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ABSTRACT

The energy sector is fundamental for sustainable development. Maintaining high levels of
economic activity while reducing electricity consumption is still one of the main challenges to

overcome.

In this context, electricity intensity is a key indicator in assessing the economic efficiency
because it is a measure of the economy output related to the electricity demanded. However, a
simplistic analysis of the electricity intensity index does not reveal much, since the deviations
in this indicator are the result of changes in its different components. Therefore, the objective
of this dissertation is to address these components influence in detail, decomposing the

electricity intensity indicator in European Union.

Complementing the logarithmic mean Divisia index (LMDI) method introduced by Ang (2015),
an upgrade is proposed, by breaking down the intensity component and adding a new element
to the decomposition methodology. Consequently, the components of the electricity intensity
are three: structure, efficiency and electrification. This enhancing feature, innovative to the best
of our knowledge, is fundamental in distinguishing the real influence of the efficiency
component from other elements, considering that energy efficiency goals are becoming more
stringent and have to be perfectly measured.

Results from the upgraded decomposition demonstrated that the impact caused by the efficiency
component was, in fact, greater than it appeared. If there had been merely improvements in
energy efficiency, and simultaneously no changes neither in the economic structure, nor in the
electrification rate, the electricity intensity index would have decreased 48.64% from 1995 to

2017, a result 8.75% greater than what actually occurred.

The structural factor displayed minor influence in electricity intensity, even though the service
sector increased its shared by 5.12% and the economic activity profile of EU has changed.
Additionally, the electrification component contributed to increase the intensity indicator, since
the electricity consumption has grown at a higher rate than the economy output.

Finally, a partitioned analysis demonstrated that the reduction in electricity intensity was solely
caused by efficiency improvements in the 2012-2017 cycle, suggesting positive evidence

regarding the success of energy efficiency measures in the EU.

Key words: Electricity intensity; Energy efficiency; Electrification; Economic activity;

Decomposition



RESUMO

O setor de energia é fundamental para o desenvolvimento sustentavel. Manter os niveis de
atividade econdmica enquanto reduz-se o consumo de eletricidade é um dos principais desafios

a ser superado.

Neste contexto, a intensidade elétrica € um indicador chave na avaliacdo da eficiéncia
econémica por ser uma medida da producdo da economia relacionada a eletricidade demandada.
No entanto, a analise simplista do indice de intensidade elétrica ndo € muito reveladora, uma
vez que os desvios neste indice sdo resultado de mudancas nos seus diferentes componentes.
Desta forma, o objetivo desta dissertacdo é abordar detalhadamente a influéncia destes

componentes, decompondo o indicador de intensidade elétrica na Unido Europeia.

Complementando o método logarithmic mean Divisia index (LMDI) introduzido por Ang
(2015), é proposta uma atualizagdo que decomp@e o componente de intensidade e adiciona um
novo elemento a metodologia de decomposi¢do. Consequentemente, 0s componentes da
intensidade elétrica sdo trés: estrutura, eficiéncia e eletrificacdo. Este aprimoramento, inovador
de acordo com o nosso conhecimento, é fundamental para distinguir a real influéncia do
componente de eficiéncia dos outros elementos, considerando que as metas de eficiéncia

energética tém se tornado mais rigorosas e precisam ser perfeitamente mensuradas.

Os resultados da decomposicdo atualizada demonstraram que o impacto causado pelo
componente de eficiéncia foi, na verdade, maior do que aparentava. Se houvesse apenas
melhorias de eficiéncia energética e, simultaneamente, nenhuma mudanca na estrutura
econdmica e na taxa de eletrificacdo, o indice de intensidade elétrica teria diminuido 48,64%

entre 1995 e 2017, valor 8,75% maior ao que realmente ocorreu.

O fator estrutural apresentou menor influéncia na intensidade elétrica, embora o setor de
servicos tenha aumentado a sua participacdo em 5,12% e a estrutura econdmica da UE tenha
mudado. Adicionalmente, o componente de eletrificacdo contribuiu para aumentar o indicador

de intensidade, ja que o consumo de eletricidade cresceu a taxa superior a producao econémica.

Por fim, uma analise particionada demonstrou que a reducéo na intensidade elétrica foi causada
exclusivamente por melhorias de eficiéncia no ciclo 2012-2017, sugerindo evidéncias positivas

a respeito do sucesso das medidas de eficiéncia energética na UE.

Palavras-chave: Intensidade elétrica; Eficiéncia energética; Eletrificacdo; Atividade

econdmica; Decomposicao
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1. Introduction

Broadly, in a current scenario of energy market transition and having sustainable
development goal achievement in mind, there is a clear need to balance economic growth,
energy consumption and exploitation of energy resources. Aspects related to the energy
sector range from the definition of strategies concerning the energy matrix to the way by
which fuels and electricity are consumed. Consequently, energy policy is an area of politics
that transcends its borders and impacts not only the energy sector of a country, due to the
importance that energy industry has acquired over time, but also several important areas such

as economy, environmental, social, foreign relations, among others.

Therefore, policy makers need to consider many preponderant factors to support their
choices. Among all the elements that underpin these decisions, one of the greatest challenges
Is to maintain the levels of productivity and economic capacity by reducing the energy
resources input. This relationship between resources exploitation and the amount of wealth
produced is commonly termed as intensity. In this sense, energy intensity is a measure of
total primary energy use per unit of gross domestic product (GDP), as defined by the
International Energy Agency, IEA (2019a).

Considering that in some cases the definitions of energy and electricity may be unclear, it is
important to highlight a basic distinction. In 2016, the electricity consumption corresponded
to 18.8% of the world total final energy consumption (IEA, 2018a). The perception that
electricity corresponds to a higher amount of total energy consumption is due to the great
relevance of electrical energy in routine activities. The electricity share is in fact increasing
every year and is expected to represent 31% of global final energy needs by 2040 (IEA,
2019b). Nevertheless, it is still far from corresponding to the total energy consumption,
reinforcing the need to clearly distinguish the concepts.

On the one hand, the significance of electricity cannot be considered big enough to
correspond to the total final energy consumption, since other forms such as oil, coal and
natural gas are still more representative. On the other hand, the electricity share is sufficiently

large to be exclusively investigated.

Given these important differences, a similar and equally representative indicator can be
obtained if the constituent energy is replaced by electricity. As defined by the European

Environment Agency, EEA (2012), electricity intensity represents the ratio of electricity

1



consumption to GDP added value, thus being an important indicator of efficiency in
electricity consumption related to economic productivity. This definition is also used by the
Agence de I’Environnement et de la Maitrise de I’Energie, ADEME (2019) and some authors
such as Liddle (2009), Inglesi-Lotz & Blignaut (2012) and Hien (2019).

As the concern for implementation of energy efficiency measures has increased, whether on
the supply or demand side, the electricity intensity indicator has been more frequently used
in the analysis of the countries' economic behaviour, not only by the aforementioned Liddle
(2009) and Inglesi-Lotz & Blignaut (2012), but also by Herrerias & Liu (2013). In European
Union (EU-28), the electricity intensity has declined 39.86% from 1995 to 2017 (Eurostat,
2019a), and this deviation could indicate an efficiency increase in the economy.

However, as well described by Léschel et al. (2015), the intensity indicator seems to have
the answer to all questions, but it still not meaningful. Even though electricity intensity is
influenced by energy efficiency, and since this indicator is a measure of maintaining the
economic activity while reducing electricity consumption, this is not the single influencing
factor. The evaluation of this intensity index goes far beyond just a numerical analysis and

must be detailed to explain the reasons that caused this decrease over the years.

Analysing the components of change in electricity intensity values is fundamental at a time
when energy efficiency improvements are happening at a fast pace and electricity assumes
an increasingly share in the total final energy consumption. Assessing the behaviour of these
components also proofs relevant, considering that the analysis of electricity intensity is not
trivial, and the variation of any of the elements can have a direct impact not only on the way
in which electricity intensity should be evaluated, but also on the evolution and effectiveness

of energy efficiency measures.

Considering that this is a fundamental subject that has not been detailed in existing literature,
this dissertation proposes a decomposition analysis of the electricity intensity indicator in
EU-28. Departing from the decomposition methodology by Ang & Choi (1997), an upgrade
is proposed by adding a new component not yet used in other studies, as far as we know. In
addition to the structural and the efficiency factors, previously implemented by authors such
as Fisher-Vanden et al. (2004), Metcalf (2008) and Song & Zheng (2012), the electrification
factor is the other considered component in this electricity intensity decomposition. As
defined by Sugiyama (2012), electrification is the replacement of other energy sources by

electricity on the demand side and, therefore, it is highly representative in this context.



Besides assessing the historical profile of electricity intensity in the EU, the objective is to
decompose this indicator and evaluate the influence of its components, answering the

following questions:

e What are the forces that drive changes in electricity intensity and what is the

importance of each one of these components?
e How have these components behaved in EU recently?

e Based on the decomposition results, what is the actual impact of energy efficiency in

total electricity intensity index?

e Considering only variations in electricity intensity values and the results of the
decomposition analysis, how effective were the proposed energy efficiency plans and

measures?

At the end of this research, it is expected to have an assessment of electricity intensity, as
well as the relationship of important economic and technical variables. In addition, a detailed
analysis of the behaviour of each of the electricity intensity components in all EU countries
is to be accounted for, contributing to the understanding of the real impact of energy
efficiency on the intensity index. Finally, this assessment can contribute not only to the
scientific community, but also to policy makers, regulatory agencies, environmental bodies
and utilities companies in their issues about electricity consumption, electricity intensity and

energy efficiency.

The dissertation document is organized as follows, starting with Chapter 1 that
contextualizes the topic. This introduction presents the motivation to go further, reveals the

objectives of this study and punctuates the research main questions.

Chapter 2 comprises the relevant literature review, divided into energy and electricity
intensity studies (Section 2.1), decomposition methodology literature (Section 2.2) and a
review of the decomposition analysis methods (Section 2.3).

In Chapter 3 the methodology is described, defining strategies and the components of
electricity intensity (Section 3.1). The following Sections 3.2, 3.3 and 3.4 detail each of these
components, elucidating their importance and behaviour in the EU in recent years.

Chapter 4 describes the adopted method and the accessed data. Section 4.1 discusses the

traditional LMDI approach and its characteristics, followed by Section 4.2 which presents



the upgrade proposed by this dissertation. Section 4.3 is an important description of how to
interpret the achieved results and Section 4.4 details collected data.

In Chapter 5, results are presented and discussed. Firstly, Section 5.1 reviews the achieved
results in the first decomposition methodology. The following Section (5.2) explores the
achieved results in the second decomposition methodology, considering the addition of a
new component. Complementing this analysis, a more detailed breakdown is proposed
across Section 5.3 by dividing the 1995-2017 period into shorter cycles, following a

chronological order organized in sections 5.3.1, 5.3.2, 5.3.3 and 5.3.4.

Finally, Chapter 6 presents the key achievements and research conclusions, in addition to

suggesting alternatives for future work.



2. Literature Review

In order to assess the main issues raised by this research, it is fundamental to evaluate the
prior work which is somehow connected to the decomposition of electricity intensity.
Chapter 2 is a literature review, starting with an analysis of studies on energy and electricity
intensity (Section 2.1) and further analysing other studies related to the methodology and
method defined for this dissertation (Sections 2.2 and 2.3).

2.1. Energy and Electricity intensity roles in an energy transition
scenario

Aspects associated with the energy sector have always gone beyond the traditional
relationship between supply and demand. In addition to critical topics such as energy
security, increasing renewables in the energy matrix and reducing energy poverty rates, the
variation of energy and electricity intensity must also be considered fundamental
constituents of the energy policy agenda. Given these pillars that sustain current trends in
energy guidelines around the world, energy and electricity intensity stand out for being
measures of the structural and technological profile of the economy.

Naturally, considering that this is a recurring subject in political and economic forums,
research on intensity indicators in the energy sector has grown in recent years, although most
of them are focused only on energy intensity and a barely few have electricity intensity as
the main topic. Relevant authors such as Fisher-Vanden et al. (2004) and Cornillie &
Fankhauser (2004) defined energy intensity as being the ratio of real energy consumption to
real GDP, going beyond the IEA (2019a) definition that focused only on primary energy.
The authors went further and considered energy intensity not only an indicator of how
efficient the economy of a country or a region is, but also how it behaves in relation to

socioeconomic and environmental aspects.

As mentioned by Cornillie & Fankhauser (2004), a country's energy consumption depends
on socio-economic and environmental factors - such as the composition of its economic
activity, resource endowment, population density and climate - and the analysis of pure
values of energy intensity cannot be used to evaluate the efficiency of a region. Therefore,
the comparison of energy or electricity intensity values between different countries is not

always correct.



Loschel et al. (2015) deepened the research and raised several hypotheses for the reduction
of energy intensity values, such as the shift in the composition of the European economy,
sectoral improvements in energy efficiency, economic and political drivers, and the
individual analysis of the EU member countries. These authors had a great contribution to
this topic and, in addition to structural and efficiency analysis, they were able to have a deep
insight in the way in which economic variables affected energy intensity (Ldschel et al.,
2015).

Belzer (2014) also considered that the ratio of energy consumption to GDP is not only
affected by technological changes that allow more energy-efficient processes, but also by
structural changes in the mix of activities of the economy, which is divided into different
sectors. The IEA Energy Efficiency Report (International Energy Agency, 2018b) also
separated the economies of the associated countries into different sectors and assessed
energy intensity under structural and technological aspects, adding that a shift from one
energy-intensive economic activity to another less-intensive can cause representative

changes in the index values.

Some authors such as Kaufmann (2004), Hang & Tu (2007) ¢ Verbic¢ et al. (2017) sought a
new proposal by correlating energy intensity with other economic variables, looking for
external elements that influence this indicator. These authors achieved similar results, having

found a negative influence of energy prices on the intensity indicator.

Considering the electricity intensity, the existing literature evaluated the convergence of this
indicator in some countries or regions, such as the approach of the IEA/Organisation for
Economic Co-operation and Development (OECD) countries carried out by Liddle (2009).
However, the comparison between countries must be carefully evaluated since they have
different climatic conditions and economic structure, and these are elemental factors for the
definition of the electricity consumption profile. Herrerias & Liu (2013) headed the same
way, despite the fact they focused on accessing Chinese provinces data, having observed a

moderate reduction in electricity intensity across regions.

Nevertheless, energy and electricity intensity assessment must be distinguished from energy
efficiency analysis, and the decomposition methodology plays a fundamental role in this

regard.



2.2. Decomposition analysis methodology

Most of the literature that assessed intensity indicators and its causes used a traditional
strategy to relate several specified components and the main index. This methodology is
called decomposition of an intensity indicator and can be applied to different areas of the
energy sector, such as in the evaluation of greenhouse gas emissions (Bhattacharyya &
Matsumura, 2010), energy efficiency changes (Inglesi-Lotz & Pouris, 2012) and energy
vulnerability (Gonzalez & Moreno, 2015).

Regarding energy intensity, the decomposition methodology aims to understand which are
the forces that drive changes in aggregate energy intensity values over time (Ang, 1994).
This is one of the main approaches of authors such as Cornillie & Fankhauser (2004), Fisher-
Vanden et al. (2004), Metcalf (2008), Song & Zheng (2012) and Wu (2012). On the other
hand, concerning electricity intensity, no research has been found so far using this
methodology to decompose this index, even though the principles are similar to those used

for energy intensity.

Cornillie & Fankhauser (2004) accessed data from 1992 to 1998 of the economies of Central
and Eastern Europe and the former Soviet Union to identify factors that contributed to the
dramatic reduction in energy intensity in this historical period. The authors were pioneers in
using a decomposition methodology in an energy study and, although different patterns were
found, a strong link between the efficient use of resources and the reduction of energy

intensity was verified (Cornillie & Fankhauser, 2004).

Fisher-Vanden et al. (2004) considered that there were three determining factors of changes
in energy intensity - changes in economic activity, energy efficiency improvements and
another factor termed ‘inaccurate statistics’. This last component was used to include other
political, economic and social deviations that might have some effect on energy intensity, in
addition to changes in economic activity and energy productivity.

Metcalf (2008) simplified the decomposition analysis proposed by Fisher-Vanden et al.
(2004) and contemplated two responsible causes for variations in energy intensity - changes
in economic activity and energy efficiency improvements. The author used these factors to
assess how each one influenced the decrease of the index values in the United States from
1970 to 2003, and concluded that energy efficiency played a key role contributing up to

three-quarters of the verified energy intensity reduction (Metcalf, 2008).



Song & Zheng (2012) focused their research on China and used the decomposition
methodology to evaluate what were the forces that led to the abrupt reduction of the energy
intensity value of Chinese economy in recent years. Although there were impacts from other
economic variables such as energy prices, the authors concluded that the main reason for the
sharp fall in Chinese energy intensity was the efficiency increase of its industry, which now
needs less energy to generate the same wealth values as years ago. Wu (2012) focused his
analysis on regional China and also found a reduction in energy intensity in the country from
1981 to 2007, mainly due to the influence of the efficiency factor. The author further
concluded that the intensity indicator has a considerable scope to reduce if the structure of
the Chinese economy changes, increasing the share of less energy intensive activities (Wu,
2012).

In general, the approaches gathered in the literature achieved similar results in the
decomposition of energy intensity, directing to significant participation of the efficiency
factor in the reduction of this indicator regardless of the country or region addressed.

2.3. Decomposition analysis methods

The 1974 world oil crisis prompted authors to search for answers to energy sector problems.
Since the end of 1970s, the index decomposition methodology became very common in the
analysis of the impacts of economic and environmental variables on energy demand (Ang &
Zhang, 2000).

Huntington & Myers (1987) were the first authors to list the decomposition methods that
were being used around the world in the late 1980s. Years later, Ang (1995) listed 51 studies
that were being used in energy and environmental analysis. In the early 2000s, Ang & Zhang
(2000) went further on their research, identifying 124 authors who used the methodology of
index decomposition and classifying the employed methods in two different groups:

Laspeyres and Divisia indexes.

Bossanyi (1979) and Hankinson & Rhys (1983) sought to assess the structural changes in
UK industry in relation to energy and electricity consumption and used the Laspeyres
method as an intuitive and straightforward tool (Ang & Zhang, 2000). Then, Boyd (1987)
proposed the idea of using the consolidated Divisia index approach (1925) as an alternative
to the Laspeyres method, being favourable mainly for dividing the applied weights between

the base year and the target year. This feature was adopted in 1987 to evaluate the US



industrial energy consumption, as described by Ang & Zhang (2000), and formed the basis
for further adaptations and refinements to the method, proposed by Liu et al. (1992) and Ang
(1994).

Finally, after the evolution of decomposition analysis studies and based on Tornquist (1935)
and Sato (1976), Ang & Choi (1997) proposed a refined method to decompose energy and
gas emissions intensity for industry. This method is the well-known logarithmic mean
Divisia index (LMDI), that uses specific logarithmic weight functions instead of the weights
used in the Laspeyres method or in the method introduced by Boyd (1987). The LMDI was
the first logarithmic mean Divisia index method used by researchers, much for its pioneering
approach with no residual in the decomposition result.

The LMDI method developed by Ang & Choi (1997) was widely explored in the literature
and was applied by relevant authors such as Fisher-Vanden et al. (2004), Bhattacharyya &
Matsumura (2010), Inglesi-Lotz & Pouris (2012), Gonzélez & Moreno (2015), as well as
being used by the governments of Australia (2008) and Canada (2013) in some energy sector

studies.



3. Methodology

Since the main objective is to analyse the contribution of the electricity intensity
components, this dissertation adopts the decomposition methodology to answer the
questions presented in Chapter 1. The considered components of electricity intensity are
structure factor and intensity factor (subdivided into another two components, namely

efficiency and electrification factor).

Initially, a traditional decomposition analysis is proposed, aiming to determine the influence
of the elements that could cause changes in the electricity intensity values. This first
decomposition analysis is expected to result in two different components: one that measures
intensity improvements (intensity factor) and another that measures changes in economic

activity profile (structure factor).

Following this first approach, a second and more detailed decomposition analysis is
proposed. This second step is expected to break down the intensity component in another
two (efficiency and electrification factors mentioned above), resulting in three components
that have a contribution in electricity intensity variation: changes in energy efficiency
(efficiency factor), changes in electricity consumption share over total energy consumption
(electrification factor) and changes in economic activity profile (structure factor already

mentioned).

The chosen methodology was defined to seek the relation between electricity intensity and
its components, in addition to assessing the real influence of each of the elements on the total
intensity index. This chapter discusses the structural, efficiency and electrification
components and their relationship with the electricity intensity indicator, in Sections 3.1, 3.2
and 3.3 below.

3.1. Economic activity

3.1.1. Structural economic composition
World economic activity is commonly divided into different sectors for the analysis of their
contribution to GDP. Segregation can also be used for the assessment of other economic,
structural, social and environmental indicators contributing to better data interpretation and
more accurate decision making. While large institutions such as the US Central Intelligence

Agency (CIA) and World Bank segregate the economy into three sectors, namely
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agriculture, industry and services, other renowned groups such as the OECD and EC,

through Eurostat, subdivide economy into 21 or even 64 different activities, respectively.

Although a more detailed breakdown provides additional information, this study is based on
the division of economic activity used by the World Bank, which split the economy into
three sectors. Such definition is justified by the fact that the data will be correlated with
electricity consumption data, which are only available for the following grouping: Industry;
Commercial (commercial, services, transport and others) and Agriculture (agriculture,
forestry and fishing). Therefore, economic activity, electricity consumption and electricity
intensity will be analysed under the scope of these three distinct sectors detailed in Table 1

below.

Table 1 - Economic activity breakdown by sector

Economic activity breakdown Description of included sub activities

Industry Industrial activities, including construction and manufacturing

Wholesale and retail trade, transport, accommodation and food
service activities

Information and communication
Financial and insurance activities
Real estate activities

Commercial, Services, Transport and i o ) L . .
Others Professional, scientific and technical activities; administrative

and support service activities

Public administration, defence, education, human health and
social work activities

Arts, entertainment and recreation
Other

Agriculture
Agriculture, Forestry and Fishing Forestry
Fishing
Source: Adapted from Eurostat (2019c¢)

Household sector was not considered in this dissertation because it has a small contribution
to the economic activity and aggregates relatively low value to the financial sum of goods
and services produced in the EU countries. Such irrelevance in economic productivity
coupled with considerable electricity consumption would distort the electricity intensity

index in these cases and could hinder the results interpretation.
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3.1.2. Changes in economic structure
Different economic activities have different levels of electricity consumption and generate
distinct financial results. Sectors such as industry, for example, tend to be more energy
intensive as may involve uninterrupted and heavy machinery activities, while others such as
agriculture, fishing and forestry tend to have reduced electricity consumptions. Therefore,
the evolution of electricity intensity is not only dependent on the evolution of energy
efficiency, as reported in Chapter 1, but also on the EU economy profile that has been
undergoing structural changes over the last few years. Clarifying and quantifying the
relevance of each of the activities is elementary in order to determine what is the importance

of this economic factor in the intensity index.

According to the World Bank (2019), the EU service sector accounted for 66.03% of GDP
composition in 2017, while industry and agriculture accounted for 21.86% and 1.48%
respectively. The remaining amount consists of other less relevant activities. However,
economic activity is quite dynamic and can react very quickly to economic crises, supply
and demand variations, technological changes and other elements. Since 1995, the service
sector has been increasing its share when compared to the industry and the agriculture
sectors. Fig. 1 shows the evolution of the value added (% of GDP) of each of the three
highlighted sectors in EU based on World Bank data (2019).
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Fig. 1 - Value added (% of GDP) in EU by sector (1995-2017)
Source: Adapted from World Bank (2019)

Considerable increase can be seen in the service sector from 1995 to 2017, which goes
beyond the whole economic growth in EU. According to World Bank (2019), this evolution
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(5.12% over 23 years) was accompanied by the decline industry share (decreased 4.72% in
23 years) and agriculture, forestry and fishing (decreased 1.21% in 23 years). It must be
emphasized that this movement refers to sectoral growth rates relative to the total economy,
which does not mean that only the service sector had grown during this interval. The volume
of goods supplied by the EU manufacturing industry, for example, has continued to increase
even with all this structural change, as highlighted by the EC Directorate General for

Enterprise and Industry (2015), and only reduced its share of overall economic activity.

Still, according to the Directorate General for Enterprise and Industry (2015), the rising trend
of service activities in developed countries is explained by the Baumol's effect (Baumol,
1967) which identified that technological advancement in progressive sectors generates a
response effect in non-technological sectors, and makes the relative price of services higher.
This increase has made the service sector more attractive to the labour force and increased

its share in economic activity, a trend observed in all developed economies (EC, 2015).

Structural changes are not only influenced by technological development and prices
variation, but also by other factors such as financial crisis, globalization, outsourcing and the
recent phenomenon of relocating certain activities to lower labour-cost regions, inside or
outside the EU, as EC has detailed (2019). The real importance of this relocation to the
economic activity, and consequently to the electricity intensity index, is discussed in Section
3.1.3.

3.1.3. EU economic relocation

To assess the impact of relocation on the EU economy, it is necessary to understand the
reason for an economic activity to take place in a specific location. According to Capik &
Dej (2018), the decision of setting up an activity in a certain region began to be discussed
for the analysis of agricultural production from the perspective of the location theory
precursor, Johann Heinrich von Thinen (1826). Von Thinen concluded that there was a
relationship between land use for agricultural activities and the distance from the central
marketplace (Capik & Dej, 2018). The industrialization and the society development for the
city-based model made Alfred Weber perceive an evolution of VVon Thiinen's model and
create a theory of the industries location in 1929 (Wood & Roberts, 2011). Weber identified
that the installation of an industry or a company depended basically on the transportation
cost, whether it is from raw materials to the manufacturing plant or from finished products
to the market (Capik & Dej, 2018).
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The evolution of business models and the introduction of globalization concept have
reinvented the economy, introducing a new value chain with different concepts,
opportunities and challenges. However, the basic ideal of most economic activities remains
to be reducing production costs as much as possible to increase profit margins. Seeking
competitive alternatives and internationalization, so-called multinational enterprises
(MNESs) looked for new positioning strategies and expanded beyond their borders in a
process that involves moving a company from one place to another or expanding installations
to new locations (Capik & Dej, 2018). As pointed out by Kim & Aguilera (2016), the
decisions to choose a new location to take place evaluates several characteristics, the main
ones being: transport and communication infrastructures, the size of the local market, tax
rates applied at that location and availability of human capital. All these considerations seek
to increase productivity and income. Although technology has strongly advanced and
nowadays allows communication anywhere in the world, the location decision still critical

and can create alternatives to optimize all types of economic activity.

Activities displacement is highly justified concern and can cause changes in employment,
energy and electricity statistics, investments, education, among others. However, there are

few studies about the real impact of relocation.

One of the official EU documents assessing this issue was requested by the European
Parliament's Committee on Industry, Research and Energy (ITRE). The report entitled
‘Relocation of EU industry: An overview of literature’, noted that there is no data available
in Europe to quantify the real impact of relocation, but presented a set of studies that give an
idea of how the economic bloc reacts to relocations and showed that industry is the main
economic activity taking place in other countries (ITRE, 2006). Still according to ITRE
(2006), gathered data suggested that relocation in the EU appears to be limited and the
impacts on the economy are relatively small. In terms of changes in job vacancies, the
European Monitoring Centre on Change (EMCC) showed through the European
Restructuring Monitor (ERM) that relocation, outsourcing and offshoring represent 7.2% of
planned job reductions. On the other hand, internal restructuring accounts for 76.8% of
planned job reductions (EMCC, 2005). This study was conducted between 2002 and 2004
and demonstrated that, until then, the restructuring of economic activity has generated more

socio-economic impacts than relocation.

ITRE also presented relocation forecasts in EU through a survey based on “1019 interviews

with decision makers across the range of industries, regions and business models” (ITRE,
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2006). Results showed that 24% of the interviewed have intentions to displace industry
activities. However, the majority (35%) intend to maintain business within the EU by
moving to Central and Eastern Europe, while another 14% intend to move facilities to China

and just 3% to India.

Mentioned studies have shown an insignificant interference from relocation, outsourcing and
offshoring activities in the EU economy so far, apart from the trend to remain minimal as
most of the industry intending to relocate in the coming years expect to move to other
countries inside EU area. Therefore, relocation impacts on electricity intensity are not

relevant enough to be considered in this decomposition analysis.

3.2. Energy efficiency

3.2.1. Clarifying the concept and its benefits
Energy efficiency began to be widely discussed in the world after the 1974 oil crisis.
Reducing energy supply meant that it was necessary to find ways to meet demand and ensure
that supply was enough to the consumption pattern of that time (Ruffa et al., 2012). Although
it has been an important concept since then, the term energy conservation is often mistakenly
used to refer to energy efficiency. Schiller (2007) has well distinguished these two concepts
and defined energy conservation as a reduction in energy consumption or energy-using
services to save energy, while energy efficiency consists in maintaining or increasing outputs
of a given activity using less energy. Oikonomou et al. (2009) have enriched energy
efficiency definition by considering that the technological aspect is a key factor to reduce
energy consumption without change consumer’s behaviour. The World Energy Council
(2010) also defined energy efficiency improvement as being a reduction in the energy used

in a particular service or activity.

As one of the electricity intensity components, energy efficiency allows economy growth
using less energy resources and still providing the same service or level of comfort. Such
reduction in electricity consumption, together with the wealth generation growth, results in
the reduction of the intensity indicator values. The whole macroeconomic scenario
mentioned comes from a sustainable development guideline that, recently, has been
increasing in line with technological advances. Although not the only factor responsible for
the electricity intensity variation as described in Chapter 1, the results of energy efficiency

measures must be analysed in detail in order to assess their real impact on the economy.
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According to Ryan & Campbell (2012), on a report published by the IEA and illustrated by
Fig.2 of this dissertation, the benefits created by energy efficiency measures are the most
diverse and go beyond just reducing electricity consumption. In general terms, such
measures have the objective of maximizing social benefits by promoting environmental
improvements and maximizing cost effectiveness, influencing household consumers,

industries, utilities and regulatory agencies (Lazar & Colburn, 2013).
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Fig. 2 - The Multiple Benefits of Energy Efficiency
Source: Ryan & Campbell (2012)
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The document divulged by the IEA also presented a proposal for classifying these benefits
into two different groups: direct and indirect. According to this division and as well
organized by Pereira (2014), the direct benefits are those related to the energy system, while
the indirect ones may be of international, national, sectoral or individual interest. This
classification has reinforced the importance that energy efficiency has been taking and has

put this theme on the agenda of the most diverse areas.

3.2.2. Energy efficiency evolution in EU
EU can be considered the government organization that most introduces and acts on energy
and sustainability development measures. The action plans support this concern by setting
goals and ambitions that guide EU countries. The energy and climate measures agenda for
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the future consist of three key milestones set by the European Commission (EC). The first
one has become known as 20-20-20 EU-targets and aims to reduce primary energy
consumption by 20%, reduce greenhouse gas emissions by 20% and increase the share of
renewable energy sources generation systems (RES-E) by 20% in 2020, always comparing
to 1990 levels (EC, 2010). The second imposed milestone proposes a 40% reduction in
greenhouse gas emissions, an increase of 27% of the share of RES-E and a target of 27%
improvements in energy efficiency by 2030 (EC, 2013). The final goal in the EU's
perspective in terms of energy, climate and sustainability actions proposes a reduction of 80-
95% in greenhouse gas emissions, with a safe and competitive energy system by the year
2050 (EC, 2011b). Although these three action plans have become the most important as
they guide sustainability policies, efficiency measures in EU have been developed since the
beginning of the 21st century. Those goals set for the future are not isolated actions and are
supported by other preliminary initiatives that have made the scenario conducive to more

ambitious plans.

Starting in 2000, the former Commission of the European Communities (CEC) and current
EC launched the ‘Action Plan to Improve Energy Efficiency in the European Community’
(2000). This plan outlined simple energy efficiency initiatives to be implemented in the
transportation, manufacturing and building sectors, and cited an economic potential for
energy efficiency improvement of more than 18%. One of the objectives, according to the
text, was “to establish the foundation for a continuous and long-term improvement in energy
efficiency through the use of market forces and market transformation, with accelerated
development and diffusion of new energy-efficient technologies” (EC, 2000).

In 2006, EC proposed a more detailed plan to reach the full potential identified in Europe,
criticizing the EU's inability to implement energy efficiency measures until that date. The
‘Action Plan for Energy Efficiency: Realizing the Potential’ stressed that this potential value
could reach a 20% reduction in energy consumption, in addition to the €100 billion financial
potential that could be saved by taking the ten suggested measures (EC, 2006). The described
expectative in this plan foresaw effects in the three to six years after its publication and
evolved to underpin a very important directive in 2011, considered another major step

towards an overarching effort by countries (Pereira, 2014).

This was called the ‘Energy Efficiency Plan 2011 and reconsidered the efficiency measures
adopted so far, including guidelines for households in addition to transport, industry and
buildings (EC, 2011a). The EC, concern of reaching only half of the 2020 objectives,
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reinforced the role of EU, member states and other stakeholders, and restructured some
actions as well described by Pereira (2014). This plan is one of the most important in the
recent history of the EU energy sector as it considered energy efficiency as being the most
effective solution to meet carbon and energy reduction goals, besides presenting the picture
that the EU was experiencing at the time. However, some organizations such as the European
Council for the Energy Efficiency Economy (ECEEE) criticized the plan for not containing
technical information and not describing in detail how the program implementation could
contribute to the expectations set for 2020 and 2050 (ECEEE, 2011).

Energy efficiency evolution should not only be evaluated by these plans, as the success of
the measures involves the most distinct variables such as the price of electricity and other
forms of energy, economic performance, technology development and market barriers. In
addition to these variations, energy efficiency is also characterized by being difficult to
measure due to its very characteristic problems such as rebound effect and free riders, as
explained by Geller & Attali (2005) and Hossein & Khawaja (2012), respectively. In any
case, dividing this analysis into distinct cycles using the plans published by the EC as
milestones facilitates the overview and allows comparison between different periods. Fig. 3

illustrates the key measures taken and strategies for the future on the EU energy agenda.

*Action Plan to Improve Europe 2020
Energy Efficiency in the A strategy for smart, sustzinable
European Community” and inclusive growth

*Action Plan for Energy A 2030 framework

Efficiency: Realizing the for climate and
Potential®

energy policies

‘Energy Efficiency Energy Foadmap
Plan 2011° 2050

2000 2006 2011 2020 2030 2050

Fig. 3 - EU energy efficiency agenda
Source: Adapted from EC (2000, 2006, 2010, 2011a, 2011b, 2013)

3.2.3. Electricity intensity in EU
Despite being a well-organized and politically strong institution, the EU is also characterized
by being a quite varied economic bloc because of the natural diversity of its member states.
Itis a huge geographical area with variety of cultural, linguistic and institutional expressions,
as well as considerable climatic, economic, environmental and political diversity. This

heterogeneity is reflected in the electricity intensity indicator, which widely varies across
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EU countries, as shown in Table 2. Values were calculated in tonnes of oil equivalent

(toe)/million euro.

Table 2 - Electricity intensity in EU countries (toe/million euro) - 2017

Electricity intensity

Country (toe/million euro)
European Union - 28 countries 12.52
Euro area (19 countries) 12.53
Belgium (BE) 14.02
Bulgaria (BG) 36.02
Czechia (C2) 21.07
Denmark (DK) 7.26
Germany (DE) 11.53
Estonia (EE) 22.16
Ireland (IE) 5.55
Greece (EL) 18.80
Spain (ES) 13.50
France (FR) 11.70
Croatia (HR) 20.67
Italy (IT) 12.73
Cyprus (CY) 14.63
Latvia (LV) 17.57
Lithuania (LT) 16.39
Luxembourg (LU) 9.39
Hungary (HU) 22.31
Malta (MT) 13.49
Netherlands (NL) 10.81
Austria (AT) 11.86
Poland (PL) 22.36
Portugal (PT) 17.48
Romania (RO) 16.26
Slovenia (SI) 23.51
Slovakia (SK) 23.50
Finland (FI) 26.06
Sweden (SE) 16.81
United Kingdom (UK) 8.06

Source: Based on Eurostat (2019a, 2019c¢)

While countries such as Ireland (5.55), Denmark (7.26), United Kingdom (8.06) and
Luxembourg (9.39) presented low values in 2017, other countries such as Finland (26.06)

and Bulgaria (36.02) were above the average of all listed countries. Although the intensity
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indicator must not be superficially evaluated and should consider distinct aspects, the
divergent figures show how versatile the EU area can be.

However, those presented indexes were much higher at a time when energy efficiency was
scarcely considered. Average values of all EU countries in 1995 were almost two times
higher than in 2017, as illustrated by Fig. 4. During this period, energy efficiency has become
a very hot topic on sustainability agenda, as highlighted by Section 3.2.2, and the electricity

intensity indicator has been declining year after year.
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Fig. 4 - EU-28 electricity intensity from 1995 to 2017 (toe/million euro)
Source: Adapted from Eurostat (2019a)

In addition to the economic, efficiency and climate contributors, another factor that may be
relevant to a country's electricity intensity is the energy policy adopted by its government.
Ideologies and political-economic systems can contribute to an electricity intensity variation,
since they have a direct influence on economic activity and can influence energy prices and
long-term electricity demand.

Former Soviet states, for example, were always identified by being very electric-intensive,
an aspect justified by the abundant supply of generation resources and the lack of concern
with energy use. In addition, these governments were characterized by a high level of
interventionism, maintaining low electricity prices and encouraging an exacerbated
consumption (Kozlova, 2012). Years after the dissolution of Soviet Union, which ended in
1991, electricity intensity values have sharply decreased. This positive reduction could be
explained by two main factors: the decrease of the economic activity of these countries
(Cornillie & Fankhauser, 2004) and the greatest concern for energy security and energy

efficiency.

Baltic states (EE, LT, LV) are former representatives of the Soviet Union who are currently
part of the EU. These countries did not deviate from this decrease trend as they had high

electricity intensity values in the early 1990s and reduced more than EU average from 1995
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to 2017. The same is true for most countries in a group defined by OECD (2001) as Central
and Eastern European Countries (CEECs), which comprises the following former
communist states: Bulgaria, Croatia, Czechia, Hungary, Poland, Romania, Slovakia,
Slovenia and Baltic countries. Fig. 5 illustrates the reduction (%) of the electricity intensity
of EU member countries from 1995 to 2017. Countries with the highest percentage showed
the biggest decrease in electricity intensity over this period. Considering CEECs, only
Croatia, Hungary and Slovenia are not on the top ten countries.
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Fig. 5 - Electricity intensity decrease from 1995 to 2017 (%)

The drastic reduction in electricity intensity values by the CEECs compared to the rest of
the EU-28 countries from 1995 to 2017 is also shown in Fig. 6. The map distinguishes EU-
28 countries by colour intensity, enlightening that the reduction in countries geographically
located in eastern Europe was higher than the average. The darker the country's plot on the

map, the higher was the electricity intensity decrease.
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Fig. 6 - Map of electricity intensity decrease in Europe from 1995 to 2017 (%)

As shown in Figs. 4, 5 and 6, the EU has presented a reduction in electricity intensity values
since 1995. Therefore, it is clear that the evolution of energy efficiency is one of the
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determining factors that made possible for countries to produce more goods and services by
consuming the same amount of electricity (or keep GDP stable by consuming less
electricity). It remains to be seen how important this contribution was and its relationship

with another component: the electrification of the economy.

3.3. Electrification

3.3.1. Electricity role in total final energy consumption
Over the last few years, electricity has become increasingly present in the routine of
industries, agriculture and services in general. Activities that once used fossil fuels as final
energy have been replaced by technologies that use electricity. According to IEA (2018a),
electricity share as a final energy source ranged from 9.4% in 1971 to 18.8% in 2016 across

the world. Fig. 7 illustrates the total final consumption variation by fuel.
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Fig. 7 - World total final consumption (TFC) from 1971 to 2016 by fuel
Source: Adapted from International Energy Agency - IEA (2018a)

2. In these graphs, peat and oil shale are aggregated with coal.
3. Data for biofuels and waste final consumption have been estimated for a number of countries.
4. Includes heat, solar thermal and geothermal.

Whereas it is expected that sustainability and greenhouse gas emissions policies are
becoming more aggressive and considering the efficiency improvements of electrical
products, it is projected that the participation of electricity in final energy consumption will
increase. According to an optimistic report, defined as ‘Sustainable Development Scenario’
and published by International Renewable Energy Agency, IRENA (2019), by 2050

electricity will account for 49% of total final energy consumption, as illustrated by Fig. 8.
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Although the greater participation of electricity in the world energy consumption profile may
be a major contributor to the achievement of sustainability goals, it should be noted that this
increase does not necessarily mean a reduction in greenhouse gas emissions, since the
fundamental fuel used for electricity generation can still be a fossil fuel. The more
environmentally friendly alternative can only be defined after the life cycle assessment of
each of the power generation projects, and the optimal scenario is usually the one that uses
renewable technologies such as wind and solar. The projection carried out by IRENA (2019)
points out that RES-E will be fundamental to the process of increasing electricity
participation, representing about 86% of the total technologies used for generation and

making this a positive scenario for sustainability, as shown in Fig. 8.

IEA (2019b) also noted that electricity will grow at a higher rate than the overall energy
demand, surpassing more traditional forms of energy consumption, such as oil. According
to The World Energy Outlook (International Energy Agency, 2019b), this change is led by
the rise of electric industrial motors, as well as the increased share of electric vehicles and
household appliances. The ‘Sustainable Development Scenario’ (IRENA, 2019) also
classified electricity as one of the few sources of energy that will increase its consumption
by 2040.

3.3.2. Electrification concept and its relationship with efficiency
The upward movement of the electricity share in the total final consumption illustrated by

Fig. 8 is known as electrification. As introduced in Chapter 1, electrification in this context
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should be understood as being the increase of the ratio of electricity to final energy demand
(Sugiyama, 2012).

The American Council for an Energy-Efficient Economy (ACEEE) also defined
electrification as being a switch process from technologies that use fossil fuel for those that
use electricity (ACEEE, 2019). ACEEE has performed a research exploring the relationship
between electrification and energy efficiency. According to the organization, while
electrification causes an increase in electricity consumption and energy efficiency measures
seek to optimize electricity consumption, these two processes are not conflicting, since
energy efficiency plays a central role in many electrification strategies. If designed in
parallel, both strategies have the power to save energy (final energy consumption), save
money, and reduce emissions (ACEEE, 2019).

Regarding the possibility to achieve efficiency, abundance and affordable energy supply,
Tsao et al. (2018) pointed out the different characteristics that make electricity the most
viable form of energy. In addition to being easily transported and easily converted to other
forms of energy, electricity cost is low considering a free-fuel electricity generation scenario.
Therefore, by classifying electrification as the change from a diversity of energy forms to
one that predominantly uses electricity, Tsao et al. (2018) argued that the increase of
electricity share combined with free-fuel electricity generation sources and grid flexibility

can bring environmental, economic and geopolitical benefits.

Electrification is interpreted by the scientific community as a positive process. It should not
conflict with energy efficiency measures, and both strategies should be complementary ways
of achieving sustainability goals. Owing to the increase in electricity consumption and
possible changes in countries’ economy, the greater participation of electricity in total energy
consumption directly impacts the electricity intensity index. Thus, electrification is one of

the components of the decomposition method described in Chapter 4.
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4. Methods and Data

Chapter 4 details the defined method and accessed data. Firstly, Section 4.1 describes the
traditional LMDI decomposition method, followed by an upgraded method proposed by this
dissertation (Section 4.2). Section 4.3 is a tutorial on how to interpret the obtained results
and Section 4.4 is an overview of the collected data.

4.1. Traditional LMDI decomposition approach and its
characteristics

From an extensive study describing the most used methods in decomposition analysis

research and seeking to find out what is the best one for policymaking in energy sector,

LMDI was considered the most appropriate, as concluded by Ang (2004). The author

emphasised its theoretical foundation, adaptability, ease of use and facility in results

interpretation. In this way and considering that it is already well consolidated, the LMDI was

the decomposition method chosen for this dissertation.

However, there are several variations in this method, and it is crucial to define the most
adequate so that the results are as accurate as possible. According to Ang (2015), the LMDI
decomposition approach can be defined from the combination of three aspects: the method
according to the weight of the formula used (LMDI-I or LMDI-I1), the formulation of the
decomposition procedure (additively or multiplicatively) and the variable type (quantity or

intensity).

Considering that the objective of this dissertation is to decompose an intensity indicator and
taking into account technical aspects addressed by Ang (2015), such as the adaptability to
this scenario and the ease of interpretation of the results, the LMDI-I1 using a multiplicative
decomposition was defined as being the ideal method for this research.

According to Ang (2005), the LMDI method requires the definition of contributing factors
to changes in the variable that is intend to control. Considering that V represents the
electricity-related aggregate value (electricity intensity) and assuming that there are n factors
that contribute to the changes in V, the index decomposition analysis is given by Eq. 1:

V=2iVi= XiX1iXp; o Xn. (1)

where I = index decomposition analysys (IDA), V; = sub-category of the electricity-related

aggregate and xu, X2, ..., Xn = variables that contribute to the changes in each sub-category.
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However, the analysis of intensity indicators requires a greater detail of the Eq. 1
components. These type of index represent the change of a given variable in relation to
another, giving the idea of productivity. By definition (Chapter 1), electricity intensity
represents the ratio between electricity consumption and an economic output added value.
Considering that the wealth generation of a country is formed by the sum of the economic
output of all sectors and considering that the components of electricity intensity are only two
(n=2in Eq. 1), namely changes in economic activity and other improvements that influence
electricity intensity, the index decomposition analysis can be written in a more elaborated
way. Adapting what was proposed by Ang (2015) and replacing energy terms by electricity
terms, the index decomposition analysis can be detailed using Eq.2.

V=%l=2i%li=2i(%z—lii)=2i5ili ()
where I = electricity intensity index, £/= total electricity consumption, @ = total economic
activity level, El; = electricity consumption of sector i and Q; = economic activity level of
sector i. The electricity intensity components are represented by variables S and | which
describe the activity share in economy and the intensity factor, respectively. Therefore, in
the decomposition of an aggregate intensity indicator, S; = activity share of sector i and I; =

electricity intensity of sector i (Ang, 2015).

Considering that the multiplicative analysis procedure was chosen and 0 and T are,
respectively, the initial and final periods of evaluation of the intensity index, it is possible to

summarize these changes of electricity intensity using Eq. 3 adapted from Ang (2015).

vT
Utor = Vo =Ustr Uit (3)

where U,,, = total electricity intensity variation following the multiplicative analysis, V° =
electricity intensity at the time 0, VT = electricity intensity at the time T, U, = electricity
intensity effects associated with activity structure and U, = electricity intensity effects
associated with the intensity element. The Uy, and U;,; components are indexes in this
multiplicative case. When multiplied (Eq. 3), they will result in U;,, thereby indicating the
weight and real importance of each of the components (U, and U;,:) in changes in the

electricity intensity index between periods 0 and T.

Finally, factors U, and U;,; are given by Eq. 4 and Eq. 5, respectively. These equations
were first described by Ang & Choi (1997) and organized by Ang (2015) in a paper that is a

guide for implementing the LMDI decomposition approach.
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Still according to Ang (2015), L(x,y) is the logarithmic average of positive numbers x and y,
xX=y
Inx-Iny’

given by: L(x,y) = ifx#yorL(xy)=xifx=y.

4.2. Breaking down the intensity component

Section 4.1 detailed and adapted a method proposed by Ang (2015) that results in the
structural and intensity components and allows to distinguish the contribution of factors
related to the economic structure from the factors related to changes in electricity
consumption and conservation. However, constant changes regarding the increase of
electricity share in the total final energy consumption, or simply electrification as described
in Section 3.3.2, make it difficult to identify the real influence of energy efficiency on total
electricity intensity variation. The electrification process, which is predicted to be increasing
as seen in Fig. 8, may advance more than the wealth generation growth, and so the analysis

of the electricity intensity index variation may not be accurate.

In this way, an even more detailed analysis is proposed, in which the contribution of energy
efficiency and electrification are distinguished in two different indexes. These two indexes
are components of the intensity factor (U;,;), and will replace it in this new decomposition
analysis. In order to add the new energy efficiency and electrification elements as
components of the decomposition of the total electricity intensity index, a variation of the
method developed by Ang (2015) is proposed.

By breaking the intensity element into these two other factors, and considering that the
components of electricity intensity are now three (n = 3), namely changes in economic
activity, energy efficiency and electrification, new elements are introduced to Eqg. 2 which

can be rewritten as Eq. 6:
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where I = electricity intensity index, £7= total electricity consumption, @ = total economic
activity level, E; = energy consumption of sector i, El; = electricity consumption of sector i
and Q; = economic activity level of sector i. In this case, the components of total electricity
intensity are represented by variables S, F and K and describe the economic activity share,
energy efficiency and electrification, respectively. Therefore, in the decomposition of an
aggregate intensity indicator, S; = activity share of sector i, F; = energy efficiency of sector

i and K; = electrification of sector i.

The multiplicative analysis procedure continues to be used for this decomposition into three
different components, and Eq. 3 describing the real importance of each of the components

can now be written as Eq. 7 described below:

vT
Utor = Vo = Ugtr Ueff Ukwh (7)

where Uy, = electricity intensity effects associated with activity structure, U, ¢ = electricity
intensity effects associated with energy efficiency and Uy, = electricity intensity effects
associated with electrification. Intensity component (U;,,;) detailed in Eq. 5 is partitioned

into indexes U,f¢ and Uy,,, Which, if multiplied, will result in U;,,. Components U, ¢ and

Uiwn are given by Eq. 8 and Eq. 9, respectively.
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4.3. LMDI-II results interpretation

LMDI-I1 decomposition analysis method developed and proposed by Ang & Choi (1997),
and widely used in studies of indexes decomposition related to the energy sector as discussed

in Section 2.3, gives as a product two decimal numbers which, if multiplied, result in the
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total electricity intensity index variation (U,,;) without leaving a residual term. Thus the
results of the applied numerical method are indexes that represent the importance of each of
the components, namely electricity intensity effects associated with activity structure (Ug,)

and electricity intensity effects associated with intensity factors (U;,¢)-

The Uy, and Uy, indexes represent, in percentage, how the electricity intensity indicator
(Utor) Would behave if one of these elements remained unchanged during the analysed
period. Supposing a fictitious scenario that, after applying the decomposition method, results
in Ugs,r = 0.95, it should be understood that if there is no change in energy efficiency (Ujn: =
1.00), the U;,; value will also be 0.95. These figures are given as an example and would
indicate a final electricity intensity of 95% of the initial value and, therefore, a 5% reduction
caused exclusively by changes in the structure of economic activity (Us,-). In this described

scenario, energy efficiency and other factors had no influence on electricity intensity.

In the same way, when applying the decomposition method described in Section 4.2 that
results in three different components, U, and Uy, represent, in percentage, how the total
electricity intensity indicator (U,,;) would behave if all other components remained exactly
the same during the analysed period. Assuming that U,,, = 1.15, for example, it is
understood that, if there is no change in the structural or energy efficiency scope, U;,; Will
also be equal to 1.15. In this hypothetical case, electrification would be responsible by 15%

of the variation in total electricity intensity.

Isolating and individually analysing the impact of the components on the total electricity
intensity shows the real influence of each one of the factors. This assessment clarifies the
influence of energy efficiency measures and the influence of changes in structural activity
on the evolution of the intensity indicator over time, and can answer whether the variations

on the electricity demand side were actually from efficiency improvements.

4.4. Data

To assess the electricity intensity components in EU, data were selected from Eurostat - the
organization of the European Commission which is the EU statistical office (Eurostat,
2019b). Eurostat is widely used by decision makers and the academic community for
different types of research, being an extremely reliable data source that contains statistical
information on economics and finance, population and social conditions, industry and

services, international trade, transport, energy and environment, among others. This database
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is also characterized by allowing comparison and statistical analysis between member
countries, having evolved over the years and increasing its importance with the growing

relevance of the EU in the world economy.

To apply the method presented in Section 4.1, data on total electricity consumption,
electricity consumption by sector, total activity level, activity level by sector, total electricity
intensity and electricity intensity by sector were required. To include the electrification
factor explained in Section 4.2 as one of the electricity intensity components, total energy
consumption data are required in addition to the total electricity consumption already
mentioned. These two variables allow the calculation of electricity share in the final energy

consumption.

Energy consumption and electricity consumption data were taken from 'Complete energy
balances (nrg_bal_c)' (Eurostat, 2019a) which contains energy and electricity consumption
information measured in thousand tonnes of oil equivalent (ktoe). This data source contains
records of each member country in addition to aggregations made for the Euro area (19

countries) and EU-28 (28 countries).

Regarding variables related to economic activity, Gross value added (GVA) data were taken
from the 'Gross value added and income by A*10 industry breakdowns (nama_10_al0)'
(Eurostat, 2019c) which contains records of total activity level and activity level by sector,
measured in million euro and considering current prices. According to the European Central
Bank, ECB (2003), GVA is measured net of taxes and subsidies on products and adjusts the
GDP. Therefore, the use of that economic variable works best in this study which
contemplates different countries, considering that each country has its own tax rate
rules. This data source also contains records from each member country and aggregations
made for the Euro area (19 countries) and EU-28 (28 countries). Although Eurostat has
classified economic activity into ten different categories, aggregation into three different
sectors has been defined for this research: Industry; Commercial (services, transport and
others) and Agriculture (agriculture, forestry and fishing). As indicated in Section 3.1.1, this
classification is justified by the fact that GVA data will be correlated with electricity

consumption data, which are only available for these three sectors mentioned above.

Total electricity intensity and electricity intensity by sector were calculated by dividing
electricity consumption values by the economic activity level, based on the definition given

in Chapter 1 and measured in toe/million euro.
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Data for above variables were calculated on an annual basis starting in 1995 and ending in
2017. A division in different cycles is proposed, based on the key energy efficiency measures
taken by EC recently and illustrated in Fig. 3. The first cycle covers the period from 1995 to
2000, the second cycle from 2001 to 2006, the third from 2007 to 2011 and the fourth cycle
from 2012 to 2017. An assessment from the whole cycle that covers the period from 1995 to
2017 is also proposed. It is crucial to emphasise that it is not intended to evaluate the success
of each of the EC directives that serve as milestones for the suggested cycles. The purpose
of this division is to provide an analysis of the evolution of the electricity intensity

components in the EU at different periods, enabling comparisons between the distinct cycles.
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5. Results and Discussion

The decomposition analysis proved to be a meaningful procedure for electricity intensity,
since its components contributed in different ways to the deviations of this indicator in the
EU. Section 5.1 reports the achieved results in the first decomposition, which considers
structural and intensity factors as the two components of electricity intensity. Subsequently,
Section 5.2 presents and discusses the achieved results in the upgraded decomposition,
which is more detailed and breaks down the intensity component in the efficiency and
electrification factors. Finally, a detailed analysis of the defined periods is given in section
5.3, which was split into easily understandable subsections 5.3.1, 5.3.2, 5.3.3 and 5.3.4.

5.1. Considering structure and intensity as the electricity intensity
components
EU-28 has dramatically reduced electricity intensity values in 22 years. The intensity index
figures for 2017 represent only 60.11% of the 1995 initial value. This 39.89% reduction
indicates that, in general, countries of the economic bloc reduced the ratio of electricity
consumption to the economic value-added during the evaluated period. In this section, the
decomposition analysis details the contribution of each of the two considered components
year by year and proved that most of the reduction was caused by advances in the intensity

factor, as illustrated in Fig. 9.
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Fig. 9 - EU-28 evolution of the two electricity intensity components (1995-2017)

These results are in line with those reported by authors such as Metcalf (2008) and Ldschel

(2015), although they have addressed energy intensity instead of electricity intensity and the
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figures are not directly comparable. These authors found more expressive results, with a
strong influence of the intensity factor. Metcalf (2008) accessed data from the United States
in the 1970s and concluded that 75% of the energy intensity decrease was due to energy
efficiency improvements. On the other hand, Loéschel (2015) investigated the EU and
concluded that the variation in energy intensity had a similar influence from the structure
and the intensity effects until 2003. From 2004 to 2009, the intensity effect increased its

relevance and had a greater influence on the energy intensity reduction.

Regarding the components of this electricity intensity decomposition, it is noted that the
intensity (U;,:) and activity structure (Ug.-) curves had falling behaviour. However, the
decrease level of these elements is different, as is the distance of each of them in relation to
the curve that represents the total intensity index (U:,:). The greater proximity of the
intensity curve to the total electricity intensity curve indicates that energy efficiency and
other intensity elements were more relevant and had a greater participation in the reduction
of the total electricity intensity values in the period 1995-2017. During this interval, if there
had been no changes in the economic structure and the activities maintained their respective
share in the economy, the total electricity intensity indicator in 2017 would represent 64.73%
of the value recorded in 1995. Therefore, a reduction of 35.27% exclusively due to intensity
improvements throughout the electricity consumption chain. Results for each of the EU-28

countries is shown in Table 3.

Greece was the only EU-28 country in which, if there had been no structural changes in the
economy, the electricity intensity would have increased in 2017 compared to 1995.
According to Centre for Renewable Energy Sources and Saving, CRES (2018), until 2007
the country showed high indications of economic growth and industry modernization,
leading to an increase in electricity consumption and an even greater increase in economic
growth, as a result of efficiency improvements and consequently decreasing electricity
intensity values. However, Greeks were severely impacted by the global economic crisis that
began in 2008 and, despite directives to encourage end-use efficiency, the economic
recession and unstable electricity prices shifted their focus and delayed the evolution of
energy efficiency in the country.
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Table 3 - Intensity component (U;,,.) and total electricity intensity (U,,,) variation (1995-2017)

Country Intensity Total
Uine Uior
Lithuania 0.1907 0.1813
Romania 0.1931 0.1754
Estonia 0.2020 0.1892
Slovakia 0.2279 0.2239
Latvia 0.2415 0.2269
Bulgaria 0.2573 0.3144
Ireland 0.3013 0.3106
Czechia 0.3131 0.3061
Poland 0.3699 0.3476
Hungary 0.4373 0.4344
Sweden 0.4701 0.4205
United Kingdom 0.5066 0.4491
Luxembourg 0.5397 0.3746
Denmark 0.5398 0.5014
Malta 0.5536 0.4545
Slovenia 0.5724 0.5644
Finland 0.6166 0.5565
European Union - 28 countries 0.6473 0.6011
Croatia 0.6671 0.6549
France 0.6938 0.6363
Spain 0.7047 0.6420
Italy 0.7150 0.6547
Netherlands 0.7330 0.6331
Austria 0.7383 0.6897
Germany 0.7625 0.7394
Belgium 0.8270 0.7019
Cyprus 0.8476 0.8029
Portugal 0.8517 0.7736
Greece 1.0190 0.9202

Considering the structure scope and still analysing results presented in Fig. 9, if there had
been no improvements in the intensity field, total electricity intensity in 2017 would
represent 92.87% of the 1995 amount, and therefore a reduction of only 7.13% due to
changes in economic structure. Service sector expansion in the economy was presented in
Section 3.1.2 of this dissertation and may explain the decrease in electricity intensity values
caused by changes in structural composition. According to the World Bank (2019), the

service sector is taking market share of the industrial sector in EU since 1995. Services

34



activities are less energy intensive than industry, explaining the reduction in electricity

intensity caused by changes in economic structure.

Contrary to the intensity component, results for the structure element were more uniform
across EU countries. Despite the dynamism of the economy, structural changes that caused
variation on electricity intensity were rather similar and the structural index was close to
1.00 in most of the countries. Ireland and Bulgaria were the only countries that had structural
indexes above 1.00, indicating that changes in the economic activity would increase total
electricity intensity values if there had been no changes in the intensity field. Greece stood
out as the only country in the EU in which structural changes were more influential and had
a greater impact on the intensity indicator than variations caused by efficiency and other

improvements. Table 4 presents the calculated structure component for all countries.

Table 4 - Structure component (Ug,-) and total electricity intensity (U,,.) variation (1995-2017)

Country Structure Total
Ustr Utot
Luxembourg 0.6941 0.3746
Malta 0.8210 0.4545
Belgium 0.8486 0.7019
Netherlands 0.8637 0.6331
United Kingdom 0.8866 0.4491
Sweden 0.8945 0.4205
Finland 0.9026 0.5565
Greece 0.9031 0.9202
Romania 0.9081 0.1754
Portugal 0.9083 0.7736
Spain 0.9110 0.6420
Italy 0.9157 0.6547
France 0.9171 0.6363
European Union - 28 countries 0.9287 0.6011
Denmark 0.9290 0.5014
Austria 0.9341 0.6897
Estonia 0.9366 0.1892
Latvia 0.9395 0.2269
Poland 0.9397 0.3476
Cyprus 0.9473 0.8029
Lithuania 0.9510 0.1813
Germany 0.9696 0.7394
Czechia 0.9778 0.3061
Country Structure Total
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User Uior
Croatia 0.9818 0.6549
Slovakia 0.9826 0.2239
Slovenia 0.9861 0.5644
Hungary 0.9933 0.4344
Ireland 1.0309 0.3106
Bulgaria 1.2221 0.3144

In addition to the varied range of results obtained depending on the country in which the

decomposition method was applied, there was also a variation in the influence of structure

and intensity factors depending on the period evaluated. The 1995-2017 period breakdown
into four distinct cycles (1995-2000, 2001-2006, 2007-2011 and 2012-2017), as defined in
Section 4.4, proved to be fundamental as the evolution of efficiency measures in EU did not

always occur at the same pace. Fig. 10 shows the difference between total electricity intensity

and its components in the four covered cycles, relating the index in the last year of each cycle

with the index in the first year. In this way, the achieved value for 1995-2000 represents the

electricity intensity of 2000 compared to the electricity intensity of 1995, and so on.
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Fig. 10 - EU-28 Electricity Intensity decomposition by cycle (two components)

5.2. Breaking down the

intensity components

intensity component — Considering
structure, electrification and efficiency as the electricity

Electricity intensity decomposition into three components contributed to a more complete

analysis of the real behaviour of this index. It is essential to note that both total electricity

intensity variation and structural component variation from 1995 to 2017 maintained the

36



same results discussed in Section 5.1. The intensity factor, however, was decomposed into
two other components, namely efficiency and electrification, generating new results that
allowed distinguishing the contribution of energy efficiency improvements from the other

elements.

Each one of the three components had completely different behaviours and influenced the
total electricity intensity index in a different way. While the efficiency and the structural
factor contributed to the reduction of the electricity intensity index, the electrification factor
acted in the opposite direction and contributed to an increase (or decrease at a slower rate)
of this index. Fig. 11 shows the variation of the three considered components in the

decomposition analysis from 1995 to 2017.
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Fig. 11 - EU-28 evolution of the three electricity intensity components (1995-2017)

The electrification factor curve had an increasing behaviour over the years and, except for
1996, this component always presented values above 1.00. It is noteworthy that the
electrification curve in Fig. 11 evidences the increase of the electrification component in
relation to the electricity intensity index, and not simply an increase of electricity
consumption. The achieved result for this index in the 1995-2017 cycle (1.2601) implies
that, if there had been no variation in structural and efficiency factors and these components
remained unchanged during this period, the total electricity intensity in 2017 would have
been 26.02% higher than in 1995.

The electrification factor increase was practically constant from 1996 to 2012, and since then
this index has stabilized at around 1.26 until the end of 2017. Considering that the results

were almost always above 1.00 in the evaluated period, it is possible to verify that GVA
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growth in EU did not occur at the same pace as the increase in electricity consumption,
provoking an increase in the electricity intensity index.

However, in order to have a more detailed picture of the impact of substituting other energy
sources for electricity, an integrated analysis would be necessary. In addition to electricity
intensity and its components, other factors that are beyond the main theme of this dissertation
should be considered, such as energy intensity and other economic, environmental, social

and political aspects.

Extending the granularity of the decomposition analysis illustrated in Fig. 11, a breakdown
of the electrification indexes obtained across the EU-28 over the period 1995-2017 is given
in Table 5. The only country with an electrification index lower than 1.00 was Austria.
Although Austria had a 47% growth in electricity consumption (Eurostat, 2019a), it also had
an economic growth of almost 100% in the same period (Eurostat, 2019c), and thus
contributing to the reduction in total electricity intensity. All other countries had economic
growth rates below the electrification rate, justifying most of the indexes above 1.00.

Sweden was the only country that reduced absolute electricity consumption in 2017 when
compared to 1995 (Eurostat, 2019a). Although it was a slightly variation, at around 0.07%,
it was still less than the decreased of 4.51% in total energy consumption at the same period.
Therefore, even though electricity consumption has decreased in absolute terms, electricity
share in the final energy consumption has increased, justifying an electrification factor of
1.0942 for this country.

Table 5 - Electrification component (Uy,,1,) and total electricity intensity (U;,;) variation (1995-
2017)

Electrification Total
Country
Ukwh Utot
Austria 0.9199 0.6897
Finland 1.0171 0.5565
Sweden 1.0942 0.4205
Denmark 1.1420 0.5014
Germany 1.1622 0.7394
United Kingdom 1.1873 0.4491
Belgium 1.1993 0.7019
Latvia 1.2222 0.2269
Hungary 1.2234 0.4344
Electrification Total
Country
Ukwh Utot
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France 1.2309 0.6363

Poland 1.2580 0.3476
European Union - 28 countries 1.2602 0.6011
Bulgaria 1.2703 0.3144
Lithuania 1.2744 0.1813
Slovenia 1.2769 0.5644
Ireland 1.2892 0.3106
Slovakia 1.2916 0.2239
Croatia 1.3171 0.6549
Netherlands 1.3332 0.6331
Luxembourg 1.3495 0.3746
Spain 1.3561 0.6420
Malta 1.3761 0.4545
Czechia 1.4091 0.3061
Estonia 1.4312 0.1892
Italy 1.4353 0.6547
Portugal 1.4491 0.7736
Cyprus 1.4729 0.8029
Greece 1.7003 0.9202
Romania 1.7605 0.1754

Results achieved for the efficiency component were different and contributed to the
reduction of total electricity intensity in all EU countries, as detailed in Table 6. In contrast
to what was observed in the first decomposition, in which the intensity factor was not always
very significant in the total intensity index, in this more detailed process the influential
participation of the efficiency element was highlighted. In 17 of the 28 analysed countries,
electricity intensity values in 2017 would have decreased by more than 50% compared to
1995 if they had only been influenced by efficiency improvements and the other components

had remained unchanged.

Another aspect that demonstrated the evolution of energy efficiency in EU over these years
was the increasing proximity of this element to the total electricity intensity index. In all EU-
28 countries the efficiency index was the closest factor to the total index, supporting that this
component was the most influent in electricity intensity variation. This proximity must be
perceived as a positive indicator as the optimization of electricity use has been taking place
across all EU countries and the mobilization around this topic has been producing effective

results.
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Table 6 - Efficiency component (U,sf) and total electricity intensity (Uy,,) variation (1995-2017)

Efficiency Total

Country

Uess Uior

Romania 0.1097 0.1754
Estonia 0.1411 0.1892
Lithuania 0.1496 0.1813
Slovakia 0.1764 0.2239
Latvia 0.1976 0.2269
Bulgaria 0.2025 0.3144
Czechia 0.2222 0.3061
Ireland 0.2337 0.3106
Poland 0.2941 0.3476
Hungary 0.3574 0.4344
Luxembourg 0.3999 0.3746
Malta 0.4023 0.4545
United Kingdom 0.4267 0.4491
Sweden 0.4296 0.4205
Slovenia 0.4483 0.5644
Denmark 0.4726 0.5014
Italy 0.4982 0.6547
Croatia 0.5065 0.6549
European Union - 28 countries 0.5136 0.6011
Spain 0.5197 0.6420
Netherlands 0.5499 0.6331
France 0.5636 0.6363
Cyprus 0.5755 0.8029
Portugal 0.5877 0.7736
Greece 0.5993 0.9202
Finland 0.6062 0.5565
Germany 0.6561 0.7394
Belgium 0.6680 0.6841
Austria 0.8026 0.6897

Although electrification and efficiency curves had well-defined profiles, as shown in Fig.
11, variations have not always been the same over the years. Thus, the decomposition
method was applied for each of the cycles defined in Section 4.4. Results showed a different
behaviour between electrification and efficiency elements in all four evaluated cycles, as
illustrated in Fig. 12.

The efficiency component index remained between 0.8173 and 0.8705 in all periods,
excepting for the last one, in which it presented an index value slightly higher than the total
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electricity intensity. The electrification element had results above 1.00 in almost all cycles,
contributing for the increase of the total electricity intensity in the first three periods.
However, in the fourth and last period, electrification was for the first time below 1.00
(0.9998) and had virtually no influence on the total intensity index. Therefore, and
considering that the structural component index was also nearly 1.00 (0.9969) in the 2012-
2017 cycle, almost all the electricity intensity reduction in this period was a result of energy

efficiency improvements.
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Fig. 12 - EU-28 Electricity Intensity decomposition by cycle (three components)

Another interesting way to analyse the evolution of the efficiency factor and its role in
reducing electricity intensity over the years is by comparing it to the intensity component,
detailed in Section 5.1. The intensity factor is formed by the product of efficiency and
electrification components. Thus, the greater proximity between the efficiency and the
intensity indexes determines greater relevance of the efficiency factor and lower
participation of the electrification factor. As shown in Fig. 13, the difference between
intensity and efficiency has been decreasing over the four cycles. In the last one, these two
indexes were practically the same and, therefore, efficiency assumed full prominence,

transforming electrification in a marginal element.
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Detailed discussion of structure, electrification and efficiency components in all four cycles
Is given in Sections 5.3.1, 5.3.2, 5.3.3 and 5.3.4 below.

5.3. Results of the detailed decomposition in the distinct cycles

Section 5.3 presents and discusses the obtained results of the upgraded decomposition in the
different cycles, namely 1995-2000 (Section 5.3.1), 2001-2006 (Section 5.3.2), 2007-2011
(Section 5.3.3) and 2012-2017 (Section 5.3.4). Results were not the same over the years. The
2012-2017 period stood out, as the efficiency component was virtually the only responsible

for the electricity intensity decrease.

5.3.1. First cycle (1995-2000)
After decomposing the electricity intensity index in the four defined cycles, it is evidenced
that the first one presented the greatest divergence results in terms of total electricity
intensity. Between 1995 and 2000, the European situation was still quite troubled in a post-
collapse of communism scenario across central and eastern Europe. Furthermore, European
countries were still seeking to be better organized after the Maastricht Treaty, which would
be a milestone for the consolidation of the EU (European Parliament, 2019). Countries
reality was completely different and, while the major powers sought to reinvent their
activities and increase participation in global economy, other less representative were still in

the process of building their economic profile.

This reconstruction redefined the participation of each of the economy sectors. Therefore,
the electricity intensity decomposition could not result otherwise than in the relevant

participation of the structure component (Us,-). The period of 1995-2000 had the greatest
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structural changes in the composition of economic activity in the EU (U, = 0.9725) and
was also the one with the highest electrification factor index (1.0914) and lowest efficiency
factor (0.8137). The composition of these three elements resulted in the lowest value of total

electricity intensity index among the four cycles.

If in terms of total electricity intensity there was a discrepancy between the EU-28 countries,
the decomposition analysis showed that the same did not apply to the structure element.
Although 1995-2000 had the lowest structure factor among all the four cycles, there was
some convergence between EU countries. This uniformity is a result of the economic

situation of each country at that time and can be explained by two main reasons.

The first one is justified by the fact that the eastern countries were still forming their
manufacturing activities and, therefore, did not have a consolidated industry. Industrial
activity is highly energy intensive, and the low level of industry development in eastern
Europe at that time contributed to low values of structure indexes after the electricity
intensity decomposition. The exception to this rule was Bulgaria, which disclosed the
structure component values (1.1637). The Bulgarian political and economic crisis in the
post-communist period was so significant that, although industrial sector wealth generation
declined in 2000 compared to 1995, its economic activity share increased, replacing part of
the service sector. This increase in industry participation influenced electricity intensity and
would increase its values if there had been no efficiency or electrification changes in this
period.

At the same time, developed countries were starting to make the opposite path and had a
reduction of the industry share in economic activities, naturally being replaced by the service
sector. This fact contributed to structure indexes below 1.00 in several countries, including
Netherlands, United Kingdom, Italy, Germany, Belgium, France and Sweden. The achieved
result for each country is detailed on Fig. 14, which differentiates the top ten countries as
being those that obtained as a result a structure component with the greatest positive
influence by contributing to the decrease of electricity intensity, and the lowest ten countries
as being those in which the structural factor had the least influence or even contributed to

the increase of the total intensity index.
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Fig. 14 - Structure component (Us;,-) in EU-28 (1995-2000)

During the first cycle, the electricity share of total energy consumption increased by 1.46%
(Eurostat, 2019a), representing the greatest increase of all periods. Such growth in electricity
consumption did not occur at the same pace as the EU economic output, contributing to a
greater influence of the electrification factor. Thus, if it were considered that there was no
interference from structural and efficiency factors during the years 1995 to 2000, the total

electricity intensity would have increased by 9.14% due to the electrification component.

The lowest ten countries had indexes above 1.11, representing an increase of, at least, 11%
in total electricity index and showing a decrease in the efficiency of electricity use in these
countries. On the other hand, Austria (0.9566), Croatia (0.9735), Finland (0.9962) and
Belgium (0.9996) were at the top ten group and were the only countries that resulted in an
electrification factor that contributed to the reduction of the total intensity index, although
the values were quite close to 1.00. Fig. 15 shows the achieved indexes for each country.
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Fig. 15 - Electrification component (Uy,, 1) in EU-28 (1995-2000)

Considered as a period in which some economies sought to structure their economic
activities, the 1995-2000 cycle had the lowest achieved values for the efficiency component.
The first cycle was also the one in which the efficiency factor index differed most from the
intensity factor, obtained in the first decomposition. The divergence between the efficiency
and intensity indexes shows the importance of the decomposition resulting in three
components. Concepts of efficiency and intensity, which initially appear to be similar,
proved to be completely different mainly in situations where the electrification factor is as

representative as it was in the period 1995-2000.

However, the high representativeness achieved for the efficiency component was not a result
of strategic measures and can be justified by two main factors. The first one was the
reduction of the participation of energy-intensive activities in the economy, making the
production of the same amount of goods and services possible through activities that
consume less electricity. The second factor was the unusual variation of GVA in less
economically representative countries such as the Baltic States, which have experienced an
economic growth of over 100% in five years. Fortunately, electricity consumption has not
increased at the same pace, enabling greater economic efficiency which has resulted in a
significant reduction in total electricity intensity, even though it was a natural movement

from countries that previously had low GVA values.

At the other end of the 1995-2000 efficiency component ranking were Austria (1.0125) and
Belgium (1.0285), the only countries in which the lack of energy efficiency would cause an

increase in the total intensity index if the structural and electrification components had
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remained unchanged during the first cycle. The obtained index for each country is detailed
in Fig. 16.
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ig. 16 - Efficiency component (U,sf) in EU-28 (1995-2000)

5.3.2. Second cycle (2001-2006)
The period from 2001 to 2006, defined in this dissertation as the second cycle, presented
very similar results to the first cycle. Without major changes in electrification (1.0824) and
structure (0.9777) factors compared to the first cycle, the total electricity intensity index was
slightly higher than the values obtained in the first years mainly due to the decrease of the
influence of the efficiency factor. The product of the three components was 0.8799,

indicating that the electricity intensity in 2006 was 12.01% lower than in 2001.

Succeeding the first major European energy efficiency plan named 'Action Plan to Improve
Energy Efficiency in the European Community’, released in 2000, this cycle brought an
optimistic view that could expect an immediate response to the measures that were part of
the plan. These measures could cause effects on the electricity consumption profile and
directly reflect on the decomposition of the total electricity intensity index. However, the
product of the decomposition method showed that structural, efficiency and electrification
components were practically the same as those obtained in the previous period, making it

difficult to understand the real immediate contribution from this plan.

The structural component was also very similar to the first cycle (U, = 0.9775) proving
that, if technological advances, energy efficiency measures and electrification process
remained unchanged during this cycle, the total 2006 electricity intensity would be 2.25%
lower compared to 2001. Overall, the structural component behaviour indicated that the
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contribution of each of the EU's economic activities remained stable over this period.
However, when the analysis is detailed at country level, the stability scenario is slightly
different.

In a disaggregated analysis of the structure component of each of the EU-28 countries
illustrated in Fig. 17, it was possible to notice a variation of some members in relation to the
first cycle. Although countries at the extremities of the ranking were the same, namely
Luxembourg with the lowest value (0.8855) and Bulgaria with the highest value (1.0913),
there was an even greater movement from the former Soviet states to the group of countries
with a structure index greater than 1.00 (CZ, PL, HR, EE, SK, LT, RO, BG) and, therefore,

with a structural component that caused an increase in total electricity intensity.

All the above countries experienced an increase in industrial activity over the period 2001-
2006, except for Croatia which basically had minor changes in the participation of the
commercial and agriculture sectors. Spain, Denmark, Malta, Finland and Ireland moved in
the opposite direction, reducing the structure index to less than 1.00 and indicating a

reduction in the participation of more energy-intensive activities.
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Fig. 17 - Structure component (Us;,-) in EU-28 (2001-2006)

While electricity intensity decreased over the years, the electrification has continued to
contribute in the opposite direction. Once again, the increase in electricity consumption
occurred at a faster pace than economic growth, causing a reduction in the efficiency of

electricity use in relation to the economic productivity.

The electrification index average for EU-28 in this period was 1.0824, being Cyprus (1.2186)
and Portugal (1.2066) the countries in which electrification contributed most to the increase

of the total electricity intensity index. Italy and France were two other countries that
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incorporate the list of lowest ten countries considering only the electrification element, even
though they were two of major EU economies at that time. In the top ten countries, only
Austria (0.9259), Malta (0.9490), Luxembourg (0.9585), Latvia (0.9762) and Lithuania
(0.9838) had indexes below 1.00, as shown in Fig. 18.
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Fig. 18 - Electrification component (Uy,, ) in EU-28 (2001-2006)

Determining the effectiveness of an efficiency plan is a difficult task by several factors,
including the possible presence of free riders, defined as consumers predisposed to
conservation with or without any incentive available (Haeri & Khawaja, 2012), or the
occurrence of rebound effect, defined by Maxwell et al. (2011) as increases in energy
consumption due to energy efficiency interventions. In this cycle, assessing the success of
measures dispatched by EC was even more difficult as the results were very similar to the
first cycle.

However, considering only the efficiency component, results showed that it remained quite
relevant although it did not influence the total electricity index as positively as it was in the
1995-2000 period. In the 2001-2006 cycle, the efficiency index resulted in 0.8317, being the
second lowest value among the four evaluated cycles. These results should not be understood
as a consequence of the public policies launched by EC, precisely because there was not
enough time to achieve the desired effect. Both the intensity component variation in the first
decomposition method and the efficiency component variation in the second method

occurred due to a natural evolution of technology from electricity demand side.

Another worth mentioning movement was the reduction of the difference of intensity and
efficiency index values. The distance between these indexes decreased in relation to the first

cycle and, as illustrated in Fig. 13, the two factors would be even closer in the following
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cycles. Regarding the efficiency factor, it can be highlighted the positive fact that only 1 of
the 28 countries in the EU presented an index above 1.00. Results for each country are shown
in Fig. 19.

1,30 - =
O Top ten countriss O EU Average m
[J Lowsst ten countries [ others :,
P
B —
1,10 - P
o oo o
e s 0o Moo
2 - R B
5 WK BMS A2 F 8 e w S =
2 0,90 N - - I A N A
E wd e BR300 gs0 0o o0
o RS e oo B0 g B2 e ]
o e e e e
z 2agds oo
c 070 I
& o
ke o o o
T
e
050
0,30
P &
e
[s3
&

Fig. 19 - Efficiency component (U,ff) in EU-28 (2001-2006)

5.3.3. Third cycle (2007-2011)

The third cycle presented the lowest variation of electricity intensity among the four
evaluated cycles. In the period 2007-2011 the total electricity intensity index was 0.9076,
considerably higher than the first and second cycles, which resulted in 0.8675 and 0.8799,
respectively. This figure indicates that in 2011 the total electricity intensity corresponded to
90.76% of the 2007 value, resulting in a reduction of only 9.24% in this period. Although
the third cycle has occurred after the 'Action Plan for Energy Efficiency: Realizing the
Potential’ (Section 3.2.2), created in 2006 by EC and expecting significant results in the near
future, the outcome was greatly influenced by the macroeconomic scenario that emerged
after the global crisis of 2008.

An unstable environment prevailed in the world economy, and what was seen was a
stagnation in all sectors that ended up influencing not only EU’s economic activity, which
grew only 1.76% from 2007 to 2011 (Eurostat, 2019c), but also the electricity consumption,
which fell by only 3.25% over the same five-year period (Eurostat, 2019a). This scenario
contributed to a slight variation in the total electricity intensity, and the decomposition
analysis showed that impacts of the three components behaved differently from previous

periods. While on the one hand the structural component remained almost the same as in the
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first two cycles, on the other hand the efficiency factor increased significantly and was the
main responsible for the reduction in the decrease rate of the total electricity intensity index.

The structural component was quite uniform, ranging only 0.1182 among 27 of EU-28
countries. The greater proximity between countries indexes can be explained by two factors.
The first one points to a trend towards stabilization of the EU economic structure, having
achieved a homogenization in the share of the industrial, commercial and agriculture sectors
in all countries of the economic bloc. The second and more likely is due to the fact that in a
period of economic recovery, there is no expectation of a change movement in the
participation of each of the economic activities, since they tend to decrease their wealth
generation in a similar way. The exception in this cycle was Romania, which had a
significant increase of 18.29% in industry share and was the only country with a structure
component index higher than 1.00 (U, = 1.0992). Fig. 20 details the obtained values for

the structural component in each country.
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Fig. 20 - Structure component (Ug,-) in EU-28 (2007-2011)

The electrification factor behaved similarly to the previous two cycles, although the reasons
for this performance were different. The average value of 1.0666 indicated that, if there had
been no variation neither in structural, nor in the efficiency factor and these components
remained unchanged during this period, the total electricity intensity would have increased
by 6.66% over the 2007-2011 period. Differently from 1995-2000 and 2001-2006 periods,
in the third cycle electricity consumption decreased 3.26% over the years, and, therefore, the
electricity demand in 2011 was only 96.74% of 2007 demand (Eurostat, 2019a). Total energy
consumption also varied in the same direction and had a further decline of 6.61% in the same

period. In this way, even though electricity consumption has dropped over this period, the
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share of electricity in the total energy consumption has increased, contributing to the
increased of electrification index in this decomposition analysis.

Regarding the individual analysis of each country, only Sweden (0.9538) and Finland
(0.9870) had electrification indexes below 1.00, indicating a contribution to the reduction of
the total electricity intensity. The ranking of the achieved value for EU-28 countries is shown
in Fig. 21.
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Fig. 21 - Electrification component (Uy,,) in EU-28 (2007-2011)

Considering the efficiency factor, a greater uniformity between EU countries results can be
highlighted, as shown in Fig. 22. The gap between top and lowest ten countries indexes has
considerably narrowed, and the United Kingdom (1.0144) was the only one above 1.00.

Even though it was a period of economic stagnation, all energy efficiency measures
developed since the release of the 'Action Plan to Improve Energy Efficiency in the European
Community', in 2000, maintained the third cycle with relevant results regarding the
efficiency factor. Although the average index value was slightly higher than the previous
periods, showing less influence on the total electricity intensity, the efficiency factor value
was even closer to the intensity factor, and remained fundamental for the reduction of the

total indicator.
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Fig. 22 - Efficiency component (U,ff) in EU-28 (2007-2011)

The benefits of plans and measures adopted so far were mainly seen in the last evaluated
cycle, enabling an almost ideal scenario of electricity intensity reduction caused basically by
advances in energy efficiency field, discussed in Section 5.3.4 below. In addition to the
adopted measures, increasing awareness of energy efficiency significance also helped to
achieve sustainability, economic and financial objectives in the following years.

5.3.4. Fourth cycle (2012-2017)
The fourth and last analysed cycle was the one that presented the most desired results in
terms of energy efficiency influence in a current scenario of sustainable development goal
achievement. Following the ‘Energy Efficiency Plan’, which triggered several strategic
measures with targets for the 2020, 2030 and 2050 plans established by the EC, what was
seen was a prominence of the energy efficiency component. One of the most important
programs was the Energy Efficiency Directive (EED), approved by the European Parliament
on 11 September 2012. The EED was marked by having applied stricter rules to meet the
European target of 20% energy efficiency by 2020, involving the entire energy chain and
including decision makers, energy companies and consumers (EC, 2012). As early as 2014,
the follow-up of the objectives set allowed the EC to affirm that “...(EU) has managed to
decouple economic growth from energy consumption through increased energy efficiency”

(EC, 2014).

The increase in energy efficiency role could be proven after the decomposition of the total
electricity intensity index, illustrated in Fig. 11. It is not clear what was the contribution of
each of the implemented directives, but all the mobilization around this theme contributed

to an optimization in the electricity use in this post 2011 period. As shown in Section 5.2,
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after the decomposition of the total electricity intensity, structural (0.9969) and
electrification (0.9998) indexes were practically equal to 1.00, showing that the total
intensity decrease was only due to improvements in energy efficiency field. Results obtained
for the last cycle were extremely useful for evaluating the effectiveness of energy efficiency
programs, as the use of electricity and its respective economic productivity can be evaluated
without any interference from other electricity intensity components.

Moreover, the results also showed that, even though a restructuring of the EU economic
profile is taking place recently, it has occurred very gradually during this last cycle. The
service sector increased its share in total GVA by 0.23%, while industry and agriculture have
decreased 0.19% and 0.04%, respectively (Eurostat, 2019c¢). This variation did not influence

the electricity consumption profile and did not affect electricity intensity.

Individualized analysis of each country's structure component showed a small influence of
the structural aspect on the total electricity intensity index and, as detailed in Fig. 23, most
EU countries were very close to the average value. Considering the EU-28 group, 13
countries had a structural component between 0.99 or 1.01, making results for the last cycle

the most uniform among the four evaluated.

By assessing countries that have deviated from the standard behaviour, Romania has reduced
industry participation in GVA by 11% during this 6-year period. Although the country has
developed its industrial activity after a period of economic crisis during the third cycle, the
industry participation varied from 43.80% to 32.43%. Sweden and Malta also reduced the
industry share in the economy (Eurostat, 2019c), considerably contributing to reduce the

electricity intensity.

Contrary to the growth bias of the service sector, Ireland had an 11% growth in its industry
share in the economy. Much driven by the impressive reconstruction after the 2008’s global
crisis, the Irish economy showed a consistent recovery mainly after 2014, being the
European country with the highest economic growth in that year, according to the World
Bank (2019). The reestablishment of Ireland’s economy was only possible due to the rapid
development of the industry and, although this growth has pushed the total electricity
intensity index to increase over the period 2012-2017 (U, = 1.1383), it occurred in parallel
with technological advances in the energy efficiency field that allowed reaching a total

electricity intensity index of 0.6024 in the fourth cycle.
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Fig. 23 - Structure component (Ug,-) in EU-28 (2012-2017)

Given that the average electrification factor in the EU was 0.9998 in the fourth cycle, many
countries with indexes below 1.00 were accounted in this period. Considering all EU-28, 10
countries were in the group in which electrification contributed for reducing electricity
intensity, including major economies such as United Kingdom (0.9317) and Germany
(0.9732). The last cycle was also highlighted by the uniformity of the electrification index
obtained for all countries. Estonia (1.1936) was an outlier that considerably contributed to
the unwanted increase in the electricity intensity index. Fig. 24 details the achieved values

for the electrification component in each country.
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Fig. 24 - Electrification component (Uy,,) in EU-28 (2012-2017)

Considering the efficiency component of the intensity factor, it was already noted that this
element was basically the only one that caused changes in the electricity intensity index

during the 2012-2017 cycle. In addition to being relevant in the optimization of electricity
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consumption during this period, the efficiency index was, for the first time, below 1.00 in all
countries and, therefore, changes in energy efficiency caused a reduction in the total intensity
index across the EU. Although achieved results were not as great as expected in numerical
terms, the uniformity achieved is undoubtedly a standout factor. This characteristic
demonstrated that, in one way or another, the rigor and ambition of EC directives in the

energy efficiency field has been causing positive effects in all 28 countries.

EU-28 countries had no tendency to be organized by economic strength, geographical
location or predominant political regime. In this way, even though all countries had positives
efficiency indexes, contributing to the reduction of electricity intensity, there was no well-
established standard of group organization. Probably because of the economic reasons,
Greece continued to be the country in which energy efficiency was least influential in this
last cycle (0.9908). In addition to the Greece, Croatia, Cyprus and Hungary also did not have
significant developments in energy efficiency field, having been the lowest countries in
terms of efficiency indexes (0.9771, 0.9891 and 0.9895, respectively).
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Fig. 25 - Efficiency component (U, ss) in EU-28 (2012-2017)

From achieved results in the last cycle, it is concluded that the challenge from then on is to
increase the impact that energy efficiency plans have on the intensity indicator, decreasing
the efficiency index compared to other electricity intensity components. The optimization of
these measures, combined with the prominence achieved by the energy efficiency initiatives
in the 2012-2017 period, will contribute to an efficient economic growth in terms of

electricity consumption.
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6. Conclusion

The imminent plea for sustainable development has broadened the necessity of initiatives
that seek to balance economic growth and electricity consumption. Although some actions
such as energy efficiency plans and the electrification of the economy are already a reality,
the specific relation between electricity consumption and economic productivity has not yet

been thoroughly addressed.

Despite being an enlightening indicator, deviations in electricity intensity may be weak in
supporting clear conclusions, as its influential factors arise and need to be accounted for. It
Is important to have a detailed assessment of the indicator components for more conclusive
analysis. In addition to the energy efficiency, electricity intensity can also be changed by
variations in the economic activities profile or by the increase of electricity share in the final
energy consumption. This dissertation explored how influential were structural, efficiency
and electrification components in the electricity intensity and what was the actual

contribution of energy efficiency to the decrease of this indicator in EU.

In order to answer these questions, a complement of the LMDI method was proposed. This
method was first developed by Ang & Choi (1997) and it has been being widely used by the
scientific community in the decomposition of intensity indicators. In this dissertation, Ang
& Choi (1997) method was upgraded by adding a first-hand component, a feature never used

before, to the best of our knowledge, that proved to add new evidence to the literature.

Besides providing inputs to the energy sector stakeholders, this dissertation can be
highlighted by two main contributions. Firstly, an enhancement over the definition on the
real impact of energy efficiency in the reduction of the electricity intensity index. Secondly,
the novelty of incorporation of the electrification element as one of the electricity intensity
components. This step was taken motivated by the recognition that the electricity share in
the total final energy consumption has been boosting sharply so it is to reach 49% by 2050,
according to IRENA (2019). In addition to the efficiency and electrification elements
mentioned above, the structural factor of countries' economic activities composition was also

considered as an electricity intensity component.

The electricity intensity decomposition enabled rating in detail the variation of the
components of this indicator in EU from 1995 to 2017. Apart from analysing the behaviour
of these parameters over the whole period, a division into four distinct cycles revealed to be

crucial. Therefore, energy efficiency directives proposed by the EC were used as milestones.
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It was possible to provide empirical evidence that all three components had completely
different behaviours. Even though the structure, and especially the electrification element,
were significant in the variation of the total electricity intensity, it was found that the
efficiency component was the key influencer of this indicator, highly contributing to its

reduction.

As the energy efficiency actions have enlarged over the years and the goals of public policies
such as 20-20-20 EU (EC, 2010) have been intensified, the relevant contribution of the
efficiency component to the reduction of the electricity intensity index should be considered

a positive evidence.

The decomposition analysis carried out with this research work is a complementary
contribution to the evaluation of the effectiveness of energy efficiency measures in EU, since
it determined the distinctive influence of the efficiency factor. In this way, if there had been
merely improvements in energy efficiency, and simultaneously no changes neither in
electrification, nor in the economic structure of EU-28 (from 1995 to 2017), electricity
intensity values would have decreased by 48.64% exclusively due to energy efficiency
measures. The value achieved surpasses the reduction that actually occurred (39.89%), and,
therefore, considering all three components we were able to confirm that energy efficiency
played a fundamental role in optimizing the consumption of electricity over those years.

Furthermore, the electrification factor contributed most of the time to the increase of the
electricity intensity index. Except for the 2012-2017 cycle, it was attained that the increase
in electricity consumption occurred at a higher rate than the development in GVA. For this
reason, electrification was the only one of the three components that would cause an increase
in the electricity intensity values, if the other two elements remained unchanged. However,
the verified enhance in electricity intensity does not necessarily represent an effective
increase in the total energy consumption, since electrification may have caused an
improvement of the energy consumption in general and may have provided reductions in the
total energy intensity. For a deeper analysis of the economic benefits of electrification, a
decomposition of the total energy intensity index could be carried on, considering
electrification as one of its components. Despite having been focused on the evaluation of
the electricity index, relating the results achieved in this dissertation to the decomposition of
energy intensity is an approach believed to generate an interesting debate and could be

considered for future research.
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The structure factor displayed minor variation when compared to the other components, with
no relevant interference in the electricity intensity indicator. Although there were small
variations, the structural element was on average below 1.00 in the first three cycles,
contributing to the reduction of electricity intensity. Such behaviour can be mainly explained
by the increased share of service sector share in the economy. Overall, this sector has less
energy-intensive activities than other sectors such as the industry, for example.

In the 2012-2017 cycle, the structural factor remained practically unchanged (0.9998).
Consequently, and as the electrification factor index was also very close to 1.00 (0.9969),
the entire reduction in electricity intensity was only possible due to the energy efficiency

improvements.

Considering the individual analysis of EU-28 countries in the indexes ranking of electricity
intensity components, no standard behaviour stood out as having persistently been
maintained to generate a relevant conclusion. In the first cycle (1995-2000), former Soviet
countries and Baltic states revealed more significant values of the intensity index, mainly
because of the quite low level of efficiency in electricity consumption at the beginning of
this period. However, in the other cycles, an interchange of countries was significantly
evidenced in structural, efficiency and electrification components rankings. Such
diversification is enlightening because it indicates that political and economic divergences
were not meaningful and energy efficiency initiatives have been taking place in all countries,

not only in major economies.

The methodology and method applied can be easily replicable to other countries constituting
an opportunity for future research, only restricted to data availability. In addition to the
reproduction of the method, there is an opportunity to relate the decomposition components
to other economic variables, such as energy or electricity prices. Such an association can
generate forecasts of energy efficiency and electrification components variation based on the

prices determined by the energy market.

Going beyond the demand-side assessments and considering the electrification reality, an
evaluation of generation sources deployed to meet this increase in electricity demand would
be valuable. Electrification may be positive if, in a life cycle assessment, for instance, it is
confirmed to generate less environmental impacts than the former energy source that have

been replaced.
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Finally, once the real contribution of the efficiency component to the electricity intensity
was accounted for, another opportunity for future research would be to associate the
decomposition results with critical analysis of the energy efficiency directives. This
combination could determine how successful the efficiency plans in electrical systems were,
intensifying the impact of the current research and guiding for future public policies in the

energy sector.
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