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RESUMO

O objetivo deste estudo consistiu na avaliacdo da ecoeficiéncia do sector elétrico nos 28
paises da Unido Europeia, tendo em consideragdo o seu desempenho econémico e ambiental
ao longo do tempo, considerando os anos de 2010 e 2014 como anos de base. A principal
novidade introduzida neste estudo reside na combina¢do da utilizacdo da Analise Envoltoria
de Dados através da Fun¢ao de Distancia Direcional com a analise Input-Output, para realizar
a avaliacdo da ecoeficiéncia das cadeias de fornecimento ¢ de consumo do sector elétrico. De
acordo com os resultados obtidos, os trés paises mais frequentemente selecionados como
referéncia em relacdo a cadeia produgdo direta do sector elétrico foram, em 2010, Malta,
Alemanha e Bélgica; enquanto, em 2014, os quatro paises principalmente considerados como
referéncia em termos de melhores praticas foram a Irlanda e Franca, seguidos por Malta e
Luxemburgo. Uma vez que o tipo de eficiéncia em analise ndo é apenas econdmico, mas
também ambiental, ¢ expectavel que os paises que investiram eficientemente na instalagcdo de
energia renovavel, substituindo progressivamente a geracdo por combustiveis fosseis, tenham
tido um maior potencial em termos de ecoeficiéncia. Por exemplo, no caso de Portugal,
Irlanda e Bulgaria, a melhoria do desempenho da ecoeficiéncia parece ser resultado da
melhoria das produtividades médias do capital e o do trabalho, da redugdo da geragcdo com
base em combustiveis fosseis e de um aumento da geragdo de energia renovavel. Na avaliacao
da eficiéncia da cadeia de fornecimento do consumo direto, os trés paises vistos mais
frequentemente como referéncia, em 2010, foram o Luxemburgo, Dinamarca e Suécia,
enquanto, em 2014, os trés paises principalmente selecionados como referéncia, em termos de
melhores praticas, foram a Dinamarca, seguida pelo Chipre e Suécia. Neste caso, a evolugdo
dos sectores diretamente ligados ao sector elétrico contribuiu para os resultados de eficiéncia
obtidos. Finalmente, quando a cadeia de fornecimento de consumo indireto foi avaliada,
constatou-se que os trés paises mais frequentemente selecionados como referéncia foram, em
2010, a Suécia, o Luxemburgo ¢ a Austria; enquanto, em 2014, os trés principais paises
estabelecidos como benchmark foram a Suécia, o Luxemburgo e a Irlanda. Nesta tltima
situagdo, o principal determinante para os niveis de eficiéncia obtidos foi o consumo

intermédio dos sectores indiretamente ligados ao sector elétrico.

Palavras-chave: Analise Envoltéria de Dados; Funcdo de Distancia Direcional; Avaliacdo da

Ecoeficiéncia; Sector Elétrico; Unido Europeia.



ABSTRACT

The purpose of this study is to carry out the eco-efficiency assessment of the electricity sector
in 28 European Union countries, taking into account its economic and environmental
performance over time, considering the years of 2010 and 2014. The novelty of our work
resides in the combination of Data Envelopment Analysis through the Directional Distance
Function approach with Input-Output analysis to perform the eco-efficiency evaluation of the
consumption and production supply chains of the electricity sector. According to our findings,
the three countries more frequently selected as benchmarks regarding the direct production
chain of the electricity sector were, in 2010, Malta, Germany and Belgium, while, in 2014, the
top four countries mainly considered as a reference in terms of best practices were Ireland and
France followed by Malta and Luxembourg. Since the type of efficiency under analysis is not
only economic, but also environmental, it is expected that countries who invested in
renewable energy deployment efficiently, progressively replacing fossil fuel generation, will
have a higher potential in terms of eco-efficiency. For example, in the case of Portugal,
Ireland and Bulgaria, the enhancement of eco-efficiency performance seems to be the result of
improving the average productivity of capital and labour, with a reduction in fossil fuel
generation and the increase of renewable energy generation. In the efficiency assessment of
the direct consumption supply chain, the three countries more often nominated as benchmarks
in 2010 were Luxembourg, Denmark and Sweden, whereas, in 2014, the top three countries
mainly viewed as a reference in terms of best practices were Denmark followed by Cyprus
and Sweden. In this case, the evolution of the sectors directly linked to the electricity sector
were the main drivers of the efficiency scores obtained. Finally, when the indirect
consumption supply chain was evaluated, it was found that the three countries more often
selected as benchmarks were, in 2010, Sweden, Luxembourg and Austria, while, in 2014 the
top three countries mainly established as a reference were Sweden, Luxembourg and Ireland.
In this last situation, the main determinant for the efficiency scores is the intermediate

consumption of the sectors indirectly engaged with the electricity sector.

Keywords: Data Envelopment Analysis; Directional Distance Function; Eco-efficiency

assessment; Electricity Sector; European Union.
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1. Introduction

Currently, it is anticipated that, if everyone in the world consumes as many natural resources
as the average European citizen, humanity would need two planets’ worth of natural resources
by 2050 (Saez-Martinez, et al., 2016; Worldwide Fund for Nature, 2015). Furthermore,
according to the Intergovernmental Panel on Climate Change (IPCC, 2018) it is vital to limit
the rise of global temperature below 1.5 degrees Celsius, compared with pre-industrial levels.
In order to achieve this purpose the CO2 emissions have to decline about 45% from 2010
levels by 2030 and reach net zero by 2050. Therefore, it is imperative to significantly reduce
the consumption of fossil fuels and consequently greenhouse gas (GHG) emissions. In this
regard the EU economic policy brought to the policy agenda the promotion of economic
growth, but specifically encompassing the reduction of GHG emissions, making eco-

efficiency an issue of the utmost importance (Luptacik and Mahlberg, 2013).

The eco-efficiency concept is related to sustainability in the sense that it is a new indicator of
economic performance but differs from sustainability in that it takes into account only
environmental and economic aspects leaving the social dimension out. Eco-efficiency is the
ratio between the value added and the impacts produced, aiming to increase the output of
goods and services and decrease the resource inputs and emissions (Luptacik and Mahlberg,
2013). The evaluation of eco-efficiency is important to determine economic and
environmental success, enabling the identification of trends, helping with the design of action
plans and with the detection of areas for improvement. Eco-efficiency also differs from
traditional technical efficiency in the way that the last is the ratio between desirable outputs

and inputs, disregarding ecological aspects.

Nevertheless, the appraisal of the environmental footprint of an economy presents a
challenging endeavour since it requires the evaluation of the environmental impacts that are
embodied in goods and services traded between economic sectors. In this context, the use of
Input-Output (IO) tables is particularly suited, since it allows broadening the scope of analysis
enabling the incorporation of environmental impacts which are linked with a wide range of
economic transactions between different activity sectors. These tables are also known as
Environmental Extended Input-Output (EEIO) tables. Previous efforts which focused on
studying the aggregate impacts of economic regions considering both production and

consumption patterns failed to analyse eco-efficiency. Instead, these studies often performed



their evaluation of environmental and economic performances independently (Zurano-

Cervelld, et al. 2018).

Presently, there is an increasing research interest regarding the efficiency level of utility
operations, along with environmental impacts of the electricity production chain (Sueyoshi
and Goto, 2018). Therefore, the popular application of Data Envelopment Analysis (DEA) in
the assessment of the electricity sector has resided in the need of improving its efficiency both
in the transmission and distribution networks and in generation. On the one hand,
transmission and distribution network interests are often linked to regulation because these
two elements of the electricity value chain remain regulated due to their behaviour as
monopolies. On the other hand, generation, which belongs to the competitive segment of the
now liberalized electricity industry, has been experiencing an increasing number of

environmental challenges.

The research interest regarding the efficiency of the electricity sector is expected to keep
growing due to the fact that this sector is one of the biggest GHG emitters, which is expected

to rise in view of the increasing demand for energy.

However, two major drawbacks exist in the studies conducted so far using DEA models (see
Table 1). Firstly, the scope of research has been mostly focused on the evaluation of the
environmental impacts caused in the generation of electricity, taking mainly into account fuel
consumption (see e.g. Korhonen and Luptacik (2004); Gémez-Calvet et al. (2014)); setting
aside other relevant impacts such as economic and social, also disregarding the separation of
the production and consumption chains of the electricity sector. Secondly, the data used in

these studies are outdated (dating back to 2010).

This study aims at filling the main gaps identified in the literature regarding the eco-efficiency
assessment of the electricity sector, by proposing the empirical evaluation in 28 EU countries
through the use of EEIO tables in conjunction with DDEA, considering the years of 2010 and
2014.

This work has been inspired by a combination of studies in the field of eco-efficiency which
were carried out by Labaj et al. (2014) and Zurano-Cervelld et al. (2018). Labaj et al. (2014)
studied the economic growth in terms of welfare in 30 European countries through the use of
DEA models while Zurano-Cervello et al. (2018) combined the use of DEA models with 10
tables to evaluate the eco-efficiency in the manufacturing sectors both considering production

and consumption-based approaches.



The novelty of this work lies in the application of the DEA model through a Directional
Distance Function (DDF) approach in combination with EEIO tables, also taking into account
the production and consumption supply chains of the electricity sector. To the best of our
knowledge the application of this kind of approach to the electricity sector has never been

developed before.

The outline of this work is as follows: Section 2 describes the methodological approaches
used in this study; Section 3 refers the main premises considered regarding data collection;
Section 4 presents a discussion of some illustrative results; and, Section 5 provides some

conclusions, suggesting future work developments.



Table 1. DEA models applied to the eco-efficiency assessment of the electricity sector.

Reference

Description

Application

Inputs

Outputs

Models

Korhonen and

Luptacik (2004)

Vaninsky (2009)

Sueyoshi and Goto
(2011)

Bai-Chen et al.
(2012)

Sueyoshi and Goto
(2013)

Zhang and Kim
(2014)

Bietal. (2014)

Gomez-Calvet et

al. (2014)

Technical efficiency and Eco-
efficiency analysis of power

plants

Environmental efficiency

Operational
and environmental efficiency of

energy firms

Eco-efficiency assessment of

generation and grid corporations

Environmental assessment

Energy eco-efficiency

Relationship between
fossil fuel consumption and

environmental regulations

Energy Efficiency analysis

24 power plants in the EU

Electricity power industry in the
United States
(1990 - 2006)

Fossil fuel power generation in
Japan

(2005-2008)

Power system in China

(2002-2009)

Electricity sector in industrial

nations from OECD (1999-2009)

Power companies in Korea (2007-

2011)

Thermal power generation in China

(2007-2009)

Electricity and derived heat in 25
EU countries

(2000-2007)

Total costs

CO; emissions; Electricity losses

Generation capacity; N° of Employees;

Coal, oil and LNG

Capital equipment; Fuel;
Labour; Auxiliary power;

On-grid electricity

Fuel; Nuclear; Hydro; other renewables

Capital; Labour; Energy

Installed capacity; Labour; Total coal and

gas

Primary energy;
Installed capacity;

Labour

Electricity generation; Dust;

NOy and SO; emissions

Fossil fuel utilization

Electricity Generation;

CO, emissions

Electricity generated;
Electricity

Consumed

Electricity generation;

CO, emissions

Total turnover;

GHG emissions

Power generated,
SO, and NO, emissions;

Soot.

Electricity and Derived Heat;
CO; emissions;

Radioactivity

CCR (Charnes et al. 1978)

CCR; Environmental Index

DEA non-radial measurement - RAM
(Range-Adjusted Measure);

Kruskal-Wallis rank sum test

CCR

Malmquist Index

Slack-based measure (SBM);

Total-factor energy efficiency

SBM; Total-factor energy efficiency

DDF; SBM




Reference Description

Application

Inputs

Outputs

Models

Arabi et al., (2015) Method to overcome the

infeasibility problem of mixed

periods.
Munisamy and Eco-efficiency change
Arabi (2015)
Ewertowska et al. Environmental performance
(2016). (eco-efficiency)
Halkos and Environmental efficiency

Polemis (2018)

Electricity sector in

Iran (2003 - 2010)

Thermal power plants (Steam, Gas
and Combined Cycle) in Iran

(2003-2010)

Electricity mix of the top 27

European economies.

Electricity sector in the United
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2. Methodology and assumptions

In this section, some of the underpinning assumptions regarding the computation of the
multipliers based on the EEIO tables are described. Then, the DEA DDF model will be briefly
explained, as well as the underlying hypotheses for the choice of the inputs and outputs

considered.

The different steps required to follow the methodological approach herein used are described

below and are illustrated in Figure 1.

The first step consisted in the construction of the EEIO tables for each country both for 2010
and 2014, by combining the use of National IO tables with Social Accounting and Air
Emissions Accounting tables. Subsequently, in the direct production chain the direct impacts
of the electricity sector are identified by using as inputs and outputs the direct values of the
Social Accounting and Air Emissions Accounting tables. In the consumption supply chain the
indirect impacts of the electricity sector are identified by using the IO multipliers as inputs
and outputs. The direct coefficients will represent the impacts that the sectors directly linked
to the electricity sector have on this sector, while the indirect coefficients, in its turn, represent

the indirect impacts.

In the second step, we run the DEA model to evaluate the eco-efficiency of each decision
making unit (DMU) under assessment, which in this study corresponds to each of the EU28
countries, which are then classified into inefficient (S, > 0) and efficient (5, = 0),
depending on their efficiency scores. If the DMUs are efficient, then we run the
superefficiency model to rank the efficient countries and then also compute the number of
times these countries are used as benchmarks for inefficient DMUs. If the DMUs are
inefficient, the DEA model gives us, in addition to its scores, the input reductions and output

increases that they must undertake in order to become efficient.

Finally, based on the scores obtained, suggestions are made to improve the eco-efficiency of

inefficient countries.
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Figure 1. Diagrammatic illustration of the methodological framework used




2.1. The IO multipliers

The 10 model uses a table which depicts the economic transactions among industries that can
encompass other sorts of information, by adding new columns and rows that correspond to the
energy used or to the pollutants emitted per each industrial sector, i.e. the EEIO tables

(Hendrickson et al., 2006).

Direct effects evaluate the impacts on a given industry as a result of the variation in the final
demand of that same industry. Indirect effects assess the reaction of the supply chain of that
industry from an increase (decrease) in its final demand. The overall effect adds together the

direct and indirect effects.

In its matrix form, the national productive system can be given by (Miller and Blair, 2009):

Xx=Ax+y, (1)

where A is the technological coefficient matrix, y is the final demand vector (households,

government, firms and foreign countries) and x is the output vector.

The energy consumed and pollutant emissions created by inter-industrial activities are
obtained through the use of a direct coefficient matrix, E, where each component, ekj,
corresponds to the quantity of energy (or to the amount of pollutants) of type k spent (emitted)
per output unit of each industry j (Hendrickson et al., 2006). Therefore, the level of energy

use (the level of pollutant emissions) intertwined with a certain output vector is:

e = Ex, (2)

where e is the vector of each type of energy (pollutant) directly and indirectly consumed

(emitted) by the economy in supplying a certain final demand level.

From (1) and (2), E (I - A)" can be regarded as the matrix of total energy usage coefficients,

such that:

e=E(I-A)y 3)



In fact, each component of this matrix provides the energy used (pollutants emitted) per

monetary unit of final demand.

2.2. The DDF approach

Charnes et al. (1978) paved the grounds for DEA, which is a non-parametric approach that
allows assessing the relative efficiency of a set of decision-making units - DMUs
(organizations under assessment) with homogeneous characteristics. In general, DEA models
can be grouped into four classes (Cooper et al., 2006): 1) radial and oriented, 2) radial and
non-oriented, 3) non-radial and oriented, and 4) non-radial and non-oriented. In this context,
by 'radial' it is meant the required proportional increase or reduction of outputs/inputs to reach
efficiency, whereas 'oriented' refers to input-oriented or output-oriented DEA problems.
Hence, we have used the DDF model which is a radial and non-oriented model, since unlike
the input (output)-oriented models it can provide a comprehensive efficiency assessment and
allows incorporating the weak disposability assumption (i.e. that changes in the values of an

undesirable factor have an impact on the value of a desirable factor).

Fukuyama and Weber (2009) suggested a measure of inefficiency also known as the
directional slacks-based inefficiency (SBI) measure in order to obtain a generalized measure
of technical inefficiency which considered all slacks in input and output constraints. This
measure allows obtaining the same information provided by the slacks based measure (SBM)
model suggested by Tone (2001) as long as the directional vectors for inputs and outputs are
considered to be equal to the corresponding input and output vectors, being also regarded as a
generalization of the Russell’s measure of eff