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Abstract 

Over the last few years there have been increasing concerns about the energy mix 

in many countries. These concerns have been of greater magnitude for countries 

with a common energy regulation such as European Union (EU) member states. In 

order to choose a given energy mix, an important aspect to take into account is the 

efficiency involved to generate it. In this context, the present study analyzes the 

efficiency with which electricity and derived heat is produced in 25 EU member 

states over the last decade. This is carried out considering not only the inputs and 

outputs involved but, more importantly, which undesirable by-products are 

generated during the production process, which is a relevant issue for the EU 

climate policy. To this end, two nonparametric frontier models are considered. 
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Abstract
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1. Introduction

The operation of power plants for electricity and derived heat production during the past decades

provided the energy required for technological progress and economic development, leading to a

rise in the living standards of many countries around the world. This type of operation has

both positive and negative effects for the society in general, as well as for the economy and the

environment, in particular. For these and related reasons it is relevant to evaluate the electricity

and derived heat generation process, bearing in mind not only the technical (and positive) aspects,

but also the negative externalities which arise in the process.

This process involves consumption of resources, and is subject to several factors. Electricity

is a secondary source of energy generated from other primary sources, the most important ones

being: (i) coal; (ii) nuclear; (iii) natural gas; (iv) oil; and (v) renewable sources (mainly hydro

power, wind and solar sources). As a consequence, the first decision a country should make is to

choose among these available primary sources—ideally, those that provide a better fit for each

country’s energy strategy, or mix (Bousquet and Ivaldi, 1998)—certain countries might decide

to emphasize the use of renewable sources, while others might either promote, or limit, the use

of nuclear energy. This decision will ultimately be influenced by political, economic, technical

and environmental factors. In this respect, there are many circumstances to consider such as the

availability of natural resources, a crucial factor to bear in mind, and the lack of certain primary

sources, which may constitute an important condition for the energy mix adopted. Whatever the

primary energy involved might be, the final outcome will be generation of electricity power for

the country.

Unfortunately, not all primary resources can be transformed into electricity, and a significant

proportion is lost in the process, usually as unwanted heat—i.e. there is inefficiency involved in

the process. Hence, an important issue to evaluate is the balance between the primary resources

actually consumed and the final output available. Although the positive aspects—the beneficial

impact on both economic activity and economic growth—usually prevail, there are also harmful

effects such as the release of greenhouse gases and other emissions or radioactivity, all of them

related to the rise in power plant operations that should also be considered.

In this particular respect, over the last two decades, there has been an ongoing tendency

to care about (and, also, initiatives to address) the harmful effects of certain pollutants, such

as carbon dioxide (CO2), sulfur dioxide (SO2), or nitrous oxide (NOx). Pollutants like SO2

have been controlled up to a certain level (Vestreng et al., 2007) and industrialized countries
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are trying to limit their amount, while attempting to simultaneously persuade developing nations

about the importance of this issue.1 In the particular case of Europe, in 1992 the former European

Community reassessed its environmental policies for achieving the goal of sustainable development

in the next century,2 with a strategy and general approach of setting long term objectives and

focusing on a more global approach.3

In this context, the main goal of this study is to analyse the efficiency in the electricity and

derived heat generation process for 25 members of the European Union (EU25) during the early

2000s. In this regard, when focusing on power generation, an effective climate change mitigation

strategy for the short and medium term calls for the production of energy in the most efficient

possible way (Jaraitė and Di Maria, 2012). The starting point with regard to the electricity

generating capacity in either emerging economies or developed countries is very different and, in

the case of the EU, we find remarkable differences in the standards of living of its country members.

However, in order to benefit the global environment, the cleanest technology should be available

to all countries. Therefore, efforts should be made to analyse the energy consumption, CO2 and

other emissions, and development in different countries, in order to design and to implement the

best environmental policies, or to introduce disciplinary measures when necessary. Our particular

objective is to obtain a rank, index, or benchmark that will allow a comparison of EU countries

which, in our case, will not only be based on finding a balance between the electricity and derived

heat produced and the total primary energy consumed in the process, but will also control for

relevant environmental and economic issues involved in the production process. This will be done

by providing an explicit comparison of the different methodologies which have been considered

for measuring efficiency in this specific context, with a special focus on those ones with better

abilities to model the (likely) negative effects that may arise in the electricity and derived heat

generation process.

There is a broad literature which has been analysing this and related issues, although in

the particular case of the EU the available literature is not particularly large. Specifically, the
1For this reason, the United Nations Conference on Environment and Development (UNCED) held in Rio de

Janeiro in 1992, pointed out two important sets of principles: (i) “Precautionary Principles” (15th Principle); and
(ii) “Internalization of Environmental Cost” (16th Principle). The Kyoto Protocol (1997) and its latest review
(2010) gave climate change an important role by increasing the number of countries concerned with the goal of
achieving “stabilization of concentrations of greenhouse gases (GHG) in the atmosphere at a level that would
prevent dangerous anthropogenic interference with the climate system” (United Nations Framework Convention
on Climate Change, UNFCC, Article 2, 1992).

2The long term goals were stated in the 5th Environmental Action Programme, “Towards Sustainability”.
3One of the target sectors of the programme was “Energy”, and air quality is clearly linked to this sector. The

Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC) shows that warming
of the climate system is unequivocal, and provided compelling evidence that climate change is very likely to be
due to the observed increase in anthropogenic greenhouse gas concentrations.
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literature on the aggregated measurement of environmental performance can provide condensed

information for analysts and decision makers dealing with energy and environmental-related is-

sues (Zhou et al., 2007). Within this particular field, there have been two main approaches for

constructing environmental performance indexes (EPIs) which, from the point of view of opera-

tions research, can be classified into indirect and direct approaches. According to the former, the

key economic, energy and environmental sub-indicators are first identified, and then normalised

and integrated into an overall index using a particular weighting scheme (see, for instance Esty

et al., 2008). In contrast, in the latter, which has gained importance over the last few years (Färe

et al., 1996; Färe et al., 2004; Tyteca, 1997; Zaim, 2004; Zhou et al., 2006; Zofio and Prieto, 2001),

the indicators are directly obtained after defining a set of inputs and outputs of the environmental

study under analysis using frontier approaches such as Data Envelopment Anaysis (DEA).

However, in the particular field of energy and environmental studies, following the survey

by Zhou et al. (2008a), the assumption used by the traditional DEA models that all outputs

should be maximised might be inappropriate when undesirable, or unwanted outputs are also

generated as by-products in the production process (Zhou et al., 2007).4 As indicated by Scheel

(2001), several approaches have been proposed to deal with this issue, and most of them follow

the concept of radial efficiency measures, which assume the reduction of inputs (and undesirable

outputs), or the increase of desirable outputs, in the same proportion so as to become efficient;

yet this assumption does not always match real production processes, where some variables may

not have this proportional behaviour.

An alternative taxonomy of DEA models is to choose between oriented and non-oriented mod-

els, where the orientation (or its absence) refers to the variable to be optimised—inputs, outputs,

or undesirable outputs. If there is a clear attempt to look for inefficiencies among a certain

set of variables, oriented models may be an appropriate option. Yet if these concerns refer to

more than one set of variables (which is usually the case in environmental performance analysis),

then non-oriented models would represent the best alternative. In general, non-oriented efficiency

measures provide more reasonable results for energy and environmental studies because of their

enhanced ability to handle simultaneously both desirable and undesirable outputs. Because of

these advantages, in recent years empirical research on efficiency measurement in this particular

setting has focused more tightly on non-oriented models, in what is known as the full space of

inputs and outputs or, more briefly, the <input-output> space. In this particular field, one of
4A review and systematic investigation on DEA model building with undesirable inputs and outputs can be

found in Liu et al. (2010). The literature on undesirable outputs is evolving, and recent contributions (Førsund,
2009, such as) consider the traditional treatment of bad outputs suffer from serious weaknesses.
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the most prominent contributions are those by Briec (1997), who introduced a graph measure of

technical efficiency which is a special case of the directional distance function (DDF).5

Within this particular non-oriented approach, some other studies such as those by Chung

et al. (1997), Färe et al. (2001) or, more especially, Chambers et al. (1996), have also been con-

sidering Directional Distance Functions (DDF). However, DDF approaches have the disadvantage

of requiring the specification of a directional vector which is partly arbitrary. An alternative is

provided by the slacks-based efficiency measures, which have been extensively developed by Tone

and his collaborators (Tone, 1997, 2002, 2004a,b; Tone and Tsutsui, 2006; Tone, 2010; Tone and

Tsutsui, 2010a,b, 2011).6 These Slack-Based Measure (SBM) models share their basic underpin-

nings with DDF, since both are categorised as non-oriented models (in their basic form), and base

their measures in the slacks of the optimized variables, although they differ in their definition

of the objective function. The relationship between them has been analysed carefully in Färe

and Grosskopf (2010). The main strengths of these measures relate to their ability to provide a

more practical index with higher discriminating power than radial models, yielding specific inef-

ficiency measures for each optimised variable. However, despite their advantages, SBM models

have barely been used in this literature, with few exceptions (see, for instance Hu and Wang,

2006; Wei et al., 2011; Zhou et al., 2006, 2007). Taking into account the disparate number of

applications in environmental studies using either DDF or SBM approaches, we consider it is

interesting per se providing an explicit comparison of the results yielded by both methodologies

in a relevant context as that of energy policy in the European Union.

According to the survey by Zhou et al. (2008a), benchmarking of electricity utilities accounts

for the highest number of studies in the area of energy efficiency, however our analysis differs from

previous contributions applied to the electricity sector in that we will be considering the electricity

and derived heat production as a production process with high influence of environmental policies.

In the particular context of the European Union, on which we focus, this issue is especially

relevant. In this respect, using both the SBM and DDF models is particularly interesting due to

their ability to account for undesirable outputs, as commented on above. In addition to this, as

far as we know, there are no previous empirical contributions in the literature considering slacks

in the DDF model.

Our results show that neglecting the role of slacks in the DDF model may overestimate the

measured efficiency. As a matter of fact, comparing results between both the SBM and DDF
5See also more recent contribution by Russell and Schworm (2009).
6See also (Pastor et al., 1999).
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models show a higher correlation when slacks are included in the latter. When the number of

dimensions is large relative to the number of observations, slacks might be hiding an important

part of inefficiency. Along this line, the available results one may find in the literature are scarce.

Among them we can highlight those obtained by Picazo-Tadeo et al. (2011), who stressed the

importance of slacks in explaining the total eco-efficiency by computing the weighting of slacks

inefficiency on the total inefficiency in the context of a radial model.

The article proceeds as follows. Following this introduction, Section 2 briefly examines the

energy generation in the European Union. Section 3 presents the methodology to compare the

efficiency among countries. Section 4 provides data information, along with the definition of

inputs and outputs, and Section 5 presents and discusses the results. Finally, Section 6 presents

some conclusions.

2. Energy generation in the European Union

The electricity sector presents both a challenge and an opportunity for curbing the greenhouse

gas emission into the environment.7 On the one hand, it is a challenge because electricity is

mostly generated from fossil fuels, which accounts for more than 40% of global energy-related

CO2 emissions. These are non-renewable resources that, when burnt, produce energy but also

by-products that pollute when released into the environment. Among these undesirable products

we find carbon dioxide (CO2), which is a greenhouse gas8 whose emissions do not result from

inefficient combustion of fossil fuels—CO2 is a product of ideal combustion of carbon. Considering

that the emissions of carbon into the environment are directly proportional to the burnt carbon

based fuels (coal, oil or natural gas, among others), the challenge comes from the fact that it is

impossible to maintain the level of non-renewable fossil primary energy and, simultaneously, to

decrease the amount of CO2 released. This challenge is further stressed if we take into account

that, under current trends, the annual carbon emissions associated with electricity generation

and derived heat is projected to surpass the 4,000 Mt C level9 worldwide by 2020 (Sims et al.,

2003).

On the other hand, the electricity sector also represents an opportunity regarding GHG
7According to the International Energy Agency (2009), addressing climate change requires “nothing short of an

energy revolution”.
8Greenhouse gases in the atmosphere absorb and release radiation within the thermal infrared range. This

process is the fundamental cause of the greenhouse effect. The most important greenhouse gases in the earth’s
atmosphere are water vapour (H2O), carbon dioxide (CO2), methane (CH4), nitrous oxide (NOx), ozone (O3)
and chlorofluorocarbon (CFCs). There is a broad consensus among scientists on the links between the increasing
amount of greenhouse gas released into the atmosphere and global climate change.

9Mt C means millions of tonnes of carbon matter. Carbon matter accounts for 27.27% of total CO2 mass.
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emissions abatement because they are easier to monitor and control from a limited number of

centralised, large power stations than from millions of vehicles, aircrafts, small boilers, or even

ruminant animals. Therefore the electricity sector is likely to become a primary target in any

future world where GHG emissions controls are implemented and GHG mitigation is valued.

In Table 1, obtained from Eurostat (2011) we can observe the figures corresponding to year

2009, and their shares of primary sources in the electricity generation for the European Union

countries. The figures in Table 1 corroborate the importance of non-renewable sources in the

European Union. The energy from conventional thermal power plants represents 44.05% of the

total. This source relies exclusively on fossil fuels (coal, oil and natural gas) as a primary source.

Once we add nuclear energy, the share is 78.79%. Considering the combined contribution of total

conventional thermal and nuclear sources, coal has the largest share in the EU (23.36%), and also

worldwide and, therefore, it seems difficult to shift electricity production to renewable sources

(which represent 19.95%) in the near future. Natural gas has also a relevant share (17.30%), which

is growing sharply in many regions of the world due to its increasing availability. In addition, the

use of combined cycle gas turbine (CCGT) has increased its thermodynamic efficiency, making

this source more appealing, and has also enabled the use of smaller power plants, which translate

into benefits in the reduction of electricity transport losses.

As indicated above, nuclear power also represents a hefty share for the EU countries (34.74%

of gross electricity generation), some of whom were planning to increase its use, yet in several

cases these policies are being revised—especially after the earthquake and the subsequent tsunami

in Japan in March, 2011. The main advantages of nuclear energy are the production stability,

very low marginal cost (in terms of e/Mwh) and zero CO2 generation. Hydro power (as well as

pumped storage, which accounts for just 1.27%) has important limitations in the EU due to the

orography and weather dependence. Finally, the item “other renewable sources” (basically wind,

solar, biomass and geothermal) have been actively promoted by European governments and the

European Union, but still have a low share on the overall set of sources—less than 20% including

hydro, as indicated in Table 1. In this scenario, with close to 80% of electricity generation

coming from fossil and nuclear power plants, in the short term those efforts devoted to increasing

efficiency and reliable replacement with renewable energy are revealed as key objectives.

In this particular context, policies and efforts in the European Union designed to increase

environmental protection can be classified into several categories. A possible classification is to

consider, on the one hand, those aimed at increasing the saving and efficiency on the demand side

(end-users) and, on the other, those aimed at shifting the production (supply side) to reduce, or
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to eliminate, carbon dioxide and radioactivity in the generation process.

Several methods for GHG abatement are available on the generation side, on which we focus.

These would include: (i) to increase the efficiency conversion of fossil fuels into electricity, since

the current EU conversion average was about 49.5% in 2009 (Eurostat, 2011), and technical

progress may increase this amount up to 60% in the near future (co-generation, i.e. combined

generation of electricity and heat, and combined cycle gas turbine, CCGT, can help to achieve

these figures); (ii) shifting the electricity generation to low-carbon fossil fuel techniques, e.g. the

use of natural gas instead of coal or oil; (iii) decarbonization of fuels and flue gases, and carbon

dioxide sequestration.

If the goal is to remove the CO2, some alternatives are:

• To use nuclear power stations. Nuclear energy can produce as much energy as fossil fuels

with a low marginal cost. Concerns about safety, radioactivity waste disposal and prolifer-

ation make it a controversial alternative. During the last decades, a reduction in research

and development in this field, along with political issues have relegated this source to a

marginal position. Research initiatives into nuclear fusion or fuel reprocessing are neces-

sary alternatives.

• To increase the use of renewable sources of energy. Much effort has been carried out in

these fields, offering new opportunities and reducing the costs per KWh. Nevertheless there

are several important difficulties related to these sources, among which we may highlight

availability, storage of energy, and losses in transport.

The present economic crisis has contributed to deceleration of the fossil fuel consumption

growth, but this is not a positive fact. The actual generation capacity in developed countries is

much higher than their needs due to the economic stall, and efforts to shift to more efficient and

environmentally friendly technologies have been deferred to the future. As the energy sector is

characterised by high capital needs and long payback, there are fewer opportunities to change,

update or modify technologies.

The scenario in developing countries is rather different, since their energy needs are increasing

and the available technology is not always the best. Developed countries can invest in GHG

reduction and make these technologies available to the other countries. With active participation

of developed economies seeking new technologies, developing countries can achieve an important

contribution in the fight against global warming which will contribute to global benefit.
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For all these reasons, we consider it appropriate to carry out a benchmarking study of countries

including the source of primary energy and negative effects in the environment and its conclusions

should encourage countries to achieve a better performance in the electricity and derived heat

generation process.

3. Models

In what follows, we present the nonparametric frontier techniques used to compare the perfor-

mance of the 27 EU member states in our study.10 One of the most popular nonparametric

methods for measuring efficiency is the DEA framework. These have been widely used since the

eighties after the influential work by Charnes et al. (1978), which developed the ideas of measure-

ment of efficiency from Farrell (1957). DEA methods combine the estimation of the technology

that defines a performance standard (usually called the technology), and the evaluation of the

achievements against the established standard.

The background of the DEA literature is production theory, and the main underlying idea

is that the units being compared have a common underlying technology. In particular, once the

inputs and outputs are defined, the production possibilities set S which models the transformation

of inputs x ∈ Rm
+ into good outputs yg ∈ Rs1

+ and bad outputs yb ∈ Rs2
+ is:

S = {(x,yg,yb) : x can produce (yg,yb)} . (1)

Yet in real world applications we seldom know the technology S, but all DEA variants (in par-

ticular DDF and SBM methods with undesirable outputs) overcome this problem by estimating

the technology Ŝ from observed data. Clearly, this estimation process can also be performed us-

ing statistical methods (in what is usually called parametric methodologies). The particularities

about the DEA approach are the way in which the approximation of the technology is con-

structed (performed using mathematical programming and an activity analysis approach instead

of maximum likelihood or Bayesian estimation) and the resulting properties of the evaluations.

In our case, data consist of a known vector of inputs and outputs (both desirable and unde-

sirable) of L = 27 countries, namely:

Z = {(xi,y
g
i ,y

b
i ), i = 1, . . . , L = 27}, (2)

10Our presentation of this methodology closely follows those of Cooper et al. (2007) and Bogetoft and Otto
(2011).
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where xi = (xi1, . . . , xim)′ ∈ Rm
+ , yg

i = (yi1, . . . , yis1)
′ ∈ Rs1

+ and yb
i = (yi1, . . . , yis2)

′ ∈ Rs2
+ are

the input, good output and bad output vectors corresponding to country i, i = 1, . . . , L = 27

respectively.

The basic DEA models mainly differ in the assumptions that they make about the technology,

although most of them try to measure the efficiency of a DMU by a scalar measure ranging between

zero (the worst) and one (the best). In particular, the estimate of the reference technology

is constructed according to the minimal extrapolation principle: Ŝ is the smallest subset of

Rm
+ × Rs1+s2

+ that contains the data Z and satisfies certain technological assumptions specific

to the given approach. By constructing the smallest set containing the actual observations,

the method extrapolates the least. Then, when we combine this idea of minimal extrapolation

with Farrell’s (1957) idea of measuring efficiency as a proportional improvement, we obtain the

corresponding mathematical programs that help us to measure the efficiency.

There are several DEA methods that differ in terms of the estimated technology and the

efficiency concept used. Among them, and as indicated earlier, we will focus on two models. The

first is the graph measure of technical efficiency introduced by Briec (1997), which is a special

case of DDF, and its version with undesirable outputs by Chung et al. (1997); the second is the

Slack-Based Measurement (SBM) models (Tone, 2001) which extend traditional DEA models by

incorporating input excesses and output shortfalls into models that account for both inefficiencies

at the same time. These methods are very helpful for our benchmarking analysis due to their

ability to detect the sources of inefficiencies.

When analysing situations in which global environmental conservation is a concern (as in our

case), undesirable outputs of productions and social activities (in our case CO2 released into the

environment and radioactivity) must be recognised as an important part of the analysis. Tradi-

tional DEA methods usually assume that producing more outputs relative to less input resources

is a criterion for efficiency. In the presence of undesirable outputs, however, the beneficial effects

in terms of efficiency of those technologies with more good (desirable) outputs and less bad (un-

desirable) outputs relative to less input resources should be taken into account. There are several

methods for dealing with undesirable variables. Among them, we may highlight as some of the

most relevant approaches the transformation of the original data and then considering traditional

DEA models (Seiford and Zhu, 2002), treating the undesirable outputs as inputs and desirable

inputs as outputs (Ramanathan, 2005), or modifying the DEA model by transforming it into a

non-linear problem where normal outputs are maximised and undesirable outputs are minimised

(Färe et al., 2004).
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Complementarily to these methods, it is also common practice to assume weak disposability

of undesirable outputs (Färe et al., 1989; Yaisawarng and Klein, 1994). The concept of weak dis-

posable reference technology was originally suggested by Färe et al. (1996), leading to a technique

that has been denoted as environmental DEA technology in Färe et al. (2004). The literature

on this particular field is still evolving (Kuosmanen, 2005; Yang and Pollitt, 2007, 2009, 2010).

Among its conclusions one finds the recommendation of assuming different types of disposability

for different undesirable outputs in each efficiency measurement model. In our particular study,

although the disposability of some undesirable outputs may not be without cost, it can be done

with an acceptable increase in the costs of production. In other words, we can reduce CO2 emis-

sions to the detriment of a shift towards renewable sources. According to Yang and Pollitt (2010)

“the null-joint relationship between undesirable outputs and desirable outputs is actually broken

and the weak disposability assumption subsequently becomes inappropriate for undesirable out-

puts” such as, for instance, CO2 in our model. In our case, we will take advantage of the fact that

both SBM and DDF models can be easily adapted to take undesirable outputs into account by

considering them as a third set of variables that appear in the linear problem without the need

to transform them.

In particular, if we denote by X = [x1, . . . ,xm] ∈ Rm×L
+ , Yg = [yg

1, . . . ,y
g
s1 ] ∈ Rs1×L

+ and

Yb = [yb
1, . . . ,y

b
s2 ] ∈ Rs2×L

+ , then the estimate of the reference technology is:

Ŝ =
{
(x,yg,yb)|x ≥ Xλ ,yg ≤ Ygλ ,yb ≥ Ybλ , eλ ≥ 0

}
, (3)

where λ is the intensity vector and e = (1, . . . , 1) ∈ RL. The latter condition in expression (3)

indicates a constant return to scale (CRS) assumption, which is usual in country-level studies

(Camarero et al., 2013; Arcelus and Arocena, 2005; Zofio and Prieto, 2001).11

Within this context, one particular country with data (x0,y
g
0,y

b
0) is efficient in the presence

of undesirable outputs if there is no vector (x,yg,yb) ∈ Ŝ such that x0 ≥ x, yg
0 ≤ yg and yb

0 ≥ yb

with at least one strict inequality.
11Barla and Perelman (2005) have specifically tested for the validity of scale hypothesis in a similar study at

a country level, corroborating its suitability. In our particular data set, the test proposed by Simar and Wilson
(2002) has been applied for checking this assumption. The test has been performed individually for every year, and
for the whole period, and we have found that there is no enough empirical evidence to reject the CRS assumption.
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3.1. SBM model in the presence of undesirable outputs

In the SBM model, in order to obtain an estimate of the efficiency for each country while also

controlling for undesirable outputs, we formulate the following fractional programming model:

ρ∗ = min(λ , s− , sg , sb)


1− 1

m

m∑
i=1

s−i
xi0

1 +
1

s1 + s2

(
s1∑
r=1

sgr
ygr0

+

s2∑
r=1

sbr
ybr0

)


s.t. x0 = Xλ+ s−

yg
0 = Ygλ− sg

yb
0 = Ybλ+ sb

s− ≥ 0 , sg ≥ 0 , sb ≥ 0 , eλ ≥ 0

(4)

where the vectors s− ∈ Rm
+ , sg ∈ Rs1

+ and sb ∈ Rs2
+ (usally named slacks) correspond to excesses

of inputs, shortages of desirable outputs, and excessive undesirable outputs, respectively. The

objective value in linear programming problem (4) satisfies 0 < ρ∗ ≤ 1. Then, one particular

country with data (x0,y
g
0,y

b
0) will be efficient if and only if ρ∗ = 1; in such an optimal case, all

input and output slacks will equal zero compared to other inefficient countries.

Taking into account the optimal solution for linear programming problem (4) if a particular

country is found to be inefficient (i.e. its particular energy mix is inefficient), it might be possible

to improve its efficiency by implementing several strategies, namely, by reducing the surplus

input, by increasing the desirable outputs, or by reducing the excesses of undesirable outputs—or

different combinations of these three alternatives. That is, an inefficient country has a target or

projection reference point in the frontier that can be obtained as:

x̂0 = x0 − s−∗

ŷg
0 = yg

0 + sg∗

ŷb
0 = yb

0 − sb∗

(5)

The fractional programming model in (4) can be solved via the following equivalent linear
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model in t, using the Charnes-Coopers’ transformation (Charnes and Cooper, 1962):

τ∗ = min(t ,Λ ,S− ,Sg ,Sb)

{
t− 1

m

m∑
i=1

S−i
xi0

}

s.t. 1 = t+
1

s1 + s2

(
s1∑
r=1

Sg
r

ygr0
+

s2∑
r=1

Sb
r

ybr0

)
x0t = XΛ + S−

yg
0t = YgΛ− Sg

yb
0t = YbΛ + Sb

S− ≥ 0 ,Sg ≥ 0 ,Sb ≥ 0 , eΛ ≥ 0 , t > 0

(6)

In particular, if (t∗,S−∗,Sg∗,Sb∗,Λ∗) is the solution for linear programming problem (6), then

we can obtain an optimal solution for (4) using:

ρ∗ = τ∗ ,λ = Λ∗/t∗ , s−∗ = S−∗/t∗, sg∗ = Sg∗/t∗ , sb∗ = Sb∗/t∗ . (7)

Among the desirable axioms to be met by efficiency indexes proposed by Färe and Lovell

(2005), this model satisfies: (i) indication of efficiency; (ii) unit invariance; and (iii) weak mono-

tonicity.12

3.2. DDF inefficiency index

The directional distance function (DDF) is an inefficiency index that measures the feasible con-

traction in inputs and bad outputs, and expansion of good output in a chosen direction. This

approach is common when undesirable outputs are considered because of its flexibility in choosing

the projection direction.13

The definition of DDF was introduced by Chambers et al. (1996), and their contribution

allowed for an evaluation of the production process to be performed in a more realistic approach.

Briec (1997) proposes an alternative DDF inefficiency function adapted from the shortage function

of Luenberger (1992). Simultaneously, Chung et al. (1997) adapted it to the measurement of
12Axiomatization of (input) efficiency measurement was introduced by Färe and Lovell (1978) who initially

proposed three axioms: (i) indication of efficient bundles, i.e. the efficiency index equals one if and only if the
input vector is Koopmans (1951) efficient; (ii) monotonicity increasing input quantities reduces the value of the
index; and (iii) homogeneity, proportionate change of all input quantities reduces the index proportionately. Later
contributions from Russell (1990) introduced axioms of continuity in inputs and technologies. Russell (1990)
argued that continuity is important because it provides some guarantee that “small” errors of measurement of
output and input quantities do not result in “large” errors in the calculation of the efficiency index.

13A variety of empirical applications have used DDF DEA models to assess eco-efficiency, including Arcelus
and Arocena (2005), Picazo-Tadeo et al. (2005), Picazo-Tadeo et al. (2011), Kumar (2006), Lozano and Gutiérrez
(2008), Wang et al. (2012), Chiu et al. (2012), or Riccardi et al. (2012), among others.
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inefficiency considering undesirable outputs. In this particular model, the directional distance

is computed using the vector of the observed variables for each DMU to define a direction for

optimisation. This index provides a measure of inefficiency in the [0, 1) interval, where zero is

the benchmark for an efficient DMU.

Following the same notation as in the previous section, the model proposed by Chung et al.

(1997) accounting for undesirable outputs with strong disposability is:

β∗ = maxβ

s.t. Xλ ≤ x0 (1− β)

Ygλ ≥ yg
0 (1 + β)

Ybλ ≤ yb
0 (1− β)

eλ ≥ 0 , β free

(8)

However, the presented inefficiency index has a disadvantage derived from the lack of indication

of efficiency.14 This implies that model (8) can take a reference point in the frontier that may

not be efficient in the sense of Koopmans (1951), and the presence of non-radial slacks should be

considered for a comprehensive technical inefficiency measure.

To overcome this problem, we propose a second stage analysis so as to include the presence of

these slacks as a source of inefficiency. To this end, we first maximise β and in this second stage,

complement the inefficiency with a maximised sum of the average relative slack values, presented

in the following mathematical program:

δ∗ = max

[
β∗ +

1

m+ s1 + s2

(
m∑
r=1

S−r
xr0

+

s1∑
r=1

Sg
r

ygr0
+

s2∑
r=1

Sb
r

ybr0

)]

s.t. Xλ+ S− = x0 (1− β∗)

Ygλ− Sg = yg
0 (1 + β∗)

Ybλ+ Sb = yb
0 (1− β∗)

eλ ≥ 0 ,S− ≥ 0 ,Sg ≥ 0 ,Sb ≥ 0

(9)

Considering the slacks in relative rather than absolute terms in the objective function, we

keep the unit invariance of the model. In model (9), we propose an arithmetic average of relative
14In the operations research literature, an index satisfying this property is said to be comprehensive.
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slacks to complement the first stage inefficiency score (β∗) and in a later stage (12) we check this

proposal.

Following Russell and Schworm’s (2009) axiomatic foundation of inefficiency measurement,

the first stage of the inefficient model satisfies (1) weak monotonicity; (2) unit independence, and

(3) continuity in production vector and technologies. Adding the second stage we have that it

also satisfies (4) indication of efficiency.

Also, it is possible to define the targets, or reference in the frontier, for each DMU as:

x∗0 = x0 − β∗x0 − S−

yg∗
0 = yg

0 + β∗yg
0 + Sg

yb∗
0 = yb

0 − β∗yb
0 − Sb

(10)

Using these targets, we can derive a measure of inefficiency for each variable, as the relative

slack, in the following way:

In inputs:
x0 − x∗0

x0
=
β∗0x0 + S−

x0
= β∗0 +

S−

x0

In good outputs:
yg∗
0 − yg

0

yg
0

=
β∗0y

g
0 + Sg

yg
0

= β∗0 +
Sg

yg
0

In bad outputs:
yb
0 − yb∗

0

yb
0

=
β∗0y

b
0 + Sb

yb
0

= β∗0 +
Sb

yb
0

(11)

Based on specific inefficiencies for each variable presented in (11), we calculate their average

in the following decomposition (12), and we prove that the presented efficiency measure (9) is

well defined:

δ∗ =
1

m+ s1 + s2

[
m∑
r=1

β∗0xr0 + S−r
xr0

+

s1∑
r=1

β∗0y
g
r0 + Sg

ygr0
+

s2∑
r=1

β∗0y
b
r0 + Sb

ybr0

]
=

=
1

m+ s1 + s2

[
m∑
r=1

[
β∗0 +

S−r
xr0

]
+

s1∑
r=1

[
β∗0 +

Sg

ygr0

]
+

s2∑
r=1

[
β∗0 +

Sb

ybr0

]]
=

=
1

m+ s1 + s2

[
mβ∗0 + s1β

∗
0 + s2β

∗
0 +

m∑
r=1

S−r
xr0

+

s1∑
r=1

Sg

ygr0
+

s2∑
r=1

Sb

ybr0

]
=

= β∗0 +
1

m+ s1 + s2

[
m∑
r=1

S−r
xr0

+

s1∑
r=1

Sg

ygr0
+

s2∑
r=1

Sb

ybr0

]
(12)

In the literature, the relationship between the DDF and the SBM models has been studied

by Färe and Grosskopf (2010) and Fukuyama and Weber (2009). The latter accounts for the

14



lack of indication of efficiency and defines a technical inefficiency bias as the difference between a

proposed slack-based inefficiency measure and the directional distance distance function. Along

this line, Asmild and Pastor (2010) have developed new slack-free efficiency measures for the

Multi-directional Efficiency Analysis (MEA) model of Bogetoft and Hougaard (1999) and the

Range Directional Model (RDM) of Silva Portela et al. (2004). Both of them are special types of

linear directional distance function efficiency models.

Nonetheless, as far as we know, this second stage has never been considered in empirical

applications, and as we will show later in the results’ section, comparison of efficiencies yielded by

DDF and SBM programs suggests that this stage is compulsory in order to obtain an appropriate

performance measure.

3.3. Construction of the production frontier

In the DEA literature, one may find three proposed frontiers to evaluate efficiency in a panel

data framework.15 The first, and most usual, is the standard contemporaneous frontier, where

the frontier for each year is built with only the observations of the considered period. The second

type is the sequential frontier, which is based on observations from the present and previous

years jointly. Finally, the intertemporal frontier bases the frontier on observations from all the

considered periods.

In our study we evaluate the efficiency using the contemporaneous and the sequential frontiers.

The last choice implies that the production possibility set can only expand each year, and any

technological regress is penalised. To achieve the aim of this work, the sequential frontier seems

a suitable approach for the analysis of the electricity and derived heat production, and the

comparison of results from both frontiers will identify those countries and years for which there

has been some sort of technological regress.

4. Data, sources, and selection of inputs and outputs

Since the study is focused on European Union countries, each of them will be considered as a

DMU choosing among different alternatives, in order to produce both electricity and derived

heat. The DMU set is completely determined by the scope of the study, i.e. 25 European Union

countries (EU25), and it meets Dyson et al.’s criteria (2001), who claimed that a principle in

a DEA analysis is that all the compared DMUs should have a common, or similar, underlying
15See Tulkens and Vanden Eeckaut (1995) for a detailed analysis about the different frontiers in DEA.
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technology, determined by the social, political, technical and environmental issues in which the

production process takes place. The country names, their respective abbreviations, and the most

recent EU enlargements (since 1993) are reported in Table 2. The analysis has been computed

with data from 2000 until 2007, which is an interesting period as it witnessed two EU enlargements

after which the number of member countries almost doubled.

Few studies perform energy efficiency analysis controlling for environmental issues at the

country level, and in many cases the selected variables differ from study to study—although

in many cases this is due to the varying objectives. Among the studies at country level, we

may highlight those by Hawdon (2003) and Edvardsen and Førsund (2003), who consider energy

consumption as a positive output. However, other studies such as Färe et al. (2004) or Kumar

(2006) consider this variable as an input. Actually, depending on the aims of the study, energy

consumption might be considered either as an input (this is common practice in environmental

studies), or as an output (this is more common practice in studies focusing directly on economic

issues). Yet there is a broad consensus that all types of energies, even those from renewable

sources, have some harmful effects on the environment, and must be included, in principle, as

an input in environmental studies. On this respect, other country-level studies such as Arcelus

and Arocena (2005) consider not only economic but also environmental issues. Similarly, Zhou

et al. (2006) estimate the impact of environmental regulations over CO2 emissions for 30 OECD

countries, identifying two drivers for efficiency: on the one hand the economy and environment;

on the other hand, regulations. Both factors had differential impacts depending on the evaluated

country.

In our study, we consider six variables, namely, three inputs, one output, and two undesirable

outputs, which are described in detail in the following subsections.

4.1. Inputs

Electricity and derived heat are a secondary source of energy that is only achievable using other

primary sources, jointly with renewable energy, as well as human and technical resources. There-

fore, the first physical input we use is the total primary energy involved in the generation of

electricity and heat. All primary energies have been converted to the same units and, despite the

fact that they belong to different generation systems, they serve the same purpose, i.e. to produce

heat and, at a later stage, steam to move a turbine coupled to a generator. This aggregation

has already been used by Tone and Tsutsui (2006) for the analysis of electric utilities (see also

Cooper et al., 2007). It has also been followed by Ramanathan (2005), who focus on the countries
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from Middle East and North Africa, or Zhou et al. (2008b), who measure the carbon emission

performance of eight world regions, among others. These primary energy sources, considered as

an input variable in our DEA model, come exclusively from non-renewable sources. Since the

renewable sources do not “consume” physical resources (for example, the wind and the sun are

free in the atmosphere, or the water used to operate a hydroelectric power plant which depends on

the weather, and later will also be available for other uses), they have no input consumption. The

non-renewable sources come from fossil fuels (coal, gas and petrol), as well as nuclear reactors.

The total primary energy involved has been obtained from the Eurostat Database (section

“Environment and Energy”). For simplicity, all energy data are expressed in the same units

(Million Tonnes of Oil Equivalent, MTOE). Accordingly, to an estimate of the primary energy

resources used, we aggregate the input data usage from different types of plants: conventional

thermal power plant (coal, gas and petrol), combined heat and electricity plants (CHP), as well

as heat produced in nuclear reactors. Aggregate energy consumption has also been adopted by

Zhou et al. (2006) when modelling environmental performance.

Following related literature, we also use capital and labour as two additional inputs required

for electricity generation. Analogous to Jaraitė and Di Maria (2012), we use the installed capacity,

provided by Eurostat, as a proxy for capital. In the case of labour, which will be our third input,

our data correspond to the number of employees provided by the EU KLEMS database.16

.

4.2. Outputs

Regarding the choice of outputs, one of them is desirable, or good, that is the electricity and

derived heat generated from renewable and non-renewable sources. Its unit of measurement is

MTOE. The non-renewable output comes from conventional thermal and nuclear power plants

and the renewable from hydro, wind, solar and geothermal. In the year 2009, electricity and

heat from non-renewable sources represented nearly 89.7% of the total electricity produced in the

European Union. Reducing this share is an important challenge for the EU, with an 80% target
16EU KLEMS Database, March 2011, http://www.euklems.net. The data in the Statistical Classification of

Economic Activities in the European Community, NACE (revision 1.1, section 40x, Electricity Supply) accounts
for the total number of persons engaged in the electricity supply sector. Unfortunately, this section is not available
for all countries and we have been forced to use the closest aggregated section (E, Electricity, gas and water
supply). While this is not a precise estimation, we are comforted by the fact that a large share of employees
belong to the electricity sector, and more interestingly, we have found that the share of Section 40x (Electricity
supply) in this aggregation is very similar among the set of evaluated countries with available data, and due to
the unit invariance of the proposed models, this can be a suitable proxy. A similar assumption has been adopted
by Jaraitė and Di Maria (2012).
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for year 2020 (see Eurostat, 2011).

Concerning the choice of outputs, it is worthwhile to comment that energy produced is higher

than the energy consumed. The main differences are due to transport losses and import/export

balances.17

There is a missing source of electricity (output) not considered in the study, namely the

electrical energy generated from pumped storage. It is not really a “genuine” output because it

is more like an energy storage rather than energy production.18 For this reason, we have not

considered it in the study.

Regarding the undesirable, or bad outputs of the process, the first one is the CO2e19 released

into the environment. The units in which it is measured are million tonnes of CO2 equivalent

released into the atmosphere per year due to the energy sector. Data has been obtained from

the European Environment Agency (EEA)20, which provides data from 1990. Many authors have

considered pollutants like CO2 in their efficiency analysis such as Zhou et al. (2008b), Arcelus and

Arocena (2005), Zofio and Prieto (2001), Zaim and Taskin (2000). Others have also considered

SO2 and NOx as pollutants including Färe et al. (2004), Barla and Perelman (2005), Färe et al.

(2004), Camarero et al. (2011) or Zhou et al. (2007).

The second bad output considered is radioactivity. Despite its relevance (the major concerns

about nuclear energy are based on radioactive waste and the risk of contamination), the inclu-

sion of radioactivity is not generalised in energy and environmental studies, mainly due to the

difficulties of gathering reliable data. As CO2 concentrates in the air, the risk of release into the

environment of the anthropogenic radionuclides is becoming a latent problem. The presence of

these substances is a normal fact of nature, but the problem arises when their concentrations

exceed certain thresholds.
17A significant loss of energy takes place in the electric grid. In general, losses are estimated from the discrepancy

between energy produced (as reported by power plants) and energy sold to final customers; the difference between
what is produced, and what is consumed, constitutes transmission and distribution losses. In addition, due to
the geographical proximity among EU countries, electric transmission networks are interconnected, and trade
of electricity also takes place. For these two reasons, energy produced and energy consumed are not entirely
coincidental. However, since our study is related to the generation process, losses in the network, or trade with
other countries do not constitute an issue to control for.

18During periods of low electrical demand, water is pumped from a lower elevation reservoir to a higher elevation.
Later during periods of peak demand, water is released through turbines to produce electricity. In any case, the
amount of energy involved is not relevant for our study. According to the Eurostat database, in 2009, it was less
than 1% in the EU.

19A metric measure used to compare the emissions from various greenhouse gases (i.e. Methane, Carbon Dioxide,
Fluorine gas, HFCs, Nitrous oxide, PFCs and SF6) based upon their global warming potential (GWP). Carbon
dioxide equivalents are commonly expressed as “million metric tonnes of carbon dioxide equivalents (MMTCO2Eq).”
The carbon dioxide equivalent for a gas is derived by multiplying the tons of the gas by the associated GWP.
Nevertheless, the most important greenhouse gas linked with the energy sector is CO2, although most of the
literature lacks a precise definition of this term.

20Emission source, IPCC sector 1.A.1A: Public electricity and heat production.
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In the literature the contributions considering radioactivity as an undesirable output in effi-

ciency studies are almost entirely yet to come, despite today’s great concern about the risk of

nuclear power plants. Only Arcelus and Arocena (2005) refer to nuclear power as a possible

source of bad outputs. As indicated, this absence is generally due to the difficulties in gathering

reliable data for this variable, and therefore we will proxy radioactive pollution by the amount

of electrical energy produced by nuclear energy and coal. The amount of nuclear waste, nuclear

spent fuel, and radiation released into the environment by nuclear power plants and coal com-

bustion can be considered proportional to the energy produced by these two particular sources.21

However, nuclear plants are not the only source of radioactivity. Actually, although less known,

coal mining and combustion are the most important sources of radioactivity enhancement which

are released into the environment. Even though in coal power plants there is greater concern over

the possible environmental and health effects of chemical emissions than the traces of radioactiv-

ity, some studies such as Papastefanou (2010) have shown that the use of coal as fuel results in

the enhancement of natural radioactivity, most of which (99%) escapes as very fine particles.22

It is also important to point out the assumption made that 1 MTOE of electricity generated

from coal combustion produces the same amount of radioactivity pollution as 1 MTOE from

nuclear power plants. According to some contributions (see, for instance Corbett, 1983; Papp

et al., 2002; Chatzimouratidis and Pilavachi, 2008), this is a reasonable assumption as commented

on previously. The units considered are MTOE, and the data have been extracted from Eurostat

(environmental and energy theme).

For the sake of brevity a summary and some descriptive statistics of the inputs and outputs

are shown in Table 3.
21It is not in the aim of this study to measure the amount of radioactivity released by nuclear power plants or

the mining industry, but to consider the relevance of these sources due to the unsolved problem with spent nuclear
fuel and the risk of pollution.

22Specifically, he found significant activity concentrations of natural radionuclides originated from coal mines in
Greece. Other related studies such as Papp et al. (2002) concluded that mining and the utilization of uraniferous
(rich in uranium) coal resulted in a remarkably high concentration of activity in the soil of a town (Ajka, Hungary)
close to a power plant. Chatzimouratidis and Pilavachi (2008), based on the National Council of Radiation
Protection and Measurements (NCRP) Report(1987) which estimated the effective dose equivalent from coal
plants at 100 times higher than that of nuclear plants. Specifically, they estimated 4.9 man Sv/year for a coal
power plant and 0.048 man Sv/year for a nuclear power plant (for a 1,000 MWe power plant) (Man Sv/Year is a
radioactivity collective effective dose equivalent measure; MWe is MegaWatts of electrical power). Corbett (1983)
shows a more conservative position, and established a similar collective dose from coal power plants and nuclear
power plants of the same dimension.
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5. Results

According to the rationale presented in the preceding paragraphs, our empirical application will

provide results for the two DEA models considered (SBM and DDF) and the two reference fron-

tiers, i.e. contemporaneous and sequential. Results for both SBM and DDF models are shown in

Tables 4 and 5, respectively. The graphical counterparts to these tables are presented in Figures

1 and 2, where we report efficiency trends and differences between the contemporaneous and

the sequential frontier for each pair country-year. In both figures the circles in black indicate

efficiency yielded by the sequential frontier, whereas those in red correspond to the contempora-

neous frontier. Due to the fact that the contemporaneous frontier is nested within the sequential

frontier, the efficiencies (obtained using SBM) yielded by the latter are always equal or lower than

those corresponding to the former, whereas the opposite holds for the inefficiencies (obtained us-

ing DDF). Considering the results for both frontiers, we have computed the correlation between

SBM and DDF models, yielding high values in absolute terms (−0.91 and −0.92 for the sequen-

tial and the contemporaneous frontier, respectively). In contrast, the correlation between the

SBM and the first stage results provided by the DDF model resulted in a much lower correlation

(−0.65).

According to the results shown in Figure 1 and Figure 2, Denmark, France, Austria and

Sweden are the countries with the highest efficiency differentials between the contemporaneous

and the sequential frontiers. This might indicate that these countries could have been affected

by some sort of technological regress in recent years—although this would require a more specific

examination.

Considering the results for the sequential frontier, on which we focus for simplicity, the upper

panel in Figure 3 reports mean results (considering all countries) for the SBM model (efficiency),

whereas the lower panel provides analogous information for the DDF model (inefficiency). We

also distinguish between unweighted and weighted means, which are reported in the left and right

panels of Figure 3, respectively. We consider this distinction is relevant given the remarkable

disparities among EU countries in both economic and population sizes, which ultimately affect

the amount of electricity produced. Accordingly, for computing the weighted averages we have

used total output (electricity and derived heat produced) as a weighting factor. Results for the

unweighted average are relatively stable when compared to those obtained when weighting, for

which we find a sudden change for year 2005, when the largest countries (in terms of energy

production) perform much better. Specifically, this behaviour is highly influenced by Germany,
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whose efficiency under SBM in 2005 was 1.000—and its inefficiency under DDF was 0.000. This

result is consistent with previous literature such as, for instance, Jaraitė and Di Maria (2012).

The explanations for these tendencies might be multiple, but some relevant facts occurred dur-

ing these years which could partly contribute to shedding some light on these opposite trends—i.e.

decreasing unweighted mean efficiency and increasing weighted mean efficiency, under SBM (the

DDF inefficiencies show opposite tendencies, as expected). Specifically, both the EU enlargements

(EU25 in 2004 and EU27 in 2007) as well as the Kyoto Protocol negotiations could underlie these

tendencies. Regarding the Kyoto Protocol negotiations, the new EU members after the 2004 and

2007 enlargements were, in general, smaller economies and less technologically developed than

their incumbent counterparts. The declining tendency for the (SBM) unweighted mean might

be related to the inclusion in the computation of the mean of new entrants in years in which

they were still non-EU countries. Since both enlargements took place in relatively recent years

(especially taking into account that the last sample year is 2007), adopting EU energy regulations

which attempt to enhance energy efficiency might be a slow process which is still far from over. In

addition to this, the Kyoto negotiations may have also had an impact on these trends if we take

into account that EU large economies are countries with binding obligations to reduce emissions

of greenhouse gases.

The links between the different EU enlargements and their likely impact on the results ob-

tained are explored further in Figure 4, where the upper and lower panels report unweighted

efficiency averages according to the SBM and DDF models, respectively. In addition, Figure 4 is

divided into two sub-figures: Figure 4(a) reports unweighted means, whereas its weighted coun-

terpart is provided in Figure 4(b). All sub-figures have separate lines for the different country

aggregates corresponding to the different EU enlargements. These descriptive results indicate

that the EU15 enlargement in 1995 (when Austria, Finland and Sweden joined the EU) repre-

sented the inclusion of three countries whose environmental performance was much better than

the rest, especially due to the presence of the two Nordic countries, as shown by comparing the

dotted (EU15 excluding EU12) vs. the dashed (EU12 only) lines in both panels. This trend

is robust across methods (SBM and DDF) as well as across weighting schemes (unweighted vs.

weighted). In contrast, the 2004 enlargement, when Cyprus, the Czech Republic, Estonia, Hun-

gary, Latvia, Lithuania, Malta, Poland, Slovakia and Slovenia joined the EU shows opposite

results, as shown by the visual comparison between the solid line (EU25) vs. the dashed-dotted

line (EU25 excluding EU15) in both the upper an lower panels.

Regarding the differences found when comparing EU15 and EU25 results, the explanations
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might partly lie in the strong differences in terms of productive structure and development of

electricity power markets comparing the acceding countries with the EU15 members. Regarding

the latter, the regulated power markets in most of the new EU members still do not provide

enough incentives for boosting efficiency. Among the 2004 acceding countries we find Hungary,

Poland, Estonia and Lithuania, all of which still set regulated end-user prices for electricity

(Bosch et al., 2009). Regarding the former, the average age of power plants in these countries

is much higher than the average in EU15 countries, (see Graus and Worrell, 2009), with less

incentives to update these plants during the last years of their life cycle, especially in the context

of regulated power markets (Jaraitė and Di Maria, 2012). As shown by Pollitt (2012), the opening

of the electricity markets in the in EU15 countries may have led to an efficiency enhancement of

electricity utilities. Yet he concludes that, in terms of eco-efficiency, “it is not liberalisation per se

what will determine the movement towards a low carbon energy transition, but the willingness of

societies to bear the cost, which will be significant no matter what the extent of liberalisation.”

One might of course consider whether the differences found among the different country’s

aggregates are significant or not. For this, we can consider several possibilities to test the null

hypothesis that H0 : f(EU15) = f(EU25− EU15), against the alternative that H1 : f(EU15) 6=

f(EU25−EU15), where f(·) corresponds to the density function of the aggregate being considered.

However, if we take into account that efficiency scores obtained using nonparametric techniques

such as those obtained in this paper do not generally meet the normality assumption (Simar and

Wilson, 1998), then the number of available instruments shrinks substantially.

An appropriate tool to test the hypotheses considered above is the Li (1996) test, which

compares two densities using kernel smoothing methods (see Silverman, 1986, for details).23 The

main advantage of using this test is that it compares the entire distributions of efficiencies, rather

than a specific moment or moments. Although applications of the Li (1996) and related tests

are still scarce, some evidence is available for a variety of fields (see, for instance Thieme et al.,

2013).

The results of applying this test to the different country aggregates are provided in Table

7. Although there are several hypotheses we might be interested in testing, we will restrict the

results to the comparison of EU15 vs. EU25-EU15, given that the differences between EU12 vs.

EU15-EU12 are driven by two specific countries only—Finland and Sweden. The test has been

conducted for both efficiency measurement methodologies considered, and for the two sub-periods,
23See also the relatively recent monograph by Li and Racine (2007), where an extensive revision of this and

related tests is provided.
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namely, 2000–2004 and 2005–2007, determined by the dates of the two EU enlargements.

Results are reported in Table 7 (including both the T -statistic of the Li test as well as the

corresponding p-value). The differences found when testing H0 : f(EU15) = f(EU25 − EU15)

are strongly significant (at the 1% level), although the value of the T -statistic is lower for DDF.

The value of the T -statistic also varies between the two sub-periods, although we do not observe

any particular tendency—in the case of SBM it is higher for 2000–2004, but in the case of DDF

this happens for 2005–2007.

6. Concluding remarks

This study has analysed the efficiency in the electricity and derived heat generation process for

the EU25 country members of the European Union, from year 2000 to 2007, also taking into

especial consideration how the successive enlargements might have affected the results. The en-

ergy sector accounts for the largest contribution to GHG emission and studies assessing technical

and environmental efficiency are crucial for policy makers and regulators. In particular, we have

found that the first phase of the EU ETS concluded with positive results, but the beginning of

the second phase does not seem so positive. As this sector, and set of countries, have pioneered

the implementation of the EU ETS, our study may provide feedback for past analysis and help

for future initiatives.

Given the great deal of inefficiency that can be involved in the process of electricity genera-

tion, previous studies have introduced a variety of proposals to evaluate the balance between the

primary resources actually consumed, and the final output available, also factoring in the exter-

nalities that emerge in the process—such as the release of greenhouse gases and other emissions,

as well as radioactivity. Despite the importance of this type of problem, the number of studies

attempting to evaluate the efficiency in the electricity and derived heat generation process at the

country level is relatively modest. Yet in some particular contexts such as that of the European

Union, these questions are especially important due to the design of common energy policies for

all countries.

Due to the variety of problems, positive and negative aspects (in terms of externalities) in-

volved in the energy sector, the use of a multi input-multi output nonparametric frontier method-

ology represents a suitable tool for this type of analysis. Among these methodologies, slacks-based

and directional distance function DEA models have prevailed. Our efficiency measurement ap-

proach considers these two models, namely, the slacks-based (SBM) model by Tone (2001), and
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the directional distance function (DDF) model by Briec (1997) and Chung et al. (1997), which

provided highly correlated results.

Both measurements suit our analysis particularly well due to its ability to model bad outputs,

and to provide inefficiency slacks for each variable, which is particularly interesting for detecting

abatement opportunities. Our contribution to the present literature is twofold. On the one hand,

the use of directional distance functions accounting for non-directional slacks clearly improves

the reliability of results, and proves that neglecting this source of inefficiency may result in

seriously biased efficiency measures. The literature analysing these specific issues is still evolving,

and it offers an appealing research opportunity. On the other hand, the use of specific aggregate

inefficiency slacks provide sound information about the absolute extent of inefficiencies, and helps

in detecting abatement opportunities when undesirable outputs are factored in.

Our results indicate that there are large efficiency differentials among EU15 and later enlarge-

ments of the EU with a steady trend. Actually, one may also find strong efficiency differentials

when focusing on EU15, although this occurs due to the effect of some particular (Nordic) coun-

tries, as acknowledged by the literature. However, the differences found between EU15 and the

countries who joined the EU in 2004 were large and significant. Accordingly, opportunities for

improvement terms of CO2 abatement and primary energy saving in the EU are still present and

are also great, especially for new EU members with highly regulated energy sectors. However,

there are also dangers derived from these discrepancies, since the less efficient countries’ growth

prospects might be jeopardised by the need to converge. The differences, though, were not ap-

plicable to all bad outputs, since in the case of the second one (radioactivity) the accounted

inefficiency is less important.
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Jaraitė, J. and Di Maria, C. (2012). Efficiency, productivity and environmental policy: A case study of

power generation in the EU. Energy Economics, 34:1557–1568.

Koopmans, T. (1951). Analysis of production as an efficient combination of activities. Activity analysis

of production and allocation, 13:33–37.

Kumar, S. (2006). Environmentally sensitive productivity growth: A global analysis using Malmquist-

Luenberger index. Ecological Economics, 56(2):280–293.

Kuosmanen, T. (2005). Weak disposability in nonparametric production analysis with undesirable outputs.

American Journal of Agricultural Economics, 87(4):1077–1082.

Li, Q. (1996). Nonparametric testing of closeness between two unknown distribution functions. Econo-

metric Reviews, 15:261–274.

Li, Q. and Racine, J. S. (2007). Nonparametric Econometrics: Theory and Practice. Princeton University

Press, Princeton and Oxford.

Liu, W. B., Meng, W., Li, X. X., and Zhang, D. Q. (2010). DEA models with undesirable inputs and

outputs. Annals of Operations Research, 173(1):177–194.

Lozano, S. and Gutiérrez, E. (2008). Non-parametric frontier approach to modelling the relationships

among population, GDP, energy consumption and CO2 emissions. Ecological Economics, 66(4):687–

699.

27



Luenberger, D. (1992). New optimality principles for economic efficiency and equilibrium. Journal of

Optimization Theory and Applications, 75(2):221–264.

Papastefanou, C. (2010). Escaping radioactivity from coal-fired power plants (CPPs) due to coal burning

and the associated hazards: a review. Journal of Environmental Radioactivity, 101(3):191–200.

Papp, Z., Dezso, Z., and Daroczy, S. (2002). Significant radioactive contamination of soil around a

coal-fired thermal power plant. Journal of Environmental Radioactivity, 59(2):191–205.

Pastor, J., Ruiz, J., and Sirvent, I. (1999). An enhanced DEA Russell graph efficiency measure. European

Journal of Operational Research, 115(3):596–607.

Picazo-Tadeo, A., Gomez-Limon, J., and Reig-Martinez, E. (2011). Assessing farming eco-efficiency: A

data envelopment analysis approach. Journal of Environmental Management‘, 92:1154–1164.

Picazo-Tadeo, A., Reig-Martinez, E., and Hernandez-Sancho, F. (2005). Directional distance functions

and environmental regulation. Resource and Energy Economics, 27(2):131–142.

Pollitt, M. G. (2012). The role of policy in energy transitions: lessons from the energy liberalisation era.

Energy Policy, 50:128–137.

Ramanathan, R. (2005). An analysis of energy consumption and carbon dioxide emissions in countries of

the Middle East and North Africa. Energy, 30(15):2831–2842.

Riccardi, R., Oggioni, G., and Toninelli, R. (2012). Efficiency analysis of world cement industry in

presence of undesirable output: Application of data envelopment analysis and directional distance

function. Energy Policy.

Russell, R. (1990). Continuity of measures of technical efficiency. Journal of Economic Theory, 51(2):255–

267.

Russell, R. R. and Schworm, W. (2009). Axiomatic foundations of efficiency measurement on data-

generated technologies. Journal of Productivity Analysis, 31(2):77–86.

Scheel, H. (2001). Undesirable outputs in efficiency valuations. European Journal of Operational Research,

132(2):400–410.

Seiford, L. and Zhu, J. (2002). Modeling undesirable factors in efficiency evaluation. European Journal of

Operational Research, 142(1):16–20.

Silva Portela, M., Thanassoulis, E., and Simpson, G. (2004). Negative data in DEA: a directional distance

approach applied to bank branches. Journal of the Operational Research Society, 55(10):1111–1121.

Silverman, B. W. (1986). Density Estimation for Statistics and Data Analysis. Chapman and Hall,

London.

28



Simar, L. and Wilson, P. (2002). Non-parametric tests of returns to scale. European Journal of Operational

Research, 139(1):115–132.

Simar, L. and Wilson, P. W. (1998). Sensitivity analysis of efficiency scores: How to bootstrap in non-

parametric frontier models. Management Science, 44(1):49–61.

Sims, R., Rogner, H., and Gregory, K. (2003). Carbon emission and mitigation cost comparisons between

fossil fuel, nuclear and renewable energy resources for electricity generation. Energy Policy, 31(13):1315–

1326.

Thieme, C., Prior, D., and Tortosa-Ausina, E. (2013). A mutilevel decomposition of school performance

using robust nonparametric frontier techniques. Economics of Education Review, 32:104–121.

Tone, K. (1997). A slacks based measure of efficiency in Data Envelopment Analysis. Research report.

Institute for Policy Science, Saitama University, August.

Tone, K. (2001). A slacks-based measure of efficiency in Data Envelopment Analysis. European Journal

of Operational Research, 130(3):498–509.

Tone, K. (2002). A slacks-based measure of super-efficiency in Data Envelopment Analysis. European

Journal of Operational Research, 143(1):32–41.

Tone, K. (2004a). Dealing with undesirable outputs in DEA: a slacksbased measure (SBM) approach.

Nippon Opereshonzu, Risachi Gakkai Shunki Kenkyu Happyokai Abusutorakutoshu, 2004:44–45.

Tone, K. (2004b). A hybrid measure of efficiency in dea. GRIPS Research Report Series.

Tone, K. (2010). Variations on the theme of slacks-based measure of efficiency in DEA. European Journal

of Operational Research, 200(3):901–907.

Tone, K. and Tsutsui, M. (2006). An efficiency measure of goods and bads in DEA and its application to

US Electric Utilities. In Asia Pacific Productivity Conference, Korea.

Tone, K. and Tsutsui, M. (2010a). An epsilon-based measure of efficiency in DEA-A third pole of technical

efficiency. European Journal of Operational Research, 207(3):1554–1563.

Tone, K. and Tsutsui, M. (2010b). Dynamic dea: a slacks-based measure approach. Omega, 38(3):145–156.

Tone, K. and Tsutsui, M. (2011). Applying an Efficiency Measure of Desirable and Undesirable Outputs

in DEA to US Electric Utilities.

Tulkens, H. and Vanden Eeckaut, P. (1995). Non-parametric efficiency, progress and regress measures for

panel data: methodological aspects. European Journal of Operational Research, 80(3):474–499.

29



Tyteca, D. (1997). Linear programming models for the measurement of environmental performance of

firms – concepts and empirical results. Journal of Productivity Analysis, 8(2):183–197.

Vestreng, V., Myhre, G., Fagerli, H., Reis, S., Tarrasón, L., et al. (2007). Twenty-five years of continuous

sulphur dioxide emission reduction in europe. Atmospheric chemistry and physics, 7(13):3663–3681.

Wang, Q., Zhou, P., and Zhou, D. (2012). Efficiency measurement with carbon dioxide emissions: The

case of China. Applied Energy, 90(1):161–166.

Wei, C., Ni, J., and Du, L. (2011). Regional allocation of carbon dioxide abatement in China. China

Economic Review, forthcoming.

Yaisawarng, S. and Klein, J. (1994). The effects of sulfur dioxide controls on productivity change in the

us electric power industry. The Review of Economics and Statistics, pages 447–460.

Yang, H. and Pollitt, M. (2007). Distinguishing weak and strong disposability among undesirable outputs

in DEA: the example of the environmental efficiency of chinese coal-fired power plants. Cambridge

Working Papers in Economics.

Yang, H. and Pollitt, M. (2009). Incorporating both undesirable outputs and uncontrollable variables into

DEA: The performance of Chinese coal-fired power plants. European Journal of Operational Research,

197(3):1095–1105.

Yang, H. and Pollitt, M. G. (2010). The necessity of distinguishing weak and strong disposability among

undesirable outputs in DEA: Environmental performance of Chinese coal-fired power plants. Energy

Policy, 38(8):4440–4444.

Zaim, O. (2004). Measuring environmental performance of state manufacturing through changes in pol-

lution intensities: a DEA framework. Ecological Economics, 48(1):37–47.

Zaim, O. and Taskin, F. (2000). Environmental efficiency in carbon dioxide emissions in the OECD: a

non-parametric approach. Journal of Environmental Management, 58(2):95–107.

Zhou, P., Ang, B., and Poh, K. (2006). Slacks-based efficiency measures for modeling environmental

performance. Ecological Economics, 60(1):111–118.

Zhou, P., Ang, B., and Poh, K. (2008a). A survey of Data Envelopment Analysis in energy and environ-

mental studies. European Journal of Operational Research, 189(1):1–18.

Zhou, P., Ang, B., and Poh, K. (2008b). Measuring environmental performance under different environ-

mental DEA technologies. Energy Economics, 30(1):1–14.

Zhou, P., Poh, K., and Ang, B. (2007). A non-radial DEA approach to measuring environmental perfor-

mance. European Journal of Operational Research, 178(1):1–9.

30



Zofio, J. L. and Prieto, A. M. (2001). Environmental efficiency and regulatory standards: the case of CO2

emissions from OECD industries. Resource and Energy Economics, 23(1):63–83.

31



Table 1: Gross electricity generation
(2009), European Union (27
countries)

Source In GWh %

Total conventional thermal 1,101,693 44.05
Coal 584,401 23.36
Oil 52,192 2.09
Gas 432,658 17.30
Other power stations 32,442 1.30

Nuclear 869,057 34.74
Pumped storage 31,719 1.27
Renewable energies 499,091 19.95

Total 2,501,560 100.00

Data source: Eurostat Database, Energy
(nrg_105a; August 2012).
GWh: Gigawatt Hour.

Table 2: European Union (27 countries)

Austria (AT) Germany (DE) Poland (PL)
Belgium (BE) Greece (EL) Portugal (PT)
Bulgaria (BG) Hungary (HU) Romania (RO)
Cyprus (CY) Ireland (IE) Slovakia (SK)
Czech Republic (CZ) Italy (IT) Slovenia (SI)
Denmark (DK) Latvia (LV) Spain (ES)
Estonia (EE) Lithuania (LT) Sweden (SE)
Finland (FI) Luxembourg (LU) Netherlands, The (NL)
France (FR) Malta (MT) United Kingdom (UK)

EU12: BE, DK, FR, DE, EL, IE, IT, LU, PT, ES, NL, UK (1-11-1993)
EU15: EU12 + AT, FI, SE (1-1-1995)
EU25: EU15 + CY, CZ, EE, HU, LV, LT, MT, PL, SK, SI (1-5-2004)
EU27: EU25 + BG, RU (1-1-2007)
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Table 4: SBM and DDF measures under contemporaneous frontier

SBM efficiency

2000 2001 2002 2003 2004 2005 2006 2007

Austria 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Belgium 0.305 0.305 0.321 0.340 0.318 0.314 0.324 0.330
Cyprus 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Czech Republic 0.299 0.315 0.312 0.322 0.300 0.295 0.295 0.303
Denmark 0.489 0.610 0.607 0.568 0.635 0.588 0.527 0.572
Estonia 0.303 0.362 0.383 0.395 0.341 0.349 0.350 0.367
Finland 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
France 0.455 0.482 0.485 0.577 0.520 0.476 0.522 0.495
Germany 0.271 0.276 0.355 0.439 0.433 1.000 0.458 0.418
Greece 0.223 0.226 0.222 0.225 0.209 0.201 0.209 0.212
Hungary 0.293 0.288 0.270 0.253 0.264 0.270 0.265 0.290
Ireland 0.226 0.232 0.217 0.223 0.212 0.200 0.218 0.216
Italy 0.422 0.428 0.400 0.392 0.491 0.423 0.456 0.440
Latvia 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Lithuania 0.335 0.340 0.397 0.374 0.372 0.353 0.348 0.367
Luxembourg 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Malta 1.000 0.496 1.000 1.000 0.161 0.152 0.168 0.170
Netherlands 0.413 0.482 0.502 0.507 0.527 0.434 0.455 0.444
Poland 0.302 0.323 0.313 0.296 0.290 0.288 0.289 0.284
Portugal 0.405 0.514 0.473 0.532 0.465 0.379 0.486 0.558
Slovakia 0.346 0.300 0.302 0.279 0.297 0.293 0.287 0.300
Slovenia 0.361 0.348 0.338 0.355 0.358 0.334 0.335 0.318
Spain 0.271 0.294 0.295 0.361 0.331 0.312 0.314 0.314
Sweden 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
United Kingdom 0.262 0.266 0.280 0.281 0.247 0.251 0.240 0.240

DDF inefficiency

2000 2001 2002 2003 2004 2005 2006 2007

Austria 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Belgium 0.402 0.370 0.374 0.356 0.377 0.320 0.367 0.362
Cyprus 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Czech Republic 0.461 0.443 0.455 0.449 0.449 0.238 0.457 0.447
Denmark 0.233 0.072 0.080 0.132 0.091 0.109 0.174 0.132
Estonia 0.463 0.405 0.401 0.402 0.427 0.226 0.450 0.401
Finland 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
France 0.247 0.234 0.240 0.229 0.230 0.256 0.243 0.247
Germany 0.464 0.449 0.415 0.370 0.365 0.000 0.352 0.361
Greece 0.531 0.524 0.531 0.534 0.539 0.477 0.538 0.533
Hungary 0.539 0.543 0.557 0.579 0.554 0.556 0.560 0.540
Ireland 0.488 0.478 0.489 0.408 0.398 0.528 0.478 0.479
Italy 0.341 0.332 0.341 0.178 0.142 0.278 0.288 0.208
Latvia 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Lithuania 0.422 0.418 0.373 0.386 0.384 0.404 0.419 0.403
Luxembourg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Malta 0.000 0.249 0.000 0.000 0.540 0.580 0.623 0.626
Netherlands 0.288 0.258 0.249 0.107 0.084 0.279 0.223 0.267
Poland 0.512 0.508 0.536 0.552 0.530 0.485 0.546 0.541
Portugal 0.273 0.219 0.254 0.150 0.186 0.300 0.229 0.208
Slovakia 0.475 0.426 0.467 0.483 0.453 0.432 0.463 0.455
Slovenia 0.387 0.386 0.417 0.420 0.401 0.268 0.435 0.447
Spain 0.438 0.381 0.406 0.330 0.366 0.312 0.372 0.372
Sweden 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
United Kingdom 0.452 0.436 0.429 0.418 0.457 0.408 0.473 0.46634



Table 5: SBM and DDF measures under sequential frontier

SBM efficiency

2000 2001 2002 2003 2004 2005 2006 2007

Austria 1.000 0.925 1.000 0.815 1.000 1.000 1.000 1.000
Belgium 0.305 0.302 0.308 0.321 0.318 0.314 0.322 0.329
Cyprus 1.000 1.000 1.000 1.000 0.930 1.000 1.000 1.000
Czech Republic 0.299 0.311 0.307 0.321 0.300 0.295 0.295 0.303
Denmark 0.489 0.531 0.543 0.524 0.615 0.588 0.514 0.545
Estonia 0.303 0.351 0.366 0.388 0.341 0.349 0.346 0.367
Finland 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
France 0.455 0.475 0.460 0.476 0.479 0.476 0.481 0.482
Germany 0.271 0.273 0.355 0.439 0.433 1.000 0.458 0.417
Greece 0.223 0.222 0.221 0.224 0.209 0.201 0.209 0.212
Hungary 0.293 0.288 0.270 0.253 0.255 0.270 0.265 0.285
Ireland 0.226 0.226 0.212 0.214 0.212 0.200 0.213 0.211
Italy 0.422 0.409 0.380 0.370 0.451 0.423 0.430 0.425
Latvia 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Lithuania 0.335 0.339 0.366 0.374 0.362 0.353 0.344 0.358
Luxembourg 1.000 1.000 1.000 1.000 1.000 1.000 0.979 0.733
Malta 1.000 0.496 1.000 1.000 0.161 0.152 0.168 0.166
Netherlands 0.413 0.424 0.458 0.450 0.509 0.434 0.394 0.393
Poland 0.302 0.315 0.310 0.296 0.290 0.288 0.289 0.284
Portugal 0.405 0.463 0.417 0.450 0.417 0.379 0.429 0.524
Slovakia 0.346 0.289 0.284 0.279 0.284 0.293 0.286 0.293
Slovenia 0.361 0.337 0.321 0.321 0.345 0.334 0.326 0.314
Spain 0.271 0.288 0.280 0.334 0.331 0.312 0.309 0.311
Sweden 1.000 1.000 0.904 0.742 0.842 1.000 0.880 1.000
United Kingdom 0.262 0.264 0.271 0.279 0.247 0.251 0.240 0.240

DDF inefficiency

2000 2001 2002 2003 2004 2005 2006 2007

Austria 0.000 0.019 0.000 0.030 0.000 0.000 0.000 0.000
Belgium 0.402 0.370 0.374 0.357 0.377 0.362 0.368 0.359
Cyprus 0.000 0.000 0.000 0.000 0.022 0.000 0.000 0.000
Czech Republic 0.461 0.443 0.455 0.449 0.449 0.249 0.457 0.447
Denmark 0.233 0.111 0.111 0.225 0.095 0.114 0.252 0.167
Estonia 0.463 0.405 0.401 0.402 0.427 0.230 0.450 0.401
Finland 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
France 0.247 0.235 0.246 0.248 0.249 0.256 0.250 0.247
Germany 0.464 0.449 0.415 0.370 0.365 0.000 0.352 0.362
Greece 0.531 0.524 0.531 0.534 0.539 0.492 0.538 0.533
Hungary 0.539 0.543 0.557 0.579 0.554 0.556 0.560 0.544
Ireland 0.488 0.478 0.499 0.473 0.418 0.528 0.500 0.496
Italy 0.341 0.344 0.200 0.192 0.142 0.273 0.231 0.241
Latvia 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Lithuania 0.422 0.418 0.375 0.394 0.401 0.408 0.419 0.402
Luxembourg 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.038
Malta 0.000 0.249 0.000 0.000 0.545 0.575 0.623 0.632
Netherlands 0.288 0.283 0.193 0.199 0.097 0.279 0.292 0.302
Poland 0.512 0.508 0.536 0.552 0.530 0.485 0.546 0.546
Portugal 0.273 0.245 0.191 0.181 0.195 0.300 0.257 0.227
Slovakia 0.475 0.426 0.467 0.483 0.453 0.445 0.463 0.454
Slovenia 0.387 0.386 0.417 0.420 0.401 0.280 0.435 0.446
Spain 0.438 0.386 0.409 0.330 0.366 0.333 0.372 0.374
Sweden 0.000 0.000 0.012 0.042 0.043 0.000 0.022 0.000
United Kingdom 0.452 0.436 0.429 0.418 0.457 0.430 0.473 0.463
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Figure 1: Efficiencies by country using Slack-Based Measures (SBM)
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Figure 2: Inefficiencies by country using Directional Distance Functions (DDF)
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Figure 3: Mean efficiencies and inefficencies (unweighted and weighted)
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