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ABSTRACT. The impact of economic activity on the environment is a matter of growing concern for 
firm managers, policymakers, researchers and society as a whole. Building on previous work by Kor-
telainen [Kortelainen, M., 2008. Dynamic environmental performance analysis: A Malmquist index 
approach. Ecological Economics 64, 701-715], we contribute an approach to assessing dynamic ecologi-
cal-economic performance, or simply dynamic eco-performance, and its two determinants, ecological-
economic efficiency change and technical change, at specific-environmental-pressure level. In doing so, we 
use Data Envelopment Analysis techniques, directional distance functions and Luenberger indices. Our 
approach is employed to assess dynamic eco-performance in the emission of greenhouse gases in the 
European Union-27 over the period 1990-2010. The main result is that eco-performance has been 
boosted by technical change rather than by increases in eco-efficiency. Accordingly, policy measures 
aimed at enhancing eco-efficiency are recommended to improve eco-performance in European coun-
tries regarding greenhouse gas emissions. 

KEYWORDS: Dynamic eco-performance; directional distance functions; Data Envelopment 
Analysis; greenhouse gases emissions; European Union. 

JEL CLASSIFICATION: C61; O44; Q01; Q54. 

1. Introduction 

The traditional view of economic growth entirely focused on increasing the quantity of goods 

and services available to satisfy human needs has given way in recent decades to a vision of 

growth based on sustainable development, understood as the ‘development that meets the needs of 

the present without compromising the ability of future generations to meet their own needs’ (WCED 

1987:43). Sustainability is intrinsically a multifaceted concept, which involves at least two 

strongly related dimensions, namely, the economic dimension and the environmental dimen-

sion. The environment contributes to obtaining goods and services, but is also directly affect-

ed by economic activity. Production processes influence the quality of the environment due to 

the use they make of natural resources and the waste they generate. Likewise, availability of 

natural resources and the restrictions on emissions imposed by environmental regulations 

affect key economic aspects, such as business profitability. 



2 

Literature in the field of ecological economics has long recognised the need to develop tools to 

assess the impact of productive activity on the environment, as a necessary condition for envi-

ronmental policies aimed at achieving sustainable development to be effective (Huppes and 

Ishikawa 2005a; 2009). Accordingly, various approaches have been developed to obtain indi-

cators of the contribution made by products or firms to sustainability, including the Life Cycle 

Accounting and the Life Cost Cycle. However, one of the drawbacks of these approaches is that 

they provide indicators that are difficult to aggregate. Issues such as weighting environmental 

pressures when building an aggregate indicator of ecological performance, or how to combine 

ecological and economic performance, are significant problems and at the same time difficult 

to solve, in that pressures on the environment have no market prices. 

As an alternative to using monetary values to solve the incommensurability of environmental 

pressures, relative measures based on the concept of ecological-economic efficiency, or just eco-

efficiency, and Data Envelopment Analysis techniques (DEA) can be employed. According to the 

OECD (1998:7), ‘Eco-efficiency expresses the efficiency with which ecological resources are used to 

meet human needs (...) and can also be defined as a ratio of output and input so that the output repre-

sents the value of the products or services that a company produces and the input is the sum of envi-

ronmental pressures caused by the production’. Eco-efficiency can be thus understood as a rela-

tionship between the economic value generated by a production unit (firm, industry or econ-

omy) and an aggregate measure of the pressure exerted on the environment (Schaltegger and 

Synnestvedt 2002). In addition, several international organisations have recognised that eco-

efficiency assessment is a powerful instrument capable of providing managers and policy-

makers with helpful information to design better managerial strategies and environmental 

policies (United Nations 2009). 

In this line of research, Kuosmanen and Kortelainen (2005) developed a general framework to 

measure relative eco-efficiency using DEA in a static setting, which Kortelainen (2008) general-

ised to a dynamic setting. In doing so, professor Kortelainen used Malmquist indices 

(Malmquist 1953) to develop an overall proportional measure of what he called dynamic envi-
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ronmental performance, which was decomposed into the result of relative eco-efficiency change 

and environmental technical change. Our paper extends the approach by Kortelainen (2008) to 

assessing dynamic eco-performance and its determinants at specific-environmental-pressure 

level. In doing so, we use Luenberger indices (Chambers et al. 1996), directional distance func-

tions and the DEA-based approach to eco-efficiency measurement by Picazo-Tadeo et al. 

(2012), which assesses eco-efficiency under different scenarios representing the preferences of 

researchers and/or policymakers regarding economic and ecological performance. 

This approach is employed to assess dynamic eco-performance in greenhouse gas (GHG) 

emissions in the European Union-27 (EU-27) over the period 1990-2010. Global warming and 

climate change have become a matter of increasing concern for policymakers, researchers and 

society as a whole in recent decades; in fact, policies combating climate change constitute a 

cornerstone of current environmental policy in developed countries. Furthermore, researchers 

generally seem to agree that changes are unequivocal and caused by increasing concentrations 

of GHG due to human activities, mostly the production and use of energy. Accordingly, our 

assessment of dynamic eco-performance could provide European policymakers with sound 

information helping them to design better environmental policies to combat climate change. 

Following this Introduction, Section 2 develops the methodology and Section 3 describes the 

data and the empirical application. Section 4 discusses the results and highlights some policy 

recommendations, while a final Section concludes and suggests some avenues for future re-

search. 

2. Methodology 

2.1. Eco-performance, eco-efficiency and technical change 

Let us start by assuming that we observe a set of k=1,…,K decision-making units (DMU) 

which each year from a period t=1,…,T generate an economic result represented by value 
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added vt. Furthermore, economic activity exerts a series of n=1,…,N damaging pressures on 

the environment, which in period t are denoted by the vector  t t t
1 np ,...,pp .1 

The Pressure Generating Technology Set (PGTS), which represents all feasible combinations of 

value added and environmental pressures in period t, is defined as (Kuosmanen and Korte-

lainen 2005; also see Picazo-Tadeo et al. 2011): 

  
   p pt t t N 1 t tPGTS v , R value added v  can be obtained with pressures    (1) 

Technology can also be represented by the Pressure Requirement Set (PRS) as defined in 

Beltrán-Esteve et al. (2012), which represents all the combinations of environmental pressures 

p that permit obtaining at least value added v, and which in period t is defined as: 

      p pt t t t t tPRS v v , PGTS          (2) 

Following Picazo-Tadeo et al. (2012), we assume that technology has the following properties: 

a) economic activity unavoidably exerts some pressures on the environment, and the only way 

not to generate pressures is not to produce; b) lower value added can always be obtained exert-

ing the same amount of pressures on the environment; c) pressures on the environment can al-

ways be increased for any given value added; and, finally, d) any convex combination of two or 

more feasible (observed) pairs of value added and environmental pressures is also feasible. In 

accordance with earlier papers by Korhonen and Luptacik (2004), Kuosmanen and Kortelainen 

(2005) and Zhang et al. (2008), in this characterisation of the technology environmental pres-

sures are formally treated as conventional inputs.2 

Let us now define ecological-economic performance, or simply eco-performance, as the ratio be-

tween economic value added and a composite indicator of the aggregate pressure exerted on 

                                                           
1 Vectors are in bold type throughout the paper to distinguish them from scalars. 

2 Dyckhoff and Allen (2001) discuss different approaches to treating the undesirable results of production 

processes in DEA-based models. 
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the environment (Kortelainen 2008). Accordingly, eco-performance would improve when the 

value added increases with respect to the aggregate environmental pressure. Formally, eco-

performance in period t is formulated as: 

t t
t

t t t t
1 1 2 2 n n

Economic value added v
Eco performance

Aggregate environmental pressure w p w p ... w p
  

  
  (3) 

In the computation of the aggregate environmental pressure score we follow the most com-

mon approach in literature consisting of taking as aggregating function a linear weighted av-

erage of the particular environmental pressures, wn being the weight awarded to pressure n. 

Furthermore, it is worth highlighting that here we interpret the ratio between economic value 

added and the aggregate pressure in a slightly different manner than Kuosmanen and Korte-

lainen (2005), where this ratio was used as a measure of relative ecological-economic efficiency. 

The reason is that, for the purpose of our paper, we want to unmistakable separate the con-

cept of eco-efficiency, which involves a relative evaluation of performance with respect to a 

benchmark, from eco-performance which does not involve such comparison. Other papers 

have referred to this ratio as environmental productivity (Huppes and Ishikawa 2005b). 

Our next methodological building block is the directional distance function (Färe and Grosskopf 

2000)3 defined in period t as: 

     t t t t t t
v vD v , ; g , Sup PRS v g           p pp g g p g


     (4) 

  vg , pg g  being the so-called direction vector. 

The directional distance function provides a complete representation of the PGTS and is lower 

bounded to zero (other properties are in Chambers et al. 1998). Furthermore, it is a flexible 

and powerful tool for measuring eco-efficiency, which in turn makes it possible to assess po-

tential increases in economic value added and/or reductions in environmental pressures 

                                                           
3 Picazo-Tadeo et al. (2005) highlight the usefulness of these functions for environmental analyses. 
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along a particular direction vector defined by the researcher, which might represent the pref-

erences of policymakers, firm managers or society regarding the trade-off between economic 

and ecological performance. 

After defining the concepts of eco-performance and directional distance function, following 

the approach by Kortelainen (2008), we suggest an index for measuring dynamic eco-

performance and its determinants based on the computation of Luenberger indices (Chambers 

et al. 1996). In order to assess the change in eco-performance of a given DMU between adja-

cent periods 0 and 1, let us first set the technology of period 0 as the benchmark and assess 

eco-performance change by the difference in the directional distance functions of observations 

0 and 1 to that technology. Formally: 

  
  

    
   





0 0 0 0 0
v

0 1 1
v

Eco performance change EPCh D v , ; g ,

D v , ; g ,

p

p

p g g

p g g
    (5) 

Alternatively, eco-performance change can be measured regarding the technology of period 1: 

  
  

    
   





1 1 1 0 0
v

1 1 1
v

Eco performance change EPCh D v , ; g ,

D v , ; g ,

p

p

p g g

p g g
     (6) 

Following Chambers et al. (1996), the Luenberger eco-performance indicator assessing the change 

in eco-performance over periods 0 and 1 is computed as the arithmetic mean of the two indi-

ces of eco-performance change in expressions (5) and (6):4 

       
     

 0,1 0 0 1 1 0 0 0 0 1 1
v v v

1 0 0 1 1 1
v v

1
LEPCh v , , v , ; g , D v , ; g , D v , ; g ,

2

D v , ; g , D v , ; g ,

          

     


p p p

p p

p p g g p g g p g g

p g g p g g

 

 
(7) 

In the spirit of the Malmquist productivity index decomposition (Färe et al. 1994) used by Kor-

telainen (2008)5, here we decompose the Luenberger indicator of eco-performance change into 

                                                           
4 A positive record for this indicator would point to an improvement in eco-performance, whereas negative 

scores mean that eco-performance has worsened. 
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two mutually exclusive elements representing, respectively, eco-efficiency change and technical 

change. 

As already commented, flexibility is one of the primary advantages of directional distance 

functions, enabling researchers to evaluate performance in different directions representing 

either their own preferences or those of policymakers. Thus, before proceeding with the de-

composition of eco-performance change, let us assume a scenario in which our interest lies in 

evaluating the extent by which all environmental pressures can be proportionally or radially 

reduced without decreasing value added. The directional distance function that assesses this 

proportion in period t provides a measure of eco-efficiency and is computed as: 

      t t t t t t t t tEco efficiency EEff D v , ; 0, Sup 1 PRS v             p g p p


  (8) 

   t0,g p  being the direction vector that represents the abovementioned preferences. 

Furthermore, the change in eco-efficiency between periods 0 and 1 in this scenario can be 

evaluated as the difference in the directional distance functions of observations 0 and 1 with 

respect to their respective contemporaneous technologies: 

                   
 

0,1 0 0 1 1 0 0 0 0 1 1 1 1EEffCh v , ,v , ; 0, D v , ; 0, D v , ; 0,p p g p p g p p g p   (9) 

Accordingly, this indicator measures the increase/decrease in environmental pressures due to 

the difference of eco-efficiency between periods 0 and 1. 

On the other hand, technical change in this scenario can be assessed by comparing value add-

ed and environmental pressures in period 0 with respect to the technology of periods 0 and 1, 

respectively. Formally: 

       0,1 0 0 1 1 0 1 0 0 0 0 0 0 0TechCh v , ,v , ; 0, D v , ; 0, D v , ; 0,            p p g p p g p p g p
 

 (10) 

or, alternatively, using the observation in period 1 as a basis of comparison: 

                                                           
5 Boussemart et al. (2003) compare the relative performance of Malmquist and Luenberger indices. 
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       0,1 0 0 1 1 1 1 1 1 1 0 1 1 1TechCh v , ,v , ; 0, D v , ; 0, D v , ; 0,            p p g p p g p p g p
 

 (11) 

Taking the average of expressions (10) and (11) yields: 

       
     

0,1 0 0 1 1 1 0 0 0 0 0 0 0

1 1 1 1 0 1 1 1

1
TechCh v , ,v , ; 0, D v , ; 0, D v , ; 0,

2

D v , ; 0, D v , ; 0,

          

      

p p g p p g p p g p

p g p p g p

 

 
 (12) 

This indicator of technical change measures the increase/decrease in environmental pressures 

due to the shift in technology between periods 0 and 1. 

Joining together efficiency change and technological change in expressions (9) and (12), re-

spectively, yields what we call here the proportional Luenberger eco-performance change indicator, 

which is formally expressed as: 

   
 

 0,1 0 0 1 1 0,1 0 0 1 1

0,1 0 0 1 1

LEPCh v , , v , ; 0, EEffCh v , , v , ; 0,

TechCh v , , v , ; 0,

           
     

p p g p p p g p

p p g p
 (13) 

This indicator measures the change in eco-performance and its determinants, eco-efficiency 

change and technical change, assessed in a direction that reduces all environmental pressures 

proportionally while maintaining value added. This decomposition would be equivalent to 

the dynamic decomposition of eco-performance proposed by Kortelainen (2008), but comput-

ed using Luenberger indices and directional distance functions instead of Malmquist indices 

and conventional Shephard’s distances. Nonetheless, the assumption of proportionality might 

be overly restrictive as it does not allow modelling some preferences regarding the trade-off 

between economic performance and ecological performance, which might be of interest to 

researchers and/or policymakers.6 

On the contrary, the use of directional distance functions and Luenberger indices makes it pos-

sible to assess eco-performance change in terms other than radial or proportional measures. 

                                                           
6 Furthermore, slacks in value added and environmental pressures would not be accounted for under this 

assumption, when they might be an important source of inefficiency (Mahlberg and Sahoo, 2011). 
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Let us therefore consider a scenario in which policymakers are interested in assessing the 

change in eco-performance in a scenario in which only an environmental pressure or group of 

pressures, denoted by i, are reduced without decreasing economic value added and with no 

increase in the remaining pressures, which are denoted by –i. In this scenario, the directional 

distance function that assesses eco-efficiency in period t is: 

      t t t t t t t t t t
i i i i i i i -iEco efficiency EEff D v , ; 0,( , ) Sup 1 , PRS v             p g p 0 p p


 (14) 

Furthermore, eco-efficiency change between periods 0 and 1 in this scenario is: 

      
   

0,1 0 0 1 1 0 0 0 0
i i i i

1 1 1 1
i i

EEffCh v , , v , ; 0, , D v ,p ; 0, ,

D v ,p ; 0, ,

       
   

p p g p 0 g p 0

g p 0



  (15) 

while technical change between 0 and 1 is: 

  
   
   

   
   

1 0 0 0
i i

0,1 0 0 1 1
i i

0 0 0 0
i i

1 1 1 1
i i

0 1 1 1
i i

D v , ; 0, ,1
TechCh v , , v , ; 0, ,

2 D v , ; 0, ,

D v , ; 0, ,

D v , ; 0, ,

  
        

 
    

p g p 0
p p g p 0

p g p 0

p g p 0

p g p 0









 (16) 

Finally, with this direction the indicator of eco-performance change between periods 0 and 1, 

which we will refer to as the pressure-specific Luenberger eco-performance change indicator can be 

defined for pressure or group of pressures i as: 

     
  

0,1 0 0 1 1 0,1 0 0 1 1
i i i i

0,1 0 0 1 1
i i

LEPCh v , , v , ; 0, , EEffCh v , , v , ; 0, ,

TechCh v , , v , ; 0, ,

          
    

p p g p 0 p p g p 0

p p g p 0
 (17) 

The main interest in assessing dynamic eco-performance and its determinants using direc-

tional distance functions and pressure-specific directions is that both proportional and non-

proportional Luenberger indicators could yield different rates of eco-performance growth, eco-
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efficiency change and technical change.7 What is more, growth estimates are also expected to 

be different depending on the direction chosen for the reduction of environmental pressures. 

In our opinion, these features could yield worthwhile information to policymakers, helping 

them to design better environmental policies. Figure 1 illustrates this assertion regarding 

technical change. 

In the picture we consider a technology which generates an added value v and two environ-

mental pressures, p1 and p2, and is represented by the PRS(v). For the sake of simplicity, we 

evaluate technical change projecting the observation of DMU k in period 1, namely k1, onto 

the eco-efficient frontiers of periods 0 and 1. Projecting in a direction that only reduces p2 

while maintaining value added and p1 at their observed levels allows us to assess the potential 

saving achievable through technical change. This potential is measured by the segment FE 

and comes from the difference between the directional distance functions of observation k1 

projected onto the eco-efficient frontiers of periods 1 and 0, respectively. However, with a di-

rection that only reduces pressure p1, always maintaining value added and p2, the potential 

saving due to the technical change occurred between periods 0 and 1 is measured by CD. Fig-

ure 1 also shows the potential saving in pressures p1 and p2 due to technical change in a sce-

nario where directional distance functions are computed assuming proportional reductions in 

both pressures. Noticeably, the contribution of technical change to the change in eco-

performance will be quite different depending on the scenario, i.e., the direction vector, con-

sidered to assess the change in eco-performance. 

2.2. Computing directional distance functions with Data Envelopment Analysis 

Data Envelopment Analysis is a well-known non-parametric approach to efficiency measure-

ment initially proposed by Charnes et al. (1978) that has been used in hundreds of empirical 

                                                           
7 Furthermore, our DEA-based approach could also model other scenarios involving, for example, improve-

ments in economic performance while environmental pressures are maintained or simultaneous increases in 

value added and decreases in environmental pressures. 
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papers (see Cook and Seiford 2009). In essence, this technique uses mathematical program-

ming to compare the position of a DMU to best observed practices in the sample it belongs to, 

in terms of a performance indicator (see Cooper et al. 2007 for details). Given the absence of 

prices for environmental pressures in our case study, an important advantage of DEA over 

other approaches to building composite indicators8 is that the scheme of weightings used to 

aggregate environmental pressures is endogenously generated at DMU level. Based on the so-

called benefit of the doubt principle (Cherchey et al. 2007), DEA assigns to each DMU evaluated 

the set of weightings that rates it in the most favourable light when compared to all other 

DMUs in the sample using the same set of weightings.9 

Using a direction that reduces all environmental pressures proportionally, the DEA-based 

program required to compute the directional distance function of an observation or DMU k’ 

on period 0 with respect to its contemporaneous technology is: 

 

 

k' k

0 0 0 0
, z k'

K0 0
k' k kk 1

K0 0
k' k'n k knk 1

k

Maximize D v , ; 0,

subject to:

v z v (i)

1 p z p n 1,...,N (ii)

z 0 k 1,...,K (iii)







     



  

 




p g p


 (18) 

with zk standing for the weighting of each DMU k in the composition of the virtual eco-

efficient observation on the technological frontier DMU k’ is compared to. 

Furthermore, computing the directional distance function of DMU k’ in this scenario in period 

0 with respect to the technology in period 1 requires solving the following linear program: 

                                                           
8 Zhou et al. (2006) compares several aggregating methods to construct composite environmental indicators. 

9 In some cases the optimal set of weightings can assign great importance (weightings) to pressures which 

are scarcely relevant for managers or policymakers. Kuosmanen and Kortelainen (2005) proposed dealing 

with this problem by imposing additional a priori restrictions on the relative importance of different envi-

ronmental pressures; Allen and Thanassoulis, 2004 reviews several techniques to incorporate weighting re-

strictions in DEA models. 
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 

 

k' k

1 0 0 1 1 0
, z k'

K0 1
k' k kk 1

K0 1
k' k'n k knk 1

k

Maximize D v , ,v , ; 0,

subject to:

v z v (i)

1 p z p n 1,...,N (ii)

z 0 k 1,...,K (iii)







     



  

 




p p g p


 (19) 

On the other hand, with a direction vector that reduces one pressure alone or a group of envi-

ronmental pressures, the contemporaneous directional distance function of DMU k’ in period 

0 and the directional distance function in period 0 with respect to the technology in period 1 

can be computed, respectively, as: 
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and 
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In programs (18) to (21) we have assumed that the technology exhibits constant returns to 

scale by allowing the sum of the elements of the intensities vector to be free (Banker et al. 

1984); Picazo-Tadeo et al. (2012) provide a detailed justification of this assumption in the 

framework of eco-efficiency measurement. Furthermore, minor changes of notation are need-

ed to formulate the programs required to obtain the contemporaneous directional distance 



13 

functions of observation k’ in period 1, as well as the directional distance functions with re-

spect to the technology in period 0, which is left to readers. 

3. Dynamic eco-efficiency in greenhouse gas emissions in the European Union-27 

3.1. Dataset and variables 

In this paper, we use data on EU-27 member state emissions of the three main GHGs for 

which reduction targets were agreed in the Kyoto Protocol, namely, carbon dioxide (CO2), ni-

trous oxide (N2O) and methane (CH4). Jointly these gases represent around 98% of aggregate 

GHG emissions in the EU-27. Figures come from the Annual European Union Greenhouse Inven-

tory 1990-2010 of the European Environmental Agency (EEA, 2012a)10 and cover the period 1990-

2010. Concerning GHG-emitting sectors, our aggregates include emissions from the sectors of 

energy, industrial processes, solvents and other product use, agriculture, waste and, finally, 

others. Furthermore, emissions are measured in CO2 equivalent million tons. Table 1 displays 

the amount of emissions in 1990 and 2010. 

The economic performance of EU-27 countries is accounted for by the value of goods and ser-

vices produced, which is measured by real Gross Domestic Product (GDP) (constant US$, base 

2000). The data come from the World Bank.11 Furthermore, we have calculated the intensity of 

emissions as the ratio of GHG emissions to GDP, which in the EU-27 has dropped from an 

average of 0.79 CO2 equivalent tons per 1,000 US$ of GDP in 1990-92 to 0.49 in 2008-10. Reduc-

tions are particularly significant in the Eastern countries that joined the EU in 2004 and 2007, 

which is highly relevant considering that the intensity of GHG emissions in these economies 

was noticeably higher. Meanwhile, reductions in countries from the former European Union-

15 (EU-15) are also significant, albeit to a lesser extent.12 The patterns of behaviour for the in-

tensity of emissions of individual GHG are rather similar. 

                                                           
10 Accessed on 9th October 2012 through http://dataservice.eea.europa.eu 

11 Accessed on 9th October 2012 through http://databank.worldbank.org 

12 Figures on emission intensities for individual EU-27 members are available upon request. 
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3.2. Dynamic eco-performance: technical change versus eco-efficiency change 

Dynamic eco-performance has been assessed for each member of the EU-27 in four scenarios 

which contemplate different objectives regarding GHG reduction, namely, proportional re-

duction of all three gases considered and specific reductions of CO2, N2O and CH4, respective-

ly. Results are in Table 2, which displays countries’ average growth rates in the Luenberger eco-

performance change indicator and its determinants, eco-efficiency change and technical change, over 

the period 1990-2010. Given the additive nature of directional distance functions, it is worth to 

remembering here that the growth rate of eco-performance can be obtained as the sum of the 

growth rates of eco-efficiency and technical change. 

Before commenting on these results, let us say that in some cross-period programs, i.e., pro-

grams in which the observation of one period is compared to the technology of a different 

period, the observation under evaluation remained outside of the pressure-generating tech-

nology set, so no feasible solution existed for these super-efficient observations.13 Infeasibility 

has occurred for some cross-period programs involving three countries usually located on the 

eco-efficient frontier, namely, Sweden, Malta and Luxembourg, in addition to the United 

Kingdom in some years at the end of the period studied. In these cases, temporal averages for 

eco-performance and technical change in the period 1990-2010 have been computed only if 

three quarters or more of the twenty year-to-year growth rates were available. Moreover, in 

order to maintain the decomposition of eco-performance additive, averages for eco-

performance change and its determinants for the EU-27 have been computed excluding the 

four abovementioned countries. 

Moving on to the results, in the scenario where all GHG are reduced by the same proportion, 

i.e., proportional GHG eco-performance, eco-performance in the EU-27 has improved during the 

period 1990-2010 by an annual average rate of 1.36%. Moreover, with an average annual 

                                                           
13 Briec and Kerstens (2009) discuss about infeasibility and directional distance functions in the framework of 

the Luenberger productivity indicator, and explore whether there exist any solutions that remedy the problem 

in an economically meaningful way; they conclude that no easy solution exists. 
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growth of 1.23%, technical progress has been by far the main driving force behind the increase 

in eco-performance, while eco-efficiency has scarcely grown at an average rate of 0.12%. 

The countries that display the highest growth rates in eco-performance are The Netherlands, 

Germany, Austria and some Scandinavian countries such as Finland and Denmark. At the 

opposite end of the scale, the poorest performance growth is observed in the Eastern countries 

incorporated into the EU-27 in years 2004 and 2007, particularly Hungary, Romania and Bul-

garia, and also in some Southern European countries such as Spain and Portugal. Concerning 

countries driving technical change, four economies are found to be innovators; while the 

United Kingdom is an innovator only in a few years at the end of the period studied, Luxem-

burg, Malta and Sweden are identified as innovators in almost all consecutive year-to-year 

periods. Finally, the greatest improvements in eco-efficiency correspond to Germany, The 

Netherlands and the United Kingdom14, whereas eco-efficiency has even deteriorated in some 

countries such as Italy, Spain or Portugal. In general terms, these results coincide with those 

obtained by Kortelainen (2008). 

In the scenarios where eco-performance is assessed at specific GHG level, i.e., pressure-specific 

eco-performance, the overall result that technical change has been the main driving force behind 

eco-performance growth in the EU-27 holds. Notwithstanding, some differences between air 

pollutants are worth mentioning and add interest to the approach proposed in this paper. 

Eco-performance in CO2, N2O and CH4 emissions enhanced between 1990 and 2010 at average 

annual rates of 0.73%, 1.39% and 1.02%, respectively. However, eco-efficiency has remained 

virtually stagnant in all three cases and deteriorated at average annual rates of 0.12% and 

0.15% for CO2 and CH4, respectively. Lastly, the greatest technical change at air pollutant level 

has been achieved in the cases of N2O and CH4 emissions, with growth rates of 1.23% and 

1.16%. 

                                                           
14 Recent studies have also found important improvements in ecological-economic performance/efficiency in 

the United Kingdom (Kortelainen, 2008; Marrero, 2010). 
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In order to provide further insight into the relative levels of eco-efficiency among EU-27 

member states, Table 3 displays the averages of eco-efficiency at both the beginning and also 

the end of the period analysed. For the period 2008-10, GHG proportional eco-efficiency rec-

ords an average across EU-27 member states of 0.465, indicating that a proportional reduction 

of all three emissions of 46.5% could be achieved while maintaining value added at observed 

levels. Furthermore, averages of eco-efficiency scores for CO2, N2O and CH4 are 0.582, 0.575 

and 0.603, respectively. Hence, although differences among pollutants are relatively small, 

N2O records the best eco-efficiency average and CH4 the worst. Concerning individual coun-

tries, the eco-efficient peers that under-performers are compared to are Luxembourg, Malta, 

Sweden and the United Kingdom, while other highly eco-efficient economies are Austria, The 

Netherlands and Germany; conversely, by far the worst eco-efficiency is observed in Eastern 

European economies that joined the EU-27 in 2004 and 2007, such as Bulgaria, Romania, Esto-

nia and Poland. The eco-efficiency profile observed in 1990-92 is quite similar, with some core 

European countries and some Scandinavian economies among the most eco-efficient and the 

most recent EU members occupying the bottom of the ranking. 

4. Discussion and policy implications 

Global warming and climate change are, as noted in the Introduction, a matter of increasing 

concern for policymakers all around the world. Before the 1990s, standards only existed for a 

few air pollutants in the European Union (EU). However, the 5th Environmental Action Program 

established a more integrating series of long-term objectives for air quality by setting ceilings 

for pollutants such as CO2. Under the Kyoto Protocol, the members of the former EU-15 agreed 

to cut down their collective GHG emissions by 2012 to 8% below the levels recorded in the 

base year 1990. Later on, in 2002, the 6th Environmental Action Program set out the framework 

for environmental policymaking in the European Union for the period 2002-2012, also identi-

fying climate change as one area of priority action. In March 2008 the European Council ap-

proved the EU Climate and Energy Package against climate change, which implemented the so-
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called 20-20-20 target, according to which by 2020 the EU should reach a share of 20% of re-

newables in energy consumption, achieve an energy improvement of 20% and reduce GHG 

emissions by 20% compared to 1990. What is more, the EU is offering to raise this reduction to 

30% if other developed economies agree to do their fair share in a global effort. 

According to the European Environment Agency (EEA, 2012a), the objective agreed by the EU-15 

under the Kyoto Protocol is on course to be overachieved and emissions in 2010 are estimated 

to have been reduced by 10.6% as compared to 1990. Although almost all EU-15 members are 

on track to reach their individual Kyoto targets, differences among countries are significant 

with some Mediterranean economies having raised their emissions above the quotas of re-

sponsibility on the global target they were assigned. In addition, most of the Eastern Europe-

an countries that joined the EU in 2004 and 2007 have also agreed significant reduction targets 

so the combined reduction of GHG emissions in 2010 for the EU-27 has already reached 15.4% 

(see Table 1). In addition, according to the EEA (2012b), most EU members forecast that in 

2020 their emissions outside the EU Emissions Trading System15 will be lower than their nation-

al targets set under the EU Climate and Energy Package. However, European policymakers rec-

ognise that further efforts will still be necessary to achieve longer term emission reductions. 

Beyond the reduction in GHG emissions achieved in the EU-27 since the 1990s, which has 

resulted in a considerable enhancement of ecological performance, our results show that when 

economic performance and ecological performance are jointly considered, there has also been 

a clear improvement. Furthermore, technological change has been, by far, the main driving 

force behind eco-performance improvement, while average eco-efficiency has even decreased 

in regard to some particular air pollutants. Accordingly, one policy conclusion from these 

results is that more effort is required on behalf of European environmental policymakers to 

encourage catching-up in eco-efficiency among European members. Research and develop-

                                                           
15 Launched in 2005, the Emissions Trading System is one of the cornerstones of EU policy against climate 

change, which works on a cap and trade principle; i.e., there is a limit on the emission of certain greenhouse 

gases, but companies receive emission allowances which they can sell to or buy from one another as needed. 
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ment policies focused on investigating new emission saving technologies might not be enough 

if best practices are not later applied in full to production processes and generally to the man-

agement of air pollutants by European countries, allowing them to approach the technological 

frontier.16 

Differences in eco-efficiency among European countries might be due to different capabilities 

to jointly manage production processes and the environment, but also to other circumstances 

such as different levels of development, differences in citizens’ environmental awareness or, 

largely, different production structures.17 Among most eco-efficient countries in our case 

study, Luxembourg is the richest economy in the EU-27 and has a productive structure highly 

oriented towards services, particularly banking and finance. Sweden is also a highly devel-

oped European country where, as in other Scandinavian economies, citizens have traditional-

ly shown a high level of environmental awareness. In contrast, less eco-efficient countries, 

mostly the newer Eastern members of the EU-27, have production structures more dominated 

by more contaminating industrial activities and, moreover, environmental regulations and 

environmental awareness on behalf of citizens is more recent than in other Western European 

countries. 

Most of the aforementioned factors affecting countries’ eco-efficiency, including citizens’ con-

cern for the environment or production structures, only change in the longer term. However, 

this does not necessarily mean that environmental policy measures aimed at boosting eco-

efficiency in the medium and short term cannot be effective. Among others, these policies 

should focus on aspects such as reducing the intensity of energy consumption in production 

processes, or energy intensity, and decreasing the intensity of emissions per unit of energy, which 

                                                           
16 Strengthening both eco-innovations and eco-efficiency was, in fact, already identified by the EU as a key 

option to achieve the competitiveness targets in the Lisbon Agenda (EC, 2010). 

17 Production structures are, in turn, influenced by countries’ endowment of productive resources and, also, 

by international trade and flows of foreign direct investment; i.e., some developed countries might reallocate 

polluting activities in developing countries with lower environmental standards (pollution haven hypothesis). 
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mostly depends on energy sources; i.e., while fossil fuels such as coal or oil generate greater 

GHG emissions, renewable energies result in lower emissions. 

Consequently, on the one hand, more incentives are needed in the EU-27 to reduce emissions 

by switching to cleaner sources of energy; policy measures in this direction should play an 

important role in the case of pollutants such as methane and, also, in the newer Eastern mem-

bers of the EU-27, where the poorest scores of eco-efficiency are recorded, according to our 

results in this paper. On the other hand, environmental policies aimed at increasing the use of 

technologies that reduce the energy dependence of production processes, thus permitting en-

ergy improvements, are also highly advisable to enhance eco-efficiency. Insofar as economic–

ecologic inefficiencies are more than likely related to poor technical management of produc-

tion factors, i.e., overuse of inputs, including energy, more general policy measures based on 

promoting skills and managerial capabilities would also be a welcome means of reducing 

emissions. 

Clearly, most of the abovementioned policy recommendations are not new, as some of them 

constitute keystones of current environmental policymaking against climate change in the EU. 

Notwithstanding, in our view, performing studies aimed at providing scientific grounds to 

European environmental policies, particularly from renewed perspectives as we do in this 

paper by combining economic and environmental performance, is a must for researchers. In 

this line of research, a recent paper by Mahlberg et al. (2011) uses Malmquist indices to analyse 

the driving forces of eco-productivity change in 14 European Union member countries for the 

period 1995–2004; furthermore, aggregate national emissions of GHG are considered an unde-

sirable output of production processes. Contrary to our approach here, professor Mahlberg 

and colleagues account for labour and capital in their analysis and isolate the contribution of 

both inputs and GHG emissions to the change in productivity and its determinants. The fore-

most result is that eco-productivity growth in the period was mostly driven by improved en-

vironmental conditions. 
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Moreover, Marrero (2010) has recently estimated that the elasticity between aggregate energy 

consumption and GHG emissions in the EU is significantly greater than zero, but below unity. 

Accordingly, insofar all three targets in the EU Climate and Energy Package are strongly related 

to each other, further reductions in energy consumption will be required to achieve the objec-

tive for GHG emissions. Professor Marrero also points out that an additional boost to efficien-

cy would be required to achieve the goal for emissions. Without intending to go into great 

detail, other papers that also provide interesting insights for European policies against climate 

change are Bengochea (2012), Camarero et al (2013a,b) and Duro and Padilla (2013). 

5. Concluding remarks and suggestions for further research 

The concept of ecological-economic performance, popularly known as eco-performance, was devel-

oped in the 1990s as an empirical tool to approach the more elusive notion of sustainability. 

After two decades of research, researchers continue to assess the relationship between eco-

nomic activity and the environment, riding a wave of literature in the field of ecological eco-

nomics. Building on previous work by Kortelainen (2008) and Picazo-Tadeo et al. (2012), this 

paper contributes an approach to assess dynamic eco-performance and its determinants, 

namely, change in ecological-economic efficiency and technical change, at the level of specific 

environmental pressures exerted by economic activity. In doing so, Data Envelopment Analysis 

techniques, directional distance functions and Luenberger indices are used. In our view, the 

strongest point of this approach is that it allows us to assess eco-performance in different sce-

narios that might represent the preferences of policymakers or society as regards the trade-off 

between economic performance and ecological performance. Our approach is used to assess 

dynamic eco-performance in the emissions of greenhouse gases in the European Union-27 

over the period 1990-2010. The main interest of this analysis is, in our opinion, that it provides 

European policymakers with a joint assessment of both ecological and economic issues related 

to greenhouse gases, which might help them design better policies to combat climate change. 
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Our main findings are summarised as follows. First, eco-performance in the European Union-

27 has noticeably improved between 1990 and 2010 in all three GHG considered, namely, car-

bon dioxide (CO2), nitrous oxide (N2O) and methane (CH4), the greatest improvement corre-

sponding to N2O and CH4. Second, changes in eco-performance are almost entirely due to 

technical progress, while average eco-efficiency has remained practically stagnant and even 

deteriorated in the case of CO2 and CH4. Third, some core European economies, such as The 

Netherlands, Germany and Austria, as well as Scandinavian countries, display the highest 

growth rates in eco-performance, while the lowest rates are observed in Eastern European 

countries, particularly Hungary, Romania and Bulgaria, and some Southern European coun-

tries such as Spain and Portugal. Fourth and finally, Luxembourg, Malta, Sweden and the 

United Kingdom are innovative countries, while the Eastern countries that joined the Europe-

an Union in 2004 and 2007 perform the furthest away from their technological frontiers. 

The main policy implication from these results is that, in addition to strengthening research 

and development policies on eco-innovations, further environmental policy measures are 

needed in order to boost catching-up in eco-efficiency among European Union members; in 

other words, measures aimed at facilitating the use of available technologies that reduce the 

emission of greenhouse gases are required. These environmental policies should help to im-

prove both energy and emission intensities, particularly in the cases of greenhouse gases N2O 

and CH4 and, also, in most of the Eastern countries recently incorporated into the European 

Union-27, which record, by far, the lowest levels of eco-efficiency. 

As a final point, we would like to mention certain clarifications and limitations that should be 

taken into account when interpreting the results of our empirical application, together with 

some lines for future work. On the one hand, our results concerning potential greenhouse gas 

reductions are not measures of countries’ absolute ecological performance, but rather 

measures of ecological performance relative to economic performance. Moreover, potential 

reductions in air pollutants must also be understood in relative terms, as absolute reductions 

would be different in two countries awarded the same score of eco-efficiency if they initially 
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have different levels of emissions. Both these circumstances should be accounted for when 

designing environmental policies aimed at boosting sustainability. In this sense, eco-efficiency 

improvement does not necessarily boost countries’ sustainability, as the latter demands taking 

into account the absolute value of emissions and the capacity of the environment to absorb 

them. However, improving eco-efficiency is often the least costly way of reducing the envi-

ronmental pressures that jeopardise sustainability; also, policies aimed at improving eco-

efficiency are easier to implement than more drastic measures restricting the level of economic 

activity. Accordingly, improving eco-efficiency could be considered an essential ingredient to 

obtain the environmental improvements that society demands at a minimum cost. 

On the other hand, future work in this bourgeoning field of research should include methodo-

logical challenges such as integrating a schedule of non-linear preferences in the construction 

of the composite indicator of environmental pressure involved in DEA-based models of eco-

efficiency; assessing countries’ eco-performance while controlling for their different produc-

tion structures or foreign investment flows; and, also, computing other non-radial slack-based 

measures of eco-performance with directional distance functions. Furthermore, from an em-

pirical point of view, one interesting avenue for research that in our opinion would be of great 

interest to policymakers could be to extend our DEA-based directional distance function ap-

proach to the analysis of broader notions of eco-performance including, in addition to eco-

nomic and ecological performance, other dimensions of sustainability such as social perfor-

mance. 
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Figure 1 

Pressure-generating technology and pressure-specific dynamic eco-efficiency 
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Table 1 
Emissions of GHG in the European Union-27 (CO2 equivalent million tons) 

 1990 2010 

Carbon dioxide (CO2) 4,419.9 3,891.3 
Nitrous oxide (N2O) 513.7 334.5 
Methane (CH4) 590.3 400.7 
Sulphur hexafluoride (SF6) 10.9 6.5 
Hydrofluorocarbons (HFCs) 27.9 84.5 
Perfluorocarbons (PFCs) 20.4 3.4 

Aggregated emission (GHG) 5,583.1 4,720.9 

Note: Figures on SF6, HFCs and PFCs emissions are also included to illustrate the lesser 
importance of these air pollutants in total GHG emission in the EU-27. 
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Table 2 
Dynamic economic-ecological performance in the European Union-27: Eco-efficiency change versus technical change 
(Averages for the period 1990-2010) 

 Proportional GHG eco-performance  Carbon Dioxide (CO2) eco-performance 

 

Luenberger Eco-
Performance Change 

Indicator (LEPCh) 

Eco-efficiency 
Change 

(EEffCh) 

Technical 
Change 

(TechCh) 

 Luenberger Eco-
Performance Change 

Indicator (LEEPCh) 

Eco-efficiency 
Change 

(EEffCh) 

Technical 
Change 

(TechCh) 

Austria 0.0224 -0.0008 0.0232  0.0238 -0.0067 0.0305 
Belgium 0.0241 0.0003 0.0238  0.0080 -0.0021 0.0101 
Bulgaria 0.0039 0.0018 0.0020  0.0024 0.0010 0.0014 
Cyprus 0.0129 -0.0001 0.0130  -0.0022 -0.0045 0.0023 
Czech Republic 0.0078 0.0029 0.0049  0.0039 0.0011 0.0027 
Denmark 0.0179 -0.0035 0.0214  0.0118 -0.0031 0.0149 
Estonia 0.0059 0.0015 0.0044  0.0036 0.0015 0.0021 
Finland 0.0206 0.0012 0.0195  -0.0049 -0.0050 0.0001 
France 0.0121 -0.0055 0.0176  0.0121 -0.0055 0.0176 
Germany 0.0263 0.0060 0.0203  0.0153 0.0008 0.0146 
Greece 0.0128 0.0019 0.0109  0.0038 -0.0031 0.0069 
Hungary 0.0058 0.0009 0.0049  0.0051 0.0007 0.0044 
Ireland 0.0171 0.0047 0.0125  0.0171 0.0047 0.0125 
Italy 0.0165 -0.0047 0.0212  0.0058 -0.0119 0.0176 
Latvia 0.0100 0.0037 0.0063  0.0100 0.0037 0.0063 
Lithuania 0.0100 0.0048 0.0051  0.0100 0.0048 0.0051 
Luxembourg 1 - 0.0001 -  - 0.0313 - 
Malta 1 - 0.0000 -  - 0.0000 - 
Netherlands 0.0315 0.0137 0.0177  0.0135 0.0027 0.0109 
Poland 0.0080 0.0036 0.0043  0.0050 0.0021 0.0029 
Portugal 0.0111 -0.0038 0.0149  0.0026 -0.0074 0.0100 
Romania 0.0043 0.0016 0.0027  0.0044 0.0023 0.0020 
Slovak Republic 0.0091 0.0031 0.0060  0.0079 0.0039 0.0040 
Slovenia 0.0107 -0.0010 0.0117  0.0051 -0.0019 0.0070 
Spain 0.0114 -0.0039 0.0153  0.0046 -0.0059 0.0104 
Sweden 1 - 0.0000 -  - 0.0000 - 
United Kingdom 1 0.0407 0.0176 0.0207  0.0685 0.0224 0.0550 

European Union-27 2 0.0136 0.0012 0.0123  0.0073 -0.0012 0.0085 
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Table 2 (continued) 

 Nitrous Oxide (N2O) eco-performance  Methane (CH4) eco-performance 

 

Luenberger Eco-
Performance Change 

Indicator (LEEPCh) 

Eco-efficiency 
Change 

(EEffCh) 

Technical 
Change 

(TechCh) 

 Luenberger Eco-
Performance Change 

Indicator (LEEPCh) 

Eco-efficiency 
Change 

(EEffCh) 

Technical 
Change 

(TechCh) 

Austria 0.0307 -0.0012 0.0319  0.0299 0.0035 0.0264 
Belgium 0.0241 0.0034 0.0208  0.0255 0.0012 0.0243 
Bulgaria 0.0022 0.0008 0.0013  0.0017 0.0006 0.0011 
Cyprus 0.0099 0.0005 0.0095  -0.0014 -0.0046 0.0032 
Czech Republic 0.0050 0.0012 0.0037  0.0058 0.0013 0.0044 
Denmark 0.0274 0.0053 0.0222  0.0162 -0.0096 0.0258 
Estonia 0.0040 0.0013 0.0028  0.0056 0.0009 0.0047 
Finland 0.0186 0.0018 0.0168  0.0209 0.0014 0.0196 
France 0.0205 0.0024 0.0181  0.0091 -0.0100 0.0191 
Germany 0.0366 0.0102 0.0264  0.0354 0.0119 0.0235 
Greece 0.0086 0.0011 0.0075  0.0071 -0.0032 0.0104 
Hungary 0.0038 0.0008 0.0030  0.0033 -0.0010 0.0043 
Ireland 0.0178 0.0074 0.0104  0.0093 0.0029 0.0064 
Italy 0.0212 -0.0069 0.0281  0.0111 -0.0130 0.0240 
Latvia 0.0036 0.0005 0.0031  0.0044 0.0006 0.0038 
Lithuania 0.0024 0.0003 0.0021  0.0030 -0.0001 0.0031 
Luxembourg 1 - 0.0003 -  - 0.0002 - 
Malta 1 - 0.0000 -  - 0.0000 - 
Netherlands 0.0380 0.0159 0.0220  0.0200 0.0034 0.0166 
Poland 0.0045 0.0016 0.0028  0.0053 0.0017 0.0036 
Portugal 0.0123 -0.0054 0.0178  0.0023 -0.0060 0.0083 
Romania 0.0021 0.0004 0.0017  0.0016 0.0003 0.0013 
Slovak Republic 0.0065 0.0025 0.0041  0.0087 -0.0017 0.0105 
Slovenia 0.0068 -0.0015 0.0083  0.0054 -0.0027 0.0081 
Spain 0.0132 -0.0049 0.0181  0.0035 -0.0121 0.0156 
Sweden 1 - 0.0000 -  - 0.0000 - 
United Kingdom 1 0.0577 0.0240 0.0305  0.0507 0.0281 0.0147 

European Union-27 2 0.0139 0.0016 0.0123  0.0102 -0.0015 0.0116 

1 Due to problems of infeasibility averages for eco-performance change and technical change are not computed for Luxembourg, Malta and Sweden; furthermore, in the 
case of the United Kingdom, averages are computed using 17 year-to-year growth rates in the cases of proportional GHG, N2O and CH4, and 15 for CO2. 
2 Averages for the European Union-27 have been computed excluding Luxembourg, Malta and Sweden and the United Kingdom. 
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Table 3 
Eco-efficiency in GHG emissions in the European Union-27 

 Average 1990-92  Average 2008-10 

 GHG CO2 N2O CH4  GHG CO2 N2O CH4 

Austria 0.090 0.267 0.128 0.336  0.154 0.474 0.213 0.317 
Belgium 0.305 0.545 0.532 0.317  0.314 0.612 0.457 0.329 
Bulgaria 0.942 0.944 0.972 0.974  0.912 0.933 0.955 0.961 
Cyprus 0.466 0.646 0.702 0.809  0.469 0.753 0.668 0.906 
Czech Republic 0.842 0.903 0.909 0.890  0.795 0.886 0.885 0.864 
Denmark 0.266 0.375 0.546 0.268  0.360 0.419 0.446 0.463 
Estonia 0.891 0.951 0.954 0.892  0.848 0.916 0.917 0.863 
Finland 0.443 0.511 0.601 0.472  0.406 0.585 0.583 0.423 
France 0.223 0.223 0.538 0.378  0.354 0.354 0.514 0.587 
Germany 0.307 0.535 0.463 0.443  0.264 0.579 0.403 0.284 
Greece 0.602 0.654 0.803 0.658  0.569 0.744 0.763 0.725 
Hungary 0.812 0.826 0.914 0.871  0.809 0.818 0.909 0.886 
Ireland 0.564 0.564 0.857 0.873  0.509 0.509 0.701 0.817 
Italy 0.092 0.284 0.137 0.220  0.209 0.556 0.303 0.482 
Latvia 0.856 0.856 0.951 0.914  0.748 0.748 0.922 0.884 
Lithuania 0.869 0.869 0.952 0.907  0.780 0.780 0.952 0.904 
Luxembourg 0.001 0.209 0.002 0.002  0.000 0.000 0.000 0.000 
Malta 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 
Netherlands 0.435 0.490 0.580 0.606  0.161 0.466 0.248 0.557 
Poland 0.873 0.912 0.931 0.911  0.820 0.874 0.907 0.882 
Portugal 0.356 0.446 0.483 0.694  0.462 0.628 0.619 0.819 
Romania 0.910 0.929 0.954 0.962  0.888 0.897 0.946 0.958 
Slovak Republic 0.792 0.870 0.905 0.798  0.730 0.802 0.862 0.824 
Slovenia 0.552 0.686 0.757 0.744  0.547 0.734 0.749 0.779 
Spain 0.348 0.448 0.475 0.406  0.433 0.603 0.578 0.649 
Sweden 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.000 
United Kingdom 0.348 0.462 0.480 0.596  0.012 0.051 0.017 0.109 

Average EU-27 1 0.488 0.571 0.612 0.590  0.465 0.582 0.575 0.603 

1 Computed as the arithmetic mean of all countries in the EU-27. 


