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Abstract

Portugal, as an EU Member State, is subject toEleclimate-energy policy regulation and
therefore is required to comply with country-spiecémission targets to be reached by 2020, as
defined in the EU 2020 Climate and Energy Packhgthis paper we make use of the Hybrid
Bottom-up General Equilibrium Model (HyBGEM) to qudy the economic impacts of a
stylized version of Portugal’'s 2020 low-carbon pypltargets under the actual EU emission
market segmentation as imposed by the EU Emisdicaiding Scheme (EU ETS). In general,
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1. Introduction

The EU 2020 Climate and Energy Package, in fonmeesdune 2009, commits the European
Union to reduce its overall greenhouse gas (GHA¥®oms to at least 20% below their 1990
levels by 2020, pursuing the ambition to make Earaplow-carbon and energy-efficient
economy over the next decade. Under the actualraigseon market segmentation, this overall
emissions reduction target is split down into a 2®duction in emissions from the sectors
covered by the EU Emissions Trading Scheme (EU Edre) a 10% reduction in emissions
from sectors outside the carbon trading system-gb& sectors), taking 2005 as the base year.

Portugal, as an EU Member State, is subject t&thelimate-energy policy regulation and
therefore is required to comply with country-specgmission targets by 2020. In particular,
Portugal may increase GHG emissions from the no8-E&ctors by 1% compared to 2005
levels by 2020, which must be reached with domesilicy measures. There is no national cap
on emissions from the ETS sectors, although a 2daation must be achieved jointly across
the 27 EU Member States by 2020. Thus, in thisystitds assumed that the EU ETS target
applies to Portugal, i.e. Portugal should reducessions from the ETS sectors to 21% below
2005 levels by 2020. In the present paper we intenassess the impacts on the Portuguese
economy when complying with this ambitious low-aarlstrategy up to 2020.

In our numerical simulations we employ a hybrid -tmvn/bottom-up modelling
approach, which represents a reliable framewor&nalyse the economy-energy-environment
interactions underlying carbon abatement policiesparticular, we make use of the Hybrid
Bottom-up General Equilibrium Model (HyBGEM) for Ragal — a multi-sector, CGE model
integrating a bottom-up representation of the paseetor, which has been designed for energy
and climate mitigation policy assessment in a sop@d#in economy like Portugal. The HyBGEM
model is applied to simulate the effects to achiBeetugal's carbon emission targets defined
for 2020, considering as policy instrumeKi3 the EU ETS with an economy-wide cap-and-
trade system for emissions from energy-intensiveose (ETS sectors), and (2) a domestic
carbon tax for emissions from sectors outside #nban trading system.

The remainder of the paper is organized as foll@&estion 2 presents an overview of the
HyBGEM model underlying our empirical policy andl/sThe low-carbon policy scenario and
simulation results are discussed in section 3.i@edtconcludes.

2. HyBGEM model

HyBGEM is a hybrid economy-energy-environment gahequilibrium model establishing a
top-down/bottom-up integration for highly-disaggaéed economic sectors, designed for
applied energy and climate policy analysis in alkopen economy like Portudaln particular,
the HYBGEM model combines a bottom-up activity ges representation of the electricity
sector with a top-down general equilibrium (CGE)d®bin a unified framework formulated as
a mixed complementarity problem, where the producpossibilities in the electricity sector
are described by convex combinations of discrethnelogical options and the other
production sectors are characterized by top-dovwgreggte functional forms usually smooth
(nested) constant-elasticity-of-substitution (CEB®duction functions. This hybrid modelling
approach strengthens the robustness of CGE analiygis key technological options for the
impact assessment of energy-climate policy measamesxplicitly represented based on an
engineering foundation.

The HYyBGEM model combines a consistent theoretfcamework with an observed
database covering all interactions between ageamtshé economy — firms, households,

! The HyBGEM model development follows as main refiee the Policy Assessment based on ComputabléitEium (PACE)
model (see Bohringet al., 2009 and Bohringer and Rutherford, 2008).



government, and trade flows. It is conceptuallyitbwithin the Arrow-Debreu (1954) general

equilibrium framework, where the competitive marketjuilibrium

is determined by

optimization decisions of producers and consumsatisfying a system of three classes of
equilibrium conditions simultaneously: zero prafinditions in all sectors, market clearance
conditions for all tradables, and income balancaldmns for all households.

2.1 HyBGEM modd structure

Table 1 provides an overview of the HyBGEM modeheinsions for the Portuguese small open
economy. The key features of the model are briafityined below.

Table 1
HyBGEM model dimensions
Time Horizon 2005 — 2020
Nr. Production Sectors/Commodities Final Demand Primary Factors Regions
Energy Households L  Labour PRT Portugal
1 COA Coal Government K  Capital ROW Rest of the world
2 CRU Crude oil Investment N  Natural resources
3 GAS Natural gas Exports FF Fossil-fuel resources
4 OlIL Petroleum and coal products (refine Coal, Crude oil, Natural gi
5 ELE Electricity R Renewable resources
Water, Wind, Sun, Trees
Non-Energy
6 AFF  Agriculture, forestry, and fishery Representative Electricity Generation Technologies
7 PPP  Pulp, paper, and print Conventional technologies
8 CRP  Chemical products Coal
9 NMM Other non-metallic mineral product: Gas, combined-cycle gas turbine (CCGT)
10 BAM Basic metals oil
11 MAE  Machinery and equipment Renewabl e technologies
12 TEQ  Transport equipment Hydro
13 TRD  Trade, repair, and retail Wind
14 CNS Construction Geothermal
15 LWT Land and water transport Solar PV
16 ATP  Air transport Biomass
17 CGlI Consumer goods industries
18 TCI Telecommunication, credit, and insurances
19 OSR Other services
Factors market

Primary factors of production are labour, capigald natural resources which aggregate fossil-
fuel and renewable resources. Initial factors ermdents are exogenous. The model assumes
perfectly competitive factors market where the gsion factors adjust so that supply equals
demand. Labour and capital are assumed to be pgrfeabile across sectors, whereas natural
resources are sector-specific. All factors are ifiledoetween counties.



Carbon dioxide (CO,) emissions

Since carbon dioxide is the most abundant anthreqioggreenhouse gas in the atmosphere and,
therefore, the largest contributor to global wammithe HyBGEM focus the analysis on carbon
emissions and not to total GHG emissions. It shdw@dchoted that the EU energy and climate
policies also focus on carbon emissions stemmimg fiossil-fuels combustion.

Carbon emissions are largely caused by energyecekattivities primarily the fossil-fuels
combustion in production and consumption activitidsus, CQ s introduced in the model as a
fixed coefficient (Leontief) input into producticand consumption functions such that for each
unit of fuel consumed is emitted a known quantifycarbon, where different fuels have
different carbon intensities. Given the detailecergg representation in the model, carbon
emissions abatement can take place either by megltlse amount of energy per unit of output
and consumption (energy savings), or by changiaduél mix.

Production

The HyYBGEM production structure comprises 19 saétommodities (5 energy sectors and 14
non-energy sectors) It is assumed that in each production sector pregentative firm
minimizes costs of producing output subject to egstonstant-elasticity-of-substitution (CES)
production functions, which reflect the substitatjpossibilities in domestic production between
inputs of capital (K), labour (L), an energy comp®gE), and a material aggregate (M). Each
intermediate input represents a composite of damesid imported varieties — the so-called
Armington composite good (see Armington, 1969).

Production of goods other than primary fossil-fugisd bottom-up electricity Y :

production of goodg) to the domestic and the export market is desdritne an aggregate

production function which characterizes the tecbgplthrough transformation possibilities on
the output side and substitution possibilitiestmninput side, as illustrated in Annex, Fig. 1. On
the output side, production is split between gomasluced for the domestic market and goods
produced for the export market according to a @mstlasticity-of-transformation (CET)
function. On the input side, a three-level CES fioms capture the price-dependent use of
inputs in production. At the top level, a CES mialecomposite trades off with an aggregate of
capital, labour, and energy subject to a constiastieity of substitution. At the second level, a
CES function depicts the substitution possibilitiedween the energy composite and a value-
added aggregate. Finally, at the third level, eapg combined with labour, trading off at a
constant elasticity of substitution.

Aggregate material inputs to production of itegnare a single level CES function across

all non-energy intermediate inputs M, as shown mméx, Fig. 2.

In the energy composite (E) production structureergy inputs substitution possibilities
are captured by a four-level nested CES functiee @&nnex, Fig. 3). At the lower nest, fossil-
fuel inputs are combined in fixed proportions (Leef with CO, emissions. At the next level,
liquid fuels trade off with a constant elasticitfysmbstitution. This aggregate are combined with
coal subject to a CES function in the second lefi¢the nest. Finally, at the top level, the fossil-
fuel aggregate (primary energy inputs) combined velectricity at a constant elasticity of
substitution.

In the primary fossil-fuels productiorFf : coal, crude oil, and natural gas), all non-fuel
specific resource inputs (labour, capital, and rinediate inputs) are aggregated in fixed
proportions at the lower nest. At the top leveis iiggregate trades off with the specific fossil-
fuel resource at a CES function (see Annex, Fig.Tée substitution elasticity between the

2 The HyBGEM sectoral structure has been definedraing to our object of applied energy-climate pplanalysis. For that
purpose we distinguish energy-intensive and caibtamsive sectors from the rest of the economy ex®ravailable data allows.
Furthermore, the data structure has been condtrictéine with the nomenclature used in other ecop@nergy-environment
models such as the GTAP-E model, as well as thetstie of the Portuguese energy balance and thierfdhPlan for Emission
Permits (PNALE) which applies to several significpalluting plants and is included in the EU ETS.



specific factor and the Leontief composite of otin@uts (0, ) is calibrated in consistency with
an exogenously given price elasticity of fossilifsapply.

Bottom-up representation of the power generation sector

As in Bohringer and Rutherford (2008), HyBGEM int&igs bottom-up activity analysis into a
top-down general equilibrium framework through thetailed technological representation of
the power production secforTotal electricity production is obtained by a s#tdiscrete
electricity generation technologiet)(delivering a homogeneous electricity good, ilepawer
generation technologies produce perfectly subatitat electricity (aggregate electricity good:
ELE :Zt ELE, ). The HyBGEM differentiates eight representativ@wpr generation

technologies, as follows: three classes of conwgaatifossil-fuel based electricity generation —
coal, gas, and oil —, and five classes of renewalbdetricity generation — hydro, wind,
geothermal, solar PV, and biomass, as depictedliteTl. Each technology is active or inactive
in equilibrium depending on their profitability. €hnesting production structure of each
electricity generation technology is defined as a Leontief function of labour, calpit
intermediate inputs, and natural resource inpgepresented in Annex, Fig. 5. It should be
underlined that natural resources and capital sxpte technology-specific.

Final Consumption Demand

Final consumption demand is derived from utilityxinaization of a representative housetold
subject to a budget constraint given by the incdewel. The nesting structure of final
consumption function is represented in Annex, F&. Consumption demand of the
representative agent is represented as a CES atgrafgan energy composite (E) and a non-
energy composite good (M). As described above,tidutisn patterns within the non-energy
consumption bundle are reflected via a CES funattith an Armington aggregation of imports
and domestic commodities (see Annex, Fig. 2); thergy composite consists of the various
energy goods trading off at a constant elastidityubstitution (see Annex, Fig. 3). Government
demand and investment demand are assumed to bersxmy Its value is fixed at the
benchmark level.

International trade

International trade is modelled assuming two comassumptions in the literature: i) the small
open economy assumption, meaning that export apdrinprices in foreign currency are not
affected by the behaviour of the domestic market,(the domestic market is too small to
influence world prices, being assumed how pricettak relation to the ROV, and that the
world market can satisfy all the importing and exting needs of the domestic econdmii) the
Armington’s (1969) assumption of international prad differentiation (in the sense that
imported and domestically produced goods of thees#éype are imperfect substitutes) for
imports and, symmetrically, the constant-elastioityransformation (CET) supply function for
exports, meaning that domestically produced gooalg bbe supplied either to domestic market
and export market. The Armington assumption of pobcheterogeneity means that all goods
used on the domestic market in intermediate aral iemand correspond to a combination of
domestic production and ROW imports with a CES oositp function — the so-called

31t should be noted that the electricity secta imajor source of carbon emissions that has a taitigation potential through fuel-
switching and energy efficiency improvements.

4 A population of identical households.

® Foreign countries are treated as one region tetRest of the World” (ROW).

® See Shoven and Whalley (1992).



Armington composite goodA,) — differentiated by demand categogy’, as represented in

Annex, Fig. 7. The foreign trade closure required the value of imports to the ROW is equal
to the value of exports from the ROW after includim constant benchmark trade surplus or
deficit. A small open economy is assumed to beeptager with respect to world market prices
(world prices are considered to be exogenous),hemte trade with ROW is represented by
perfectly elastic (horizontal) import-supply anger-demand functions.

Model solving

The HyBGEM is numerically implemented as a systémimultaneous non-linear inequalities
using the Mathematical Programming System for Gartequilibrium analysis as a subsystem
within the General Algebraic Modelling System — MHSGAMS (Rosenthal, 2008;
Rutherford, 1995, 1999), and solved by using thellRAsolve (Ferris and Munson, 2010;
Dirkse and Ferris, 1995).

2.2 HyBGEM mode calibration

The calibration method is adopted in the paramspecification of our comparative-static
hybrid CGE model, as usual in applied general émiiim analysi& Benchmark prices and
quantities, jointly with exogenous elasticities atatine the free parameters of the functional
forms required to model calibration.

The main data source is the GTAP database, versjowhich reconciles economic
production, consumption, trade, energy, and casdroissions data for 113 countries and 57
sectors for the base-year 2004 (Badri and Walmsk®@8). Given the HyBGEM model
dimensions (see Table 1), the GTAP countries ageeggted into Portugal and the rest of the
developing world (ROW), compressing the GTAP dadabtb a single-country dataset. At a
sectoral level, the GTAP sectors are aggregatedlifitsectors of two main types — 5 energy
sectors and 14 non-energy sectors, as listed ileThbPower generation by technology is
provided by the OECD/IEA Energy Statistics (IEA02). The GTAP 7 2004 reference year is
taken in the HyBGEM model as an approximation &f yiear 2005, which is the base-year of
the EU 2020 Climate and Energy Package.

The reference values of the elasticities, as usutdie calibration of applied CGE models,
are taken from a review of econometric literatureparticular, elasticities of substitution in
sectoral value-added and Armington trade elagtgitame from empirical estimates reported in
the GTAP 7 database; substitution elasticities betwproduction factors (capital, labour,
energy inputs, and material inputs) are based ay&ka and Ban (2008).

Portugal's baseline growth patkier the next 15-yeatia the absence of carbon emissions
constraints, i.e. the business-as-usual (BaU) siceima2020 — the target year of the EU climate
policy package —, builds on exogenous projection$uture GDP levels, sectoral energy input
demands with associated carbon emissions, eneiggsprand the production structure of the
electric power sector. The HyBGEM 2020 BaU scenmriderived from official projections of
the US Energy Information Administration — Inteipatl Energy Outlook 2010 (EIA, 2010),
complemented with more detailed data from the OHEE®/Energy Statistics (IEA, 2009) in
Portugal. The GDP growth projections are taken frora Scenarios for the Portuguese
Economy 2050 developed by the Portuguese Departmrioresight and Planning and
International Affairs (Alvarenga, 2011).

" The composition of the Armington aggregate godteri across sectors, final consumption demandgsimient demand, and
public good demand.
8 See e.g., Mansur and Whalley (1984) and Devastjain (1994) for more discussion on the calibration apph.



3. Policy simulations and results
3.1 Low-carbon scenario definition

The simulated policy scenario, hereafter mentioagdow-carbon scenario, reflects a stylized
version of Portugal’s low-carbon policy targets 2820 under the actual EU emission market
segmentation as imposed by the EU Emissions Tragithgme, as follows

- Portugal may increase carbon emissions from theE1d sectors by 1% compared to
2005 levels by 2020 and should reduce carbon emisdirom the ETS sectors to 21%
below 2005 levels by 2020.

- There is an economy-wide cap-and-trade system rasstons from energy-intensive
sectors (ETS sectors) and the imposition of a umfdomestic carbon tax for emissions
from sectors outside the carbon trading system-fib& sectors).

- The additional tax revenues from carbon emissiegslation are recycled as lump-sum
transfers to households.

The EU ETS comprises the following sectors in thedet: coal, crude oil, natural gas,
petroleum and coal products (refined), electricdather non-metallic mineral products, basic
metals, pulp-paper-print, chemical products, amdrainsport. It covers almost half (46.8%) of
Portugal’s total carbon dioxide emissions, whicine with the EU ETS Directive.

3.2 Smulation Results

This section presents the preliminary results efdimulated low-carbon policy scenario for the
Portuguese economy. Simulation results are repaategercentage change from the 2020
business-as-usual (BaU) scenario. The large umciets associated with baseline projections
and its critical importance for the impact assesanoé future policy constraints requires that
results be viewed with caution. The results beltvudd therefore be considered as indicative
of trends rather than precise values.

The projected patterns of carbon emissions for 2¥20reported in Fig. 1. According to
BaU scenario, overall carbon emissions in 2020 stdhd roughly 2% above 2005 levels, with
the non-ETS sector emissions to decline by 7% andstons from ETS sector to increase
about 11% between 2005 and 2020. Due to the ungrbaseline projections for Portugal’s
carbon emissions in 2020, the nominal and effectimdssion cutback requirements differ
substantially. Table 2 translates Portugal’'s 202@-¢arbon policy targets compared to 2005
levels into the effective emission abatement resménts from the baseline emissions in 2020.
As can be seen, the challenge will be faced byER8-sectors, where carbon emissions are
expected to continue to increase (in the absengmlafy). Non-ETS emissions are projected
below 2020 targets.

9 Note that the simulated cap is applied only tdoaremissions from fossil fuel combustion and ndbtal GHG emissions.
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Fig. 1 Changes in carbon emissions in Portugal) 2@2narios vis-a-vis 2005 levels

Table 2
Nominal and effective Portugal’s carbon emissiogdss by 2020
Nominal CO, emissionargets Effective CO, emissionargets
(% relative to 2005) (% relative to 2020 BaU)
Total -9.3 -10.6
ETS -21.0 -28.7
Non-ETS 1.0 8.3

Fig. 2 reports the simulated carbon emission reéaluatfforts by sector required to achieve

Portugal's 2020 emission targets discussed abote. figure shows that the majority of

domestic abatement comes from the electricity sed@@rbon emissions reductions from
electricity generation represent a 34.71% shardotal abatement in 2020. This reduction

results from a modification in the production sture of the national electricity sector with
inter-technology and inter-fuedubstitution towards low-carbon electricity suppiyong with

reduced electricity demand. Among the other majarces of carbon abatement, the other non-
metallic mineral products sector provides about d@&batement in 2020, and the petroleum

and coal products and basic metals sectors eaeheh@%6 share of abatement.
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Fig. 2 Sectoral carbon emission reduction effé¥éifrom 2020 baseline emissions)



Table 3 illustrates results across sectors for seoebevant variables. In order to better
understand sectorial simulation results, the tadd® shows benchmark values of energy
intensity for each sector. Simulated results sugtiest achieving the decarbonisation of the
Portuguese economy imposed in the low-carbon pdiognario leads to aontractionin
economic activityreflecting the higher production costs and consetjessof competitiveness
associated with a non-zero carbon price. The miaarbon dioxide emissions is set at around
6 Euros per tonne of GGn 2020.

As expected, the most significant output cutbacMee tplace in the energy-intensive
sectors, in which fossil fuel inputs represent gomahare of overall production costs. In this
regard, it should be recalled that the carbon eamssare introduced in the HyBGEM model as
a fixed coefficient input into production and conmation functions associated with the burning
of fossil fuels, such that for each unit of fuehsamed is emitted a known quantity of carbon
(where different fuels have different carbon intdBes). As coal is the most emissions-intensive
fossil-fuel, which is mainly used for domestic étexty generation, our results point out a
significant decrease in the coal supply sectorsedulpy a decline in coal imports (-67.36% from
2020 baseline levef$) This outcomeés mainly driven by the contraction in coal demaha to
fuel switching toward low-carbon fuels (mainly fraznal to natural gas) and renewable energy
in the power generation sector. The national paseetor, which is predominantly coal-based,
experiences an output reduction of 2.93% comparetid BaU levels. The increased costs of
electricity supply leads to a raise in electriciisices (+2.69% compared to prices in 2020
without carbon emission caps). In general, theeerar noticeable output variations for most
non-energy intensive sectors.

Table 3
Sectoral simulation results: effects on pricespottimports, and exports (% change from 2020
baseline levels)

Sector BaU level Low-carbon scenario

energy intensity prices output imports exports

Coal - -14.34 - -67.36 -
Crude oil - -14.34 - -0.52 -
Natural gas 0.65 -14.34 1.35 -0.41 -
Petroleum and coal products (refined) 0.92 -0.02 0.23 -0.51 -0.60
Electricity 0.59 2.69 -2.93 -0.04 -2.93
Agriculture, forestry, and fishery 0.04 -0.09 -0.05 -0.03 -0.05
Pulp, paper, and print 0.03 0.10 -0.42 -0.10 -0.42
Chemical products 0.07 0.14 -0.66 -0.15 -0.66
Other non-metallic mineral products 0.10 0.42 -0.83 -0.03 -0.83
Basic metals 0.04 0.21 -0.90 -0.21 -0.90
Machinery and equipment 0.01 -0.05 -0.19 -0.05 -0.19
Transport equipment 0.01 -0.05 -0.30 -0.05 -0.30
Trade, repair and horeca 0.03 -0.02 -0.08 0.00 -0.08
Construction 0.03 -0.01 -0.05 0.06 -0.05
Land and water transport 0.10 -0.07 -0.21 -0.19 -0.21
Air transport 0.14 0.19 -1.85 -0.17 -1.85
Consumer goods industries 0.02 -0.03 -0.13 -0.02 -0.13
Telecommunication, credit, and insurances 0.01 -0.12 -0.02 -0.02 -0.02
Other services 0.03 -0.09 0.01 0.00 0.01

1 Note that Portugal has not produced coal sickast mine closed in 1994.



Table 4 reports the macroeconomic effects of theulsited low-carbon strategy for Portugal.
The induced welfare loss, measured as Hicksianvabprit variation (HEV), is 0.06% from
2020 BaU, reflecting the costs of complying witle thational carbon emission targets in 2020.
In the new equilibrium, real wages and capital akrdte fall below baseline levels (-0.17% and
-0.16%, respectively). The foreign trade closurehi model determines that the overall trade
balance remains unchanged compared to the basstmeario — imports and exports are
reduced to the same extent (-0.34%)

Table 4

Simulation results: effects on macroeconomic véemk change from 2020 baseline levels)
Variable Low-carbon scenario
Welfare (HEV) -0.06

Real wage rate -0.17

Real capital rental rate -0.16

Imports -0.34

Exports -0.34

4. Conclusions

In pursuing the ambition to make Europe a low-carbod energy-efficient economy over the
next decade, in 2009 the EU adopted the so-call2® Zlimate and Energy Package, setting
ambitious climate and energy targets to be metd®02known as the "20-20-20" targets. The
EU committed itself to reduce its total greenhogae emissions to at least 20% compared to
1990 levels by 2020. In order to comply with thiskatious target, the EU has launched as main
policy instrument a segmented carbon emissions ehavith an economy-wide cap-and-trade
scheme for emissions from energy-intensive se@ods additional domestic policy measures
(such as carbon taxes) for emissions from sectursavered by the EU ETS.

In this paper we examine the economic effects efylized version of Portugal’'s 2020
carbon emission targets under the actual EU emmigsiarket segmentation as imposed by EU
ETS. In our numerical impact assessment we use#iybed Bottom-up General Equilibrium
Model (HyBGEM) — a hybrid economy-energy-environmeageneral equilibrium model
establishing a top-down/bottom-up integration faghty-disaggregated economic sectors,
designed for applied energy and climate policy gsiglin a small open economy like Portugal.

The preliminary simulation results suggest thattiRgal can comply with its country-
specific carbon emission targets by 2020 withognificant compliance costs. The major
challenge for policymakers will be to promote afeetfive decarbonisation of the power sector.
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Annex
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