatively unchanged between scenarios.
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Figure 6.10. Decomposition of energy intensity changes into components per energy
saving targets’ scenario, aiming a 14% (_14) and 25% (_25) reduction in energy

consumption
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6.4.6. Progress towards policy goals for renewables and CO, emissions

Results highlight the effectiveness of energy savings targets focused on the consumption
of fossil fuels in strengthening the role of RES in final energy consumption (Figure 6.11).
Lowest levels of fossil fuel consumption and largest shares of RES in the electrical mix
produce noticeable reductions in CO, emissions. In the context of a 14% reduction in
energy consumption, CO, emissions decrease by between 32% (FE_AIl scenario) and
43% (FE_Fos scenario); in the extreme scenario of a 25% energy saving, CO, emissions
decrease by between 38% and 55%, respectively (Figure 6.11). The environmental
benefits of the FE_AIl scenario are the smallest because fossil and renewable energy
sources are indistinctly treated and, thus, the CO, emitting sectors maintain a prevailing
role in the national energy mix. Hence, our results confirm that promoting energy savings

via energy taxes is an effective policy to decouple energy and CO, from GDP growth.
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Figure 6.11. Final energy consumption and CO, emissions per energy saving targets’
scenario, aiming a 14% (_14) and 25% (_25) reduction in energy consumption (ktoe and
share of RES)
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Note that the 14% and 25% reduction in final energy consumption (scenarios FE_AIl and
FE_Fos) correspond to smaller reductions in primary energy consumption for scenario
FE_All (-12% and -20% primary energy consumption, respectively), but to larger
reductions for scenario FE_Fos (-21% and -32% primary energy consumption,
respectively). The largest difference recorded in the FE_Fos scenario is explained by the
dominant role of renewable-sourced electricity and the modelling assumption that all
renewable primary energy consumption for power generation is transformed into electricity
without any efficiency losses — hence tightening the gap between primary and final energy

consumption (i.e. increasing the efficiency of the energy system).

6.4.7. Sensitivity analysis

The robustness of the model results is assessed through a sensitivity analysis, simulating
the described scenarios with alternative elasticities of substitution available in literature
((Aguiar, Narayanan, & McDougall, 2016; EC, 2013b; Okagawa & Ban, 2008); Appendix
6.4). The impacts on key variables are broadly similar, though smaller, as compared to
those obtained for the reference elasticities (Figure 6.12). Differences in real GDP are less

than 0.2 p.p.; differences in final energy consumption vary between 0.6p.p. (PE_14
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scenario) and 3.9 p.p. (FE_AI_25 scenario); and differences in energy intensity vary
between 0.7 p.p. (PE_14 scenario) and 4.2 p.p. (FE_AIl_25 scenario). Thus, overall
reported changes are coherent between our central results and this sensitivity analysis —

confirming the robustness of our model.

Figure 6.12. Sensitivity analysis - Economic impacts of simulated energy saving targets’

scenarios (% change compared to the benchmark)
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6.5. Conclusions and policy implications

Public policies fostering sustainability encompass, without exception, concerns with
dematerialization and resource efficiency, as these are key factors to decouple economic
growth from resources use. This issue becomes particularly relevant with regard to
energy, given its crucial role in modern economies. Such relevancy is patent in the
international framework of climate policies and in all current and upcoming EU energy and
climate policies and their transposition to EU Member States legislation. The European
Union has defined global energy and climate targets for 2020 and 2030, and Member
States cannot overlook those targets as these constitute the key to test EU’s commitment

with climate change mitigation. Accordingly, the objective of this paper is to assess the
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sectoral, economic and environmental impacts of energy efficiency targets, using Portugal
as a case study. Our point of departure was the national energy efficiency target (25%
reduction in primary energy consumption) and the respective progress achieved until now
(in 2013, Portugal had reduced primary energy consumption by 11%). Based on these
premises, we calculated the existing gap that may have to be filled with additional policies

to ensure that Portugal will meet the defined targets.

The three simulated policies consist in achieving energy efficiency targets through
reductions in primary or final energy consumption of fossil fuels or all energy products.
Following energy taxation, activity levels of the energy sectors as well as the outputs of
the most energy intensive sectors (notably manufacturing) are reduced — culminating in a
reduction in real GDP in all cases. Other macroeconomic impacts encompass a slight
increase in unemployment rates and a reduction in production factor remuneration.
Furthermore, given that Portugal is a net energy importer, gains in energy savings lead to
lower energy trade deficits. This increases the role of renewable electricity, especially in
the case of energy savings in fossil-fuelled energy. Such a mix contributes to attain the
RES share target set by the country and leads to significant reductions in CO, emissions —
even if our results may be rather conservative, as we do not model biomass and other
renewable energy consumption except in the power sector (it is assumed that the share of
renewable energy by end use sectors, except in power sector, remains constant in all
scenarios). Nonetheless, such a mix may pose additional challenges concerning energy
security issues due to the variability and uncertainty of renewable electricity. Finally, an
overall reduction in energy intensity is foreseen, mostly due to a reduction in energy
consumption — reinforcing the idea that the underlying policies promote the decoupling of

economic growth and energy use.

Our results suggest that achieving the energy efficiency policy target via energy savings in
primary energy consumption of fossil fuels is the most cost-effective of the simulated
policies as it generates lowest macroeconomic costs to attain the policy targets and
simultaneously induces the smallest reduction in final energy consumption (the only
relevant energy for firms and households). This result is explained by two simultaneous
effects of the energy tax on primary energy consumption: (i) it produces strong incentives
to improve the efficiency of the energy producers (supplying final energy to the markets)
thus reinforcing the efficiency of the energy system (as these incentives are greater for

those technologies exhibiting lower efficiencies); (i) it is more beneficial from an economic
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perspective because most economic activities are final consumers of energy (and

therefore not directly liable for the energy tax).

Results also show that fiscal policies burdening consumed energy quantities (ktoe) may
have unexpected effects on energy markets and undesired consequences from an
environmental perspective. Natural gas records the strongest impacts, as compared to
refined petroleum products and electricity inputs. This is due to the greater ktoe to euro
ratio of natural gas than, for instance, refined petroleum products, which results in a
greater relative weight of the energy tax on the price of natural gas. As a result, any policy
aiming energy savings by taxing the energy content (e.g. ktoe) will produce greater
distortions on natural gas markets (on the price and consumption levels) and will penalise
relatively more an energy product with lower environmental impacts (lower than refined
petroleum products, for example). This outcome highlights that the relationship between
improvements in energy savings and reductions in GHG emissions is not straightforward —
suggesting that mitigation policies (e.g. carbon taxation) may be coupled with energy
efficiency policies in order to avoid undesirable results. Another counterintuitive result is
that the larger impacts on electricity prices and outputs are linked to the taxation of final
consumption of all energy products, which spreads the fiscal burden across a larger tax
basis (i.e. implies lower ktoe tax rates) and, therefore, should produce lower distortions in

energy markets.

Our analysis presents some caveats. First, we use a static general equilibrium model
which only allows for a comparative-static analysis, not capturing the economy’s
adjustment path towards the policy targets. Second, the model does not simulate final
renewable energy consumption (except for the consumption of renewable electricity),
implying that our results may be conservative in the case of RES targets. Third, the
economic effects of the implemented policies envisaging energy savings (i.e. energy
efficiency, in the EU policy jargon) are the outcome of exogenous elasticities of
substitution estimated from historical data. However, the sensitivity analysis confirmed the
robustness of our results. Despite these limitations, this paper fills a gap in literature
regarding the quantification of the real impacts of binding energy saving targets set by
public policies and provides some insight on unexpected outcomes that may be
considered in any climate/energy policy-making process in the international context.
Furthermore, it constitutes the first quantitative assessment of the economic impacts that
energy efficiency targets may pose to the Portuguese economy and presents sectoral

detail that allows for the design of fine-tuned public policies. Hence, the approach can be
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replicated in other countries and regions that are committed to energy efficiency targets,

as these necessarily imply a trade-off between economic growth and environmental goals.
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Appendix 6.1. Model description

A full description of the production and consumption functions is provided below (see Figures 6.1 to
6.4 in the text for a depiction of production and consumption structures). They represent constant
elasticity of substitution (CES) functions except for equations 1 and 14, which correspond to

Leontief functions, and equation 17, which is a Cobb—Douglas function.

There are 31 production sectors, denoted by i, which are described in detail in Appendix 6.2. Greek
letters stand for scale parameters {a, A, y, ¢} and elasticity of substitution {c}. Latin letters stand for
share parameters in the production and consumption functions {a, b, c, d, s}. Subscripts A and H

stand for production activity and households, respectively.
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Eq. 1 - Output from sector i {KLE +
intermediate inputs}

Eq. 2 - KLE;{composite input KL +
Energy (E)}

Eqg. 3 - KL, {composite input Capital (K)
+ Labour (L)}

Eq. 4 - E; {composite input Electricity
(ELEC) + Primary energy (PE)}

Eq. 5 - PE, {composite input COAL +
Hydrocarbons (HYDRO)}

Eq. 6 - HYDRO, {composite input
Refined oil products (REF) + Natural
Gas (GAS)}

Eq. 7 - Composite of ELECTRICITY
(aggregate of n generation
technologies)
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Eqg. 8 - Output from technology t {KLE + intermediate inputs (D)}

e SN Eg. 9 — KLE, {composite input KL +
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KLE, = ¢ [atKLf‘“ +Q-a)E " ] Energy (E)}
o o UK'EL, Eqg. 10 — KL, {composite input capital
KL =y (e L™ + (134 )K" ) (K) + labour (L)}

Foreign trade

- Eqg. 11 - Armington nest for total supply
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ot Eqg. 12 - Armington nest for total
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W =] s, LEISURE °~ +(1—s,,)UA Consumption (UA)}
UA — min[ SAV s FCHOU j Eqg. 14 — UA composite good {savings
Sua (L—sun) (SAV) + Final consumption (FCHOU)}
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—Fe S FCH LFCH

FCHOU = gqo,| ScuEHOU  +5.,FUELOIL  +(1—Sg, —Sg,y)NEG

Eqg. 15 — FCHOU {composite good of Energy for home (EHOU) + Energy for transport
(FUELOIL) + Non-energy goods (NEG)}
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EH
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Eqg. 16 — EHOU {composite good of Electricity (ELEC) + Primary energy (PEHOU)}

NEG — lllDﬁf" , Where i # energy products Eq. 17 — NEG {composite consumption
i1 of non-energy goods}
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NEH NEH
oNEH 1 oNEH 1
GNEH 3 |o

NEH NEH

PEHOU =g,.,| S.COAL,,  +5,GAS,,  +(L-S. —S¢)REF,"

Eq. 18 — PEHOU {composite good of Coal + Gas + Refined petroleum products (REF)}
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Appendix 6.2. Production sectors

Sector Description
AGR&FOR Agriculture and forestry
FISHING Fishing and aquaculture
MIN&EXTRACT_FUELS  Mining of coal; extraction of crude petroleum and natural gas
MIN&QUARR Other mining and quarrying
FOOD&TOB Manufacture of food, beverages and tobacco products
TEXTILES Manufacture of textiles products
LEATHER Manufacture of leather products
WOOD&CORK Manufacture of wood and cork products
PAPER&PULP Manufacture of paper and paper products; printing
REFPET Manufacture of coke and refined petroleum products
CHEMICALS Manufacture of pharmaceutical and chemical products
RUB&PLAST Manufacture of rubber and plastic products

NONMET_MINER
METALS
MACH&EQUIP
ELEC_EQUIP
TRANSP_EQUIP
OTHER_MANUF
ELECT

GAS

WATER
CONSTRUCTION
TRADE
HORECA
TRANSP&COMM
FIN_SERVICES
REAL_ESTATE
PUB_ADMIN
EDUCATION
HEALTH
SERVICES

Manufacture of non-metallic mineral products
Manufacture of basic metals and metal products
Manufacture and repair of machinery and equipment
Manufacture of electric and electronic products
Manufacture of transport equipment

Other manufacturing

Electricity, steam and air conditioning supply
Natural gas supply

Water collection, treatment and supply
Construction

Trade and repair

Accommodation and food service activities
Transport and communications

Financial and insurance activities

Real estate and rental activities

Public administration

Education

Human health activities

Other professional and personal services
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Appendix 6.3. Elasticities of substitution

Production substitution elasticities

International trade elasticities

Capital, Electricity Capital Coal_ _ Armingt_on Armingtor_l
Production sector labour vs. Fossil vs. vs. Oil  Qil vs. substitution _ transformatlon'
and and Gas between domestic  between domestic

energy fuels Labour gas and imports and exports

okLe® oe® ok®@  gcoc®  goc® on© of@
AGR&FOR 0.5 0.3 0.56 0.5 0.5 2.2 3.9
FISHING 0.5 0.3 0.56 0.5 0.5 2.2 3.9
MIN&EXTRACT_FUELS 0.5 0.3 1.26 0.5 0.5 2.8 2.9
MIN&QUARR 0.96 0.3 1.26 0.5 0.5 1.9 2.9
FOOD&TOB 0.5 0.3 1.26 0.5 0.5 2.8 29
TEXTILES 0.8 0.3 1.26 0.5 0.5 2.8 29
LEATHER 0.8 0.3 1.26 0.5 0.5 2.8 29
WOOD&CORK 0.8 0.3 1.26 0.5 0.5 2.8 2.9
PAPER&PULP 0.8 0.3 1.26 0.5 0.5 2.8 29
REFPET 0.5 0.3 1.12 0.5 0.5 2.8 2.9
CHEMICALS 0.96 0.3 1.26 0.5 0.5 1.9 2.9
RUB&PLAST 0.8 0.3 1.26 0.5 0.5 2.8 2.9
NONMET_MINER 0.96 0.3 1.26 0.5 0.5 1.9 2.9
METALS 0.8 0.3 1.26 0.5 0.5 2.8 2.9
MACH&EQUIP 0.8 0.3 1.26 0.5 0.5 2.8 2.9
ELEC_EQUIP 0.8 0.3 1.26 0.5 0.5 2.8 2.9
TRANSP_EQUIP 0.8 0.3 1.26 0.5 0.5 2.8 2.9
OTHER_MANUF 0.96 0.3 1.26 0.5 0.5 1.9 2.9
ELECT 0.5 0.3 1.26 0.5 0.5 2.8 2.9
GAS 0.5 0.3 1.12 0.5 0.5 2.8 2.9
WATER 0.5 0.3 1.26 0.5 0.5 2.8 2.9
CONSTRUCTION 0.5 0.3 14 0.5 0.5 1.9 0.7
TRADE 0.5 0.3 1.68 0.5 0.5 1.9 0.7
HORECA 0.5 0.3 1.68 0.5 0.5 1.9 0.7
TRANSP&COMM 0.5 0.3 1.68 0.5 0.5 1.9 0.7
FIN_SERVICES 0.5 0.3 1.68 0.5 0.5 1.9 0.7
REAL_ESTATE 0.5 0.3 1.68 0.5 0.5 1.9 0.7
PUB_ADMIN 0.5 0.3 1.68 0.5 0.5 1.9 0.7
EDUCATION 0.5 0.3 1.68 0.5 0.5 1.9 0.7
HEALTH 0.5 0.3 1.68 0.5 0.5 1.9 0.7
SERVICES 0.5 0.3 1.68 0.5 0.5 1.9 0.7
Final demand substitution elasticities
Consumption vs. Leisure* oLc 1.45
gggjs(gption of energy for transport, energy for home and non-energy OkoG 0.1
Consumption of electricity vs. fossil energy products(® OEH 15
Consumption of fossil energy products® OFF 1
Electricity sector substitution elasticities
Between generation technologies® OTECH 10
Between intermediate goods and KLE aggregate©® oM 0.2
Between capital, labour and energy@ OKLE 0.25
Between capital and labour@ OkL 1.26

Source: (a) (Kemfert & Welsch, 2000); (b) (C. Béhringer et al., 1998); (c) (Hertel, 1997); (d) (Melo & Tarr,
1992); (e) (Labandeira, Labeaga, et al., 2009); (f) (Wing, 2006); (g) (EC, 2013b).
Note: *oLc was calibrated so that the model reproduced the uncompensated labour supply elasticity of 0.4
available in literature (see (Labandeira, Labeaga, et al., 2009)).
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Production sector okeL @ oe® ok @ ococ® ooc® oA oF©@
AGR&FOR 0.516 0.16 0.26 0.07 0.25 2.5 1.25
FISHING 0.516 0.16 0.2 0.07 0.25 25 1.25
MIN&EXTRACT_FUELS 0.553 0.16 0.2 0.07 0.25 104 5.2
MIN&QUARR 0.553 0.16 0.2 0.07 0.25 5.9 2.95
FOOD&TOB 0.395 0.16 1.12 0.07 0.25 2.3 1.15
TEXTILES 0.637 0.16 1.26 0.07 0.25 7.5 3.75
LEATHER 0.637 0.16 1.26 0.07 0.25 7.5 3.75
WOOD&CORK 0.456 0.16 1.26 0.07 0.25 7.5 3.75
PAPER&PULP 0.211 0.16 1.26 0.07 0.25 5.9 2.95
REFPET 0.256 0.16 1.26 0.07 0.25 4.2 2.1
CHEMICALS 0 0.16 1.26 0.07 0.25 6.6 3.3
RUB&PLAST 0 0.16 1.26 0.07 0.25 6.6 3.3
NONMET_MINER 0.411 0.16 1.26 0.07 0.25 5.9 2.95
METALS 0.644 0.16 1.26 0.07 0.25 7.5 3.75
MACH&EQUIP 0.292 0.16 1.26 0.07 0.25 8.1 4.05
ELEC_EQUIP 0.524 0.16 1.26 0.07 0.25 8.8 4.4
TRANSP_EQUIP 0.519 0.16 1.26 0.07 0.25 8.6 4.3
OTHER_MANUF 0.529 0.16 1.26 0.07 0.25 7.5 3.75
ELECT 0.256 0.16 1.26 0.07 0.25 5.6 2.8
GAS 0.256 0.16 1.26 0.07 0.25 5.6 2.8
WATER 0.256 0.16 1.26 0.07 0.25 5.6 2.8
CONSTRUCTION 0.529 0.16 1.4 0.07 0.25 3.8 1.9
TRADE 0.784 0.16 1.68 0.07 0.25 3.8 1.9
HORECA 0.784 0.16 1.26 0.07 0.25 3.8 1.9
TRANSP&COMM 0.281 0.16 1.26 0.07 0.25 3.8 1.9
FIN_SERVICES 0.32 0.16 1.26 0.07 0.25 3.8 1.9
REAL_ESTATE 0.32 0.16 1.26 0.07 0.25 3.8 1.9
PUB_ADMIN 0.32 0.16 1.26 0.07 0.25 3.8 1.9
EDUCATION 0.32 0.16 1.26 0.07 0.25 3.8 1.9
HEALTH 0.32 0.16 1.26 0.07 0.25 3.8 1.9
SERVICES 0.784 0.16 1.26 0.07 0.25 3.8 1.9

Source: (a) (Okagawa & Ban, 2008); (b) (Aguiar et al., 2016); (c) (EC, 2013b).
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ASSESSING THE IMPACTS OF CLIMATE CHANGE ON HYDROPOWER
GENERATION AND THE POWER SECTOR IN PORTUGAL.:

A PARTIAL EQUILIBRIUM APPROACH*

* This paper is published as: Teoténio, C., Fortes, P., Roebeling, P., Rodriguez, M., Robaina-
Alves, M., 2017. Assessing the impacts of climate change on hydropower generation and the

power sector in Portugal: A partial equilibrium approach. Renew. Sustain. Energy Rev. 74, 788—
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Chapter 7

Abstract

Hydropower plays a major role in the Portuguese electrical mix. Given the projected
impacts of climate change on the availability of water resources, effects on hydropower
generation are widely recognized though scantily quantified in literature. Considering
projected climate change impacts on water resources in Portugal, we use a partial
equilibrium bottom-up optimization model (TIMES PT) to assess the effects of climate
change on the Portuguese electrical system by 2050 — particularly focusing on the
impacts on water resources availability and hydropower generation. Results show that
hydropower generation may decrease by 41% in 2050. Hydropower will remain one of the
most cost-effective technologies in the power sector, though it will lose as compared to
other renewable energy sources (solar PV and wind power) due to, not only, the almost
fully exploited endogenous hydropower potential, but also, due to climate change impacts.
This will result in higher electricity prices (up to a 17% increase). Moreover, the stronger
the climate change impacts the higher the levels of greenhouse gas emissions (up to
7.2% increase) — thus demanding stronger political action to comply with EU climate goals
for 2050.
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7.1. Introduction

Energy plays a vital role in human lives and economic development. Simultaneously, the
energy sector is the main source of greenhouse gas (GHG) emissions and, consequently,
of climate change (INAG, DGEG, & REN, 2007; IPCC, 2011). Energy issues are,
therefore, a key factor for sustainability. Accordingly, the tight relationship between
energy, economy and environment (the so-called E3 system) is currently one of the hot

topics in scientific research and on political agendas (IPCC, 2014c).

On the other hand, the energy system will be one of the economic sectors most affected
by climate change, both at demand and supply sides (Ciscar & Dowling, 2014). On the
demand side, we should expect major changes in heating and cooling needs (e.qg.
(Eskeland & Mideksa, 2009; Giannakopoulos et al., 2009; Mideksa & Kallbekken, 2010)).
On the supply side, climate change will affect: i) the technical efficiency of thermal power
systems, namely due to deviations in cooling water temperature, ii) the yield of renewable
energy systems, due to the sensitivity towards environmental parameters (e.g. solar
irradiance), and iii) the availability of renewable energy sources, in particular water
resources (e.g. (Golombek et al., 2012; IPCC, 2011; Santos et al.,, 2002; Tarroja,
AghaKouchak, & Samuelsen, 2016; van Vliet, van Beek, et al., 2016)).

Given the critical character of energy issues in the economy and the growing concerns
about climate change and its multiple impacts, quantitative analyses have been essential
to provide scientists and policymakers with accurate information on these subjects. Two
types of analytical approaches have been used in energy-economic models: top-down
and bottom-up (Bohringer & Rutherford, 2008; Nakata et al., 2011). The top-down
approach has been dominated by computable general equilibrium (CGE) models (see
(Hourcade et al., 2006)), which are oriented by an economic reasoning to compute the
equilibrium across all markets (of factors and goods). Usually in these models, the energy
sector is represented by an aggregate production function (similarly to the remainder of
sectors), which captures substitution and transformation possibilities of inputs through
constant elasticities of substitution and transformation. This is done in a simplified form
that does not include detailed information on current and prospective technologies; see
e.g. (Bohringer & Rutherford, 2008, 2010; Cai & Arora, 2015; Saveyn, Van Regemorter, &
Ciscar, 2011).
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The bottom-up approach has an engineering character, including a detailed
representation of energy sector sources and technologies though neglecting the
interaction between the energy system and the rest of economy (Nakata, 2004; Nakata et
al., 2011; Pandey, 2002). These models are typically translated into optimization problems
(Bohringer & Rutherford, 2008) as to explore different energy futures based on optimal
decisions — thus helping policymakers to understand how future energy systems may
unfold in the face of climate change (Vaillancourt et al., 2014). Bottom-up models are
extensively used in energy-sector studies, regarding technological evolution and efficiency
improvements (e.g. (Crigui, Mima, Menanteau, & Kitous, 2015; Fortes, Alvarenga, Seixas,
& Rodrigues, 2015; Leibowicz, Krey, & Grubler, 2016; Nguene, Fragniere, Kanala,
Lavigne, & Moresino, 2011; Vaillancourt et al., 2014)), and the cost-effectiveness of
economic instruments and environmental policies (e.g. (Fernandes & Ferreira, 2014,
Labriet, Cabal, Lechdn, Giannakidis, & Kanudia, 2010; Simodes, Cleto, Fortes, Seixas, &
Huppes, 2008)).

Few studies perform a broad analysis of climate change impacts on the energy system,
from the effects on climate parameters (e.g. temperature and precipitation) to the resulting
technological structure, inherent financial costs and GHG emissions. Climate change
impacts on natural resources, and also on hydropower, are often analyzed through
climate and hydrological models (whose character is eminently biophysical) and/or
electrical grid models (Majone, Villa, Deidda, & Bellin, 2016; Tarroja et al., 2016; van Vliet,
Wiberg, Leduc, & Riahi, 2016). Economic impacts of climate change on the energy sector
are mainly assessed through bottom-up technological models that rely on techno-
economic data, but disregard the biophysical component. An exception is the study from
(Seljom et al., 2011) that use ten climate experiments and a bottom-up energy model to
analyse the impacts of climate change on energy demand and supply, considering the
effects on hydro- and wind power potential for Norway by 2050. They find that climate

change will increase precipitation and hydropower potential.

The goal of this paper is to assess the effects that a reduction in water availability for
hydropower generation (resulting from climate change) will have on the Portuguese
electrical system by 2050. Portugal emerges as our case study for two main reasons: i)
climate change is expected to negatively impact precipitation, runoff and water resources
availability, given its Mediterranean climate conditions (K&ppen-Geiger classification; see
(Kottek et al., 2006)); and ii) the likely decrease in water resources availability will impact

hydropower generation, which represents more than 20% of total electricity generation in
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an “average” year, increasing to almost 40% in a “wet” year (DGEG, 2016c; REN, 2015).
This paper provides evidence about the impacts of climate change in a Mediterranean
region that may diverge from those projected for a cold climate country (Seljom et al.,
2011), thus highlighting the relevance of the regional dimension in the study of climate
change impacts. The analysis is restricted to the impacts of climate change on water
resources, supported by the low magnitude of projected impacts on wind, biofuels, solar

irradiance and geothermal resources (see (IPCC, 2011)).

To this end, we use the partial equilibrium bottom-up optimization model TIMES_PT
(Loulou & Goldstein, 2005) with data on future water resources availability in Portugal, as
projected by hydrological models such as Temez (Santos et al.,, 2002), VIC (van Vliet,
Donnelly, Stromback, Capell, & Ludwig, 2015), and SWAT (Santos, 2014) - thus
implementing the improvements for future research on sustainability pointed out by (Pollitt
et al., 2010). The added value of using a bottom-up model to study climate change
impacts on the power sector is that the model adjusts not only hydropower production to
water availability, but also adapts the whole energy system to new conditions by selecting
the most cost-effective technologies to satisfy energy services demand. Alongside the
new electrical and energy mixes, the model provides information on resulting electricity

prices and GHG emissions.

The remainder of this paper is organized as follows. Section 7.2 reviews the climate
change impacts on water resources and hydropower generation in Portugal. Section 7.3
describes the TIMES PT model, the modelling assumptions and climate change
scenarios considered in our analysis. Section 7.4 presents the simulations results. Section
7.5 provides a discussion on the policy implications of the presented results and

concludes.

7.2.  Overview of climate change impacts on water resources and hydropower

generation in Portugal

Climate change impacts are expected to interfere with the availability, timing and
variability of water resources endowments. They will therefore affect numerous domains
of life and economic sectors, especially water-dependent activities. This section reviews
the main impacts of climate change on water resources and hydropower generation in

Portugal.
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7.2.1. Water resources

Climate conditions in Portugal are Mediterranean (Kottek et al., 2006), characterized by
those that generally describe Southern Europe and the Mediterranean basin — the latter
being identified as ‘hot spot’ region for climate change (Giorgi, 2006). Several studies
project severe impacts of climate change for these regions, hamely higher temperatures,
higher potential evaporation, a decrease in annual precipitation (with increased
asymmetry in seasonal and spatial distribution), more frequent and severe droughts, a
gradual decline in the average streamflow, and changes in river regimes that lead to a
decrease in runoff (e.g. (Cunha et al., 2007; Florke, Laaser, et al., 2011; Garcia-Ruiz et
al., 2011; IPCC, 2007b; van Vliet et al., 2015)).

Regarding temperature, the IPCC Special Report on Emissions Scenarios (SRES)
simulations point towards an increase in annual mean temperatures in Portugal (
Christensen, 2005; Cunha et al., 2007). (Cunha et al.,, 2007) foresee an increase in
temperature of between 2.0°C and 3.0°C by 2050, and of between 3.5°C and 5.0°C by
2100. This increase is expected to be even larger in summer: +3.0°C to +5.0°C by 2050
and +5.0°C to +7.0°C by 2100.

Precipitation is expected to decrease in Portugal, with important impacts for future water
availability (APA, 2013; Cunha et al., 2007; Giorgi, 2006; Pulquério et al., 2014). However,
precipitation changes are expected to be unevenly spread between Portuguese regions,
with increases in the Northern region (with Atlantic influence) and reductions in the
Southern region (with Mediterranean influence) (APA, 2013). As compared to 1964-1990
average values, different climate models forecast an overall decrease in precipitation for
Portugal by 2050 (Santos et al., 2002; Santos & Miranda, 2006)*. At the regional level,
projections range from -28% in the South to +11% in the North. Across seasons,
reductions in precipitation are expected for all seasons except winter. The projected
seasonal variability is in accordance with (Lépez-Moreno et al., 2010; Luis, Gonzalez-
Hidalgo, Longares, & Stepanek, 2009; Rodrigo & Trigo, 2007) that highlight a decreasing
trend in precipitation in the Iberian Peninsula. Similarly, the PRUDENCE project
(Christensen, 2005) estimates, for Portugal, an annual decrease in precipitation of 6.1%

per degree of global warming — resulting from a generalized declining trend in all seasons

7 The main source of projections for precipitation and runoff in Portugal referred to in this text follow the SIAM
project results (Santos et al., 2002; Santos & Miranda, 2006) which, to date, is the most comprehensive
analysis of climate change impacts carried out for Portugal.
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except winter (+1.5% in winter against -11.6% in spring, -19% in summer and -9.2% in
autumn by 2100).

The runoff regime in Portugal is strongly influenced by the seasonal and spatial variability
of precipitation and, hence, highly variable across regions as the wet northern coastal
river basins contrast with the dry inland southern basins (Santos et al., 2002). All models
show a generalized decrease in runoff across regions and seasons, despite the spatial
and seasonal differences (see Table 7.1; (Cunha et al., 2007; Santos et al., 2002; Santos
& Miranda, 2006)).

Table 7.1. Projected annual and seasonal changes in precipitation and runoff in Portugal
by 2050 as compared to 1964-1990 (based on HadCM3 model)

Region Annual Spring Summer Autumn Winter
c North 0% to +11% n.a. n.a. 1% 0%
:é Centre -18% to +6% n.a. n.a. n.a. n.a.
'§- South -28% to +6% n.a. n.a. 9% -25%
o Portugal n.a. -12% to -25% -25% -12% to -33% +10% to +18%
= North <-10% -15% to -20% -20% to -40% <-20% n.a.
o
S Centre -15% to -20% n.a. n.a. -30% to -60% n.a.
. South -20% to -50% -30% to -60% n.a. -50% to -90% 0% to -40%

Source: Own elaboration based on (Cunha et al., 2007; Santos et al., 2002; Santos & Miranda, 2006).

Note: n.a. = not available.

These results are coherent with studies focusing on specific Portuguese river basins.
(Nunes et al., 2008) compared the Alentejo and Ribatejo basins under different scenarios
of precipitation change by 2100. In both regions surface and subsurface runoff were
projected to decrease by more than 60% and 80%, respectively, due to the diminished
availability of water from precipitation. (Mourato et al., 2014) studied the Cobres basin,
whose climate is representative of the climate conditions in southern Portugal. All
scenarios project a decrease in runoff for the period 2071-2100, with annual runoff
variations ranging from -35% to -80% as compared to 1961-1990. At the seasonal level,
projections range between -61% to -96% in autumn, -21% to -77% in winter, -40% to -
99% in spring and -45% to -91% in summer. (Kilsby, Tellier, Fowler, & Howels, 2007)
simulated the impacts in mean monthly streamflow for the Tagus and Guadiana basins,
projecting a change that ranges between -49% and -20% for the Tagus and between -
26% and -21% for the Guadiana by 2100 as compared to 1973-1990 and to 1961-1990
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streamflow data, respectively. Finally, (Falloon & Betts, 2006) forecast a decrease of 40%
to 55% in annual flow for the river Douro by 2080 as compared to 1961-1990.

Considering that the larger Portuguese river basins are transboundary, climate conditions
in Spain are also determinant for the Portuguese hydrological regime (Cunha et al., 2007).
Therefore, reduced runoff from the Spanish sub-basins may lead to a larger reduction in
water availability in the Portuguese sub-basins. In addition, the likely retention of water in
the Spanish parts of the river basins will deepen the negative change in water availability
across the Portuguese sub-basins (APA, 2013; Cunha et al., 2007). Consequently, it is
plausible that competition for water resources between Portugal and Spain will be
intensified in a climate change scenario and, thus, constitute an increasing challenge for

policymakers.

7.2.2. Hydropower generation

Given the unconditional dependence of hydropower on water resources, the correlation
between water availability and electricity generation is significant (Rubbelke & Vogele,
2012). Water availability is highly determined by precipitation, which influences
hydropower generation in different ways (Tapiador et al., 2011): i) through changes
upstream in river flow and storage, which influence energy produced downstream; ii)
through river flow, which depends on current and past precipitation; and iii) through
climate variability. Precipitation levels and regularity are thus crucial factors for electrical
generation (Costa et al., 2012) and, hence, hydropower is probably one of the Renewable
Energy Sources (RES) that is most affected by climate change (Ciscar & Dowling, 2014).
Climate change impacts on water resources may lead to two different types of impacts on
hydropower generation (APA, 2013; Mukheibir, 2013): i) direct climate-induced impacts,
such as changes in hydro-meteorological variables, that directly affect the availability of
water for power generation; and ii) indirect impacts, such as increased competition for
water resources, that are a result of the amplified scarcity of the natural resource and lead

to changes in social and economic activities.

Direct impacts

The main mechanisms through which climate change can directly affect hydropower

generation are changes in precipitation, melting of freshwater glaciers, changes in river
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flows, changes in evaporation, sedimentation and dam safety (Chandramowli & Felder,
2014; Gaudard & Romerio, 2014; Mideksa & Kallbekken, 2010). The projected increase in
intensity and frequency of extreme weather events (intense rainfall leading to flooding and
longer dry periods leading to droughts) can also adversely affect hydropower systems and
increase the risks associated with critical situations for electricity generation (APA, 2013;
Mideksa & Kallbekken, 2010). In addition, climate change impacts on hydropower
generation will vary according to the infrastructure type. Hydropower plants with storage
capacity are less vulnerable to short-term variations than run-of-river power plants, as
reservoirs allow for a better management of flash-flow events and river flow variability
(Gaudard & Romerio, 2014; Lehner et al., 2005). Also, deep dams with smaller surface
areas will likely be less affected by climate change impacts than those with large surface
areas given their larger evaporation potential (Mukheibir, 2013). While the impact of
climate change on evaporation has been widely acknowledged (see (Mekonnen &
Hoekstra, 2012), the impacts of water evaporation on hydropower generation are usually
not quantified (see (Bakken, Engeland, Killingtveit, Alfredsen, & Harby, 2013)).
Concerning Portugal (Table 7.2), changes in precipitation regimes and resulting accrued
seasonal/spatial asymmetries in river flows and reduced runoff are expected to decrease
hydropower production and widen inter-annual output (APA, 2013; Lehner et al., 2005;
Pereira-Cardenal et al.,, 2014). Very few studies project neutral or positive impacts of
climate change on hydropower generation in Portugal (APA, 2013; EC, 2009; Hamududu
& Killingtveit, 2012), and these are refuted by several examples. (Lehner et al., 2005)
estimated a reduction by between 6% and 18% in gross hydropower potential and by
between 22% and 44% in developed hydropower potential by 2070 as compared to 1961-
1990, This means that Portugal is among the European countries most prone to a
reduction in hydropower potential (Lehner et al., 2005). As both high and low flows are
expected to become more extreme, the impact on run-of-river plants may be stronger than
in reservoir plants (-25% and -15%, respectively; (Lehner et al., 2005)). Projections by
(Cleto, 2008) point to a 7% gap in hydropower generation in Portugal in the presence of
strong or weak climate change impacts by 2050, whereas (Alves, 2013) concludes that
hydropower generation in Portugal will decrease by 7% in a climate change scenario by

2050 as compared to 2010. These results for the particular case of Portugal align with

18 ‘Gross hydropower potential’ is defined as “the annual energy potentially available if all natural runoff at all
locations were to be harnessed down to the sea level without any energy losses”. ‘Developed hydropower
potential’ corresponds to “a country’s supplied electricity by hydropower” (B. Lehner et al., 2005). Hydropower
potential is, by convention, forecast-based on the 90 % dependable river flow (Jain & Singh, 2003).
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projections for southern European countries (e.g. (IPCC, 2007b; Jochem & Schade,
2009)) and the Iberian Peninsula (e.g. (Pereira-Cardenal et al., 2014)).

Table 7.2. Geographical distribution of hydropower plants in Portugal

N° of hydropower plants Hydropower installed capacity
Region Large-scale Small-scale Large-scale Small-scale
Total Total
=10 MW <10 MW =10 MW <10 MW
North 23 58 81 5,041.2 343.1 5,384.3
Centre 15 66 81 949.1 56.8 1,005.9
South 6 16 22 500.0 23.8 523.8
Portugal 44 140 184 6,490.3 423.7 6,914.0

Source: Own elaboration based on (E2p energias enddgenas de Portugal, 2017).

Indirect impacts

Climate change can indirectly affect hydropower generation through increased
competition among economic sectors, whose performance rely on water resources
availability (such as the energy sector or agriculture; (Ebinger & Vergara, 2011)), and
across countries that share common river catchments. Concerning competition between
economic sectors, climate change consequences, such as reduced runoff and increased
irrigation needs, will likely diminish water availability for hydropower generation when
compared to competing end-users — namely agriculture, industry and domestic
consumption. (Pereira-Cardenal et al., 2014), for example, show that lower inflows and
higher irrigation demands will lead to an increase in water values and may reduce
hydropower generation. Therefore, increased competition for water uses in a situation of

water stress will likely become more frequent and intense.

Regarding competition across countries, it is expected that climate change will exacerbate
the existing complexity of transboundary water management. Any change in the upstream
country affects the availability and quality of water resources in the downstream country.
Thus, in the context of climate change, if the upstream country increases its water
withdrawals, the downstream country will face increased water scarcity — impairing the
production of water dependent-economic activities like agriculture and energy (Florke,
Laaser, et al.,, 2011). In Portugal, the main river basins are transboundary and, hence,
competition is likely to intensify in a context of greater water scarcity induced by climate

change. Moreover, competitive energy companies pursue their own interests and profits
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and, thus, their management strategies do not encompass global optimization criteria for
the sector (e.g. benefiting from cascade effects; (APA, 2013)). The Portuguese
hydropower system is likely to be negatively affected, given its high dependence on the
Douro, Tagus and Guadiana rivers that are downstream of relevant Spanish hydropower

plants and irrigation systems.

7.3. Methodology

We use the bottom-up model TIMES_PT to quantify the impacts of climate change, via
water resources availability, on the Portuguese power sector by 2050. This section
describes the model, the modelling assumptions and the climate change scenarios

considered.
7.3.1. TIMES_PT model

TIMES is a dynamic linear optimization bottom-up model generator for energy systems
which provides a technology-rich basis for estimating energy dynamics over a long-term
horizon. The objective of TIMES is to minimize the net present value (NPV) of total costs
subject to technological, physical and policy constraints in such a way that demand of
energy services is satisfied at the minimum total system cost, such that: (Loulou &
Goldstein, 2005).

R T
Min NPV = ZZ(:L tdi) ™« ANNCOST,, 1)

r=1¢t=0

with ANNCOST =K +0&M+M—-X+D+Tax —5—5M— 5V +WL

being R the set of regions and T the set of years, and where d is the discount rate and
refy is the reference year for discounting. While dropping regional and time notation (r and
t, respectively), ANNCOST is the total annual cost, K are the capital costs incurred in

investment or dismantling processes, O&M are the fixed and variable operation and
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maintenance costs, M are the costs incurred for imports and domestic resource
production, X are the revenues from exports, D are the delivery costs for required
commodities consumed by processes, Tax are taxes, S are subsidies, SM is the
recuperation of sunk material, SV is the salvage value of processes and embedded
commodities, and WL is the welfare loss (i.e., the negative of consumer surplus) resulting

from reduced end-use demands if an elastic demand is assumed.

The equilibrium between supply and demand is achieved for the energy sector (partial
equilibrium) at prices computed by the model and, hence, energy suppliers produce
exactly the amounts that consumers are willing to buy. This equilibrium is a result of
simultaneous decisions concerning technology investment and operating costs, primary
energy supply and energy trade, assuming perfect market foresight (Loulou & Goldstein,
2005).

The TIMES_PT model uses the TIMES equations to represent the Portuguese energy
system from 2005 to 2050. The model includes imports, primary energy supply and
electricity generation, energy transformation and distribution, exports and final
consumption in five end-use sectors (industry, residential, services, agriculture and

transport) that group more than 60 energy service demand categories (Figure 7.1).

Figure 7.1. TIMES_PT structure: inputs and outputs

Energy services' demand | #

Technology Energy system
Technical and costs evolution # Technology profile
Availability and capacity limits Energy consumption and supply
Other information (e.g. discount rate) per technology

TIMES_PT # per erller-gy carrier

Energy resources GHG emissions
Endogenous resources potential and prices # Costs
Import and export prices and limits investment

Oo&M

Policy scenarios total system cost
Energy and/or environmental policies #

Energy and/or environmental instruments

Source: (Fortes et al., 2015)
TIMES_PT inputs are the following (Loulou & Goldstein, 2005): i) technological data

provided by a comprehensive dat