
 
 

 

 

 

 

 

DEPARTMENT OF ECONOMICS 
 

ISSN 1441-5429 
 

DISCUSSION PAPER 09/15 
 

 

A Multicomponent DEA Approach to Measure the Economic and Energy 

Efficiencies of OECD Countries 

 
Abbas Valadkhani*, Israfil Roshdi

+
 and Russell Smyth

^
 

 

Abstract: 
We employ a multicomponent Data Envelopment Analysis (DEA) framework to examine the 

interplay between economic and energy efficiency for all 29 OECD countries and then 

classify each country into one of four categories in terms of their relative economic and 

energy efficiency. In addition to using a broader set of inputs and improved measure of 

labour compared with prior studies, we make a methodological contribution in that we 

develop a new complete multi-component DEA measure for examining the efficiency 

performance of individual countries. Our proposed measure provides an efficiency index, not 

only at the country level, but also decomposes overall efficiency into economic and energy 

components. The G7 countries display the worst performance, in terms of CO2 and energy 

efficiencies. For the sample as a whole, there is a positive and marginally significant 

relationship between economic efficiency and energy efficiency. This finding suggests that 

higher economic and energy efficiencies are not necessarily incompatible goals.  
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1. Introduction 

Data Envelopment Analysis (DEA) models have been used to assess 

energy/environmental efficiency in many countries. For example, following the DEA full 

frontiers and bootstrap techniques proposed by Daraio and Simar (2005), Halkos and 

Tzeremes (2014) measured the CO2 efficiency levels of 110 countries in 2007. In their 

analysis they considered the number of years since each country signed the Kyoto protocol 

agreement (KPA) and the committed percentage level of countries' emission reductions. 

Their results suggest that “the duration that a country has signed the KPA has a statistically 

significant [and non-linear] effect on their environmental performance” (Halkos and 

Tzeremes, 2014, p.379).  

Similar to the present study, there are also several other studies that incorporate both 

desirable and undesirable outputs in the production process (inter alia see Tone and Tsutsui, 

2011; Sueyoshi and Goto, 2012a, 2012b; Halkos and Tzeremes, 2014). For example, Halkos 

and Tzeremes (2014) included one desirable output (real GDP, 2005 PPPs in million US$) 

and one undesirable output (total emissions measured by thousand tonnes of CO2 equivalent). 

Tone and Tsutsui (2011) proposed a hybrid measure of efficiency in the presence of radial- 

and non-radial inputs or outputs, capturing the effects of non-separable desirable and 

undesirable outputs. Tone and Tsutsui (2011) found that US electric utilities improved the 

management and environmental efficiency of their plants during 1996-2000. Sueyoshi and 

Goto (2012a, 2012b) also allowed two different types of outputs in the production process of 

US fossil fuel power plants and Japanese manufacturing industries; namely, desirable (good) 

and undesirable (bad) outputs. They found that further efficiencies (defined as a reduction in 

greenhouse gases and wastes) could be realized through utilizing new resource management 

and alternative environmental and technological innovation.  
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Investment in human capital, innovation, and knowledge are considered as key 

contributors to economic growth. According to endogenous growth theory, positive 

externalities and spillover effects of a knowledge-based economy can stimulate greater 

outputs. The role of human capital in energy efficiency was also considered in a 

comprehensive study by Stern (2012). He adopted a stochastic production frontier to measure 

the energy efficiency scores for 85 countries utilising 37-year average data. Based on an 

energy distance function approach, he modelled energy usage per unit of output as a function 

of per capita human capital, physical capital and winter temperature. Stern (2012) found that 

energy efficiency was typically affected by total factor productivity and the ratio of the 

exchange rate to the PPP exchange rate. Technologically advanced countries, and those 

economies with undervalued currencies, possessed higher energy efficiency scores. Although 

energy efficiency has improved over time in most industrial countries, there was convergence 

in energy efficiency scores across all sample countries except for some African countries. 

There is also a growing consensus that various sources of energy are an integral part of 

the aggregate production process (Arouri et al., 2012; Apergis and Payne, 2012; Coers and 

Sanders, 2013). Using bootstrap panel unit root tests and cointegration techniques, Arouri et 

al. (2012) examined the long-run relationship between carbon dioxide emissions, energy 

consumption, and real GDP for 12 Middle Eastern and North African countries during the 

period 1981-2005. They found that higher levels of energy consumption resulted in higher 

CO2 emissions and, at the same, time real GDP had a quadratic relationship with the region’s 

CO2 emissions. It was also argued that future reductions in CO2 emissions per capita and 

higher GDP per capita growth were not necessarily two incompatible goals. 

Apergis and Payne (2012), in a comprehensive study, examined the interplay between 

both renewable and non-renewable energy consumption and economic growth for 80 

countries within a multivariate panel framework during the period 1990-2007. Their study 
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found a cointegrating relationship linking real GDP with capital, labour, renewable energy 

consumption and non-renewable energy consumption, with all corresponding coefficients 

being positive and statistically significant. Coers and Sanders (2013) also highlighted the role 

of energy consumption in the production process by examining the causal relationship 

between per capita energy use and GDP, while controlling for both physical capital and 

labour in a panel of 30 OECD countries over a period of 40 years.  

Linking energy efficiency with Research & Development (R&D), public expenditure is 

another issue that has attracted attention in the literature. Using a dynamic panel model 

(1980-2004), Garrone and Grilli (2010) examined the effect of public energy R&D on carbon 

emissions per GDP (i.e. carbon intensity) and its two components (energy intensity and the 

carbon factor) across several industrial countries. They argued that, although public energy 

R&D has enhanced energy efficiency among the sample countries, it has not had a significant 

impact on the abatement of the carbon factor and carbon intensity. 

A number of studies have investigated the relationship between output and carbon 

dioxide emissions (see eg. Fisher-Vanden, 2003; Apergis and Payne, 2010). The 

simultaneous relationship between production inputs, energy use, and carbon emissions has 

been highlighted by Fisher-Vanden (2003). In the context of China he argued that “further 

implementation of market reforms could result in a structural shift to less carbon-intensive 

production and, thus, lower carbon emissions per unit GDP. However, this fall in carbon 

intensity is not enough to compensate for the greater use of energy as a result of market 

reforms due to higher economic growth and changes in the composition of production” 

(Fisher-Vanden, 2003, p.27). Using data for eleven countries of the Commonwealth of 

Independent States during 1992-2004, Apergis and Payne (2010) found that, inter alia, there 

is a unidirectional causality running from real output to carbon dioxide emissions. 
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This study employs a multicomponent DEA framework, to examine the interplay 

between economic and energy efficiency for all 29 OECD countries. The OECD is 

responsible for over 40 per cent of global energy consumption (Duffour, 2012) and over half 

of the world’s GDP and greenhouse gas emissions (EIA, 2006). Economic efficiency is 

defined as the production of a certain amount of desirable output (real GDP) with a minimum 

set of economic inputs (human capital, physical capital and hours worked). Energy efficiency 

refers to producing the least amount of undesirable output (CO2 emissions) with industry 

consumption of three energy inputs (oil, electricity and gas). We allow six inputs to enter into 

our multicomponent model: labour, physical capital, human capital, industry consumption of 

electricity, industry consumption of oil, and industry consumption of natural gas. We develop 

a taxonomy in which each of the OECD countries are classified into one of four categories 

based on whether they are above or below the mean economic and energy efficiency. 

The contributions of the present study are fourfold. First, we make a methodological 

contribution in that we develop a new complete multi-component DEA measure for 

examining the efficiency performance of individual countries. Our proposed measure 

provides an efficiency index not only at the country level, but also decomposes the overall 

efficiency into economic and energy components. The DEA model adopted in this study 

satisfies the aggregation indication property of Blackorby and Russell (1999) implying that 

within a system a country is efficient if, and only if, it is efficient in terms of each 

component. Furthermore, as discussed in the next section our model also satisfies several 

desirable properties of an ideal efficiency measure, such as completeness, unit invariance, 

and strong monotonicity. 

Second, we use an improved definition/measure of labour, compared to previous studies. 

We define this important factor of production as the total number of hours worked in each 

country, rather than the total number of employed persons. The advantage of our approach is 
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that rising casualization of the labour force (measured by an ongoing increase in the number 

of part-time workers), while the total number of hours worked in the economy remain 

unchanged, can wrongly imply a rise in labour input in the production process.  

Third, in contrast to previous DEA studies, we incorporate human capital as a key 

production input. Stern (2012) used human capital within a stochastic frontier framework 

(and not a DEA approach) to examine the energy efficiency scores of 85 countries.  

Fourth, while controlling for other conventional inputs (human capital, labour and 

physical capital) and a desirable output (real GDP), in contrast to previous DEA studies, we 

jointly incorporate three major sources of energy (electricity, gas and oil) as separate inputs 

and the total CO2 emission level as an undesirable output in the production process.  

The remainder of this paper is organised as follows: Section 2 provides a detailed 

discussion of our proposed multicomponent approach to measure the aggregate economic and 

energy efficiency scores as well as the partial efficiencies for each input. Section 3 describes 

the sources and summary statistics of the data employed. Section 4 presents the results and 

policy implications of the study, and finally, Section 5 provides some concluding remarks. 

2. A multicomponent DEA approach 

In this section, we propose a new complete multi-component DEA model to measure the 

relative efficiency of a set of homogeneous DMUs (decision making units) with multiple 

inputs and multiple outputs (desirable/undesirable). We describe our approach for a special 

case in that each DMU (in our case denoted by each OECD country) has only two 

components, aspiring to achieve maximum economic efficiency and energy efficiency (k=2). 

Nonetheless, the theoretical methodology developed in this section can easily be extended to 

handle a more general case whereby there are n homogeneous DMUs, each composed of k 

components. 
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To establish the notation for subsequent use, we assume that we have 29 DMUs (n=29), 

DMUj,  1,...,j J n   (DMUj corresponds to the jth country) each consists of two disjoint 

components. The first component represents the way in which economic resources are 

utilised, whereas the second component deals with the energy usage for each economy. The 

first component uses three inputs to produce one desirable output, whereas in the energy 

component we consider three inputs and one undesirable output. The exact source, 

motivation, definition and measurement scale of each of the eight series will be detailed in 

the next section. We use          3

1 2 3 0, , ,  1,2
T

p p p p

j j j jx x x p  x R , to show the input vector of 

the pth component of DMUj. 
   1

0

D

j jy  y R  and    2

0

U

j jy  y R  denote the desirable 

output of the first component and the undesirable output of the second component of DMUj, 

respectively. Note, that the vectors are shown in bold and contain non-zero elements. We use 

the subscript  1,...,o n  as the index for the DMU under evaluation. 

2.1. New aggregate measure of efficiency 

In order to measure the relative efficiency of each country the following model is 

proposed: 

 

 

3
1

3
21

1

1

1 1 13
 
2 2 3

io
a Ui
o io oD

io

Min



  





 
  
    
  
 
 


  (1) 



7 

     

 

 

     

1 1 1

1

1

1

1

1

2 2 2

2

 ,           1,...,3,

 ,

       . .     C1

 1,

 0 1,  1,  0,           , ,

 ,      1,...,3,

 

             

j ij io io

j J

D D D

j j o o

j J

j

j J

D

io o j

j j ij io io

j J

j

x x i

y y

s t

for all i j

x x i

 

 



  

  











  





 



   

 









 

 
2

2

2

2

,

    C2

 1,

 0 1,  0 1,  0,     , .

U U U

j j o o

j J

j

j J

U

io o j

y y

for all i j

 



  











 



    





 

The justification for the above model is as follows: Each country has two disjoint 

components, each capturing different types of activities (economic versus energy). Thus, any 

given country can be viewed as a multi-component DMU. Based on this assumption, Model 

(1) provides an overall-efficiency measure for each country. This model presents a merged 

structure constructed from two different, but inter-related, technologies. We now discuss the 

two disjoint substructures of Model (1) below. 

Economic Efficiency: This substructure is constructed based on the VRS technology set 

of Banker et al. (1984) that satisfies the strong disposability of the inputs and output where 

the objective function 
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 is minimized, subject to the constraint set C1 above. 

The variable  1

io , 1,...,3i  , represents the individual rate of contraction in the ith economic 

input and the variable D

o  represents the expansion rate of the desirable output. Thus, the 

objective function, EC

o , seeks to jointly minimize the average of the partial input efficiencies 

 1

io , 1,...,3i   and the output efficiency D

o . Note that full efficiency in the ith input (output) 

is attained when  1 *
1io   ( * 1D

o  ) i.e. there is no input waste (output shortfall); and  1 *
1 io  
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( * 1D

o  ) can be interpreted as the rate of inefficiency in the ith input (output), which is 

maximized in Model (1). The optimal objective of EC

o  can be interpreted as the ratio of the 

average efficiency of inputs and the efficiency of output. 

Energy efficiency: This component is generated within the framework of the 

environmental technology initially proposed by Kuosmanen (2005) which satisfies the strong 

disposability of inputs and the weak disposability of undesirable outputs. The objective 

function is given by 
 

3
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1 1

2 3

EN U

o io o

i

  


 
  

 
  which is minimized with reference to the 

constraint set C2. The variable  2

io  , 1,...,3i  , represents the individual rate of contraction 

in the ith energy input and the variable U

o  represents the contraction rate of the undesirable 

output. Thus, the objective function, EN

o , seeks to simultaneously minimize the partial input 

efficiencies  2

io , 1,...,3i   and the output efficiency U

o  and it can be interpreted as the 

mean of the average input efficiency and the undesirable output efficiency. 

As can be seen from the above discussion, the aggregate (overall) efficiency measure 

a

o  can be disaggregated into an economic component ( EC

o ) and energy component ( EN

o ). 

As acknowledged in the DEA literature (see inter alia Castelli et al., 2010; Cook and 

Hababou, 2001), this integrated multi-component measure, establishes a desirable linkage 

between the two interrelated sections of the economy with the following practical advantages: 

(i) high degree of accuracy in measuring the two efficiencies, (ii) greater discriminatory 

power, and (iii) it identifies input-specific areas of strengths and weaknesses, and hence 

provides findings on which to base possible solutions to the specific problems encountered by 

each country and within each component. In addition, our new measure satisfies several 

desirable properties that will be outlined in the subsections below.  

2.2. Properties of the proposed measure  
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2.2.1. Efficiency requirement  

The efficiency measure a

o , satisfies the within-unity requirement (see Banker et al., 

1984; Cooper et al., 1999, Sueyoshi and Sekitani, 2009); that is, 0 1a

o  . In addition, both 

economic and energy efficiency scores satisfy the same property i.e., 0 1EC

o   and 

0 1EN

o    

Definition 1. DMUo is said to be efficient with respect to Model (1) (referred to as “A-

efficient” hereafter) if and only if 1a

o  , where a

o  is the aggregate efficiency score of 

DMUo. Furthermore, the larger the value of a

o , the more efficient DMUo becomes. It can be 

easily verified that: 

 DMUo is “A-efficient” if and only if 
 

1
p

io


 , 1,...,3i  , 1,2p  , * 1D

o  , and 

* 1U

o   in Model (1), i.e., there is no input inefficiency and no output inefficiency in 

any components at any optimal solution. 

 DMUo is “A-efficient” if and only if it is Pareto-efficient. 

 The aggregated efficiency score is equal to the average efficiency of the economic and 

energy components, i.e.  * *1

2

a EC EN

o o o    . 

2.2.2. Aggregate indication axiom  

The efficiency measure a

o  satisfies the aggregate indication axiom of Blackorby and 

Russell (1999), i.e. a multicomponent DMU is “A-efficient” if and only if all of its 

components are efficient. In other words, 1a

o   if and only if * 1EC

o   and * 1EN

o  . 

2.2.3. Completeness  
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The efficiency measure a

o (also each of EC

o and EN

o ) is complete in the sense that, it 

is non-oriented and takes account of all non-zero slacks as sources of inefficiency (Cooper et 

al., 1999, Sueyoshi and Sekitani, 2009). 

2.2.4. Strong Monotonicity  

The efficiency measure a

o (also each of EC

o and EN

o ) is strongly monotonic, that is an 

increase (decrease) in any input or undesirable output (desirable output) of a DMU, holding 

all other inputs and outputs constant, will reduce its efficiency score (Blackorby and Russell, 

1999; Cooper et al., 1999). 

2.2.5. Unit invariance (independence)  

The efficiency measure a

o (also each of EC

o and EN

o ) is unit invariant; that is, 

changing units of the data has no effect on the efficiency score (Cooper et al., 1999; Lovell 

and Pastor, 1995, Sueyoshi and Sekitani, 2009). 

2.3. Computational procedure for solving (1) 

Although the objective function and some constraints of (1) are non-linear, it can be 

converted into equivalent linear programming (LP) using transformations similar to Charnes 

et al. (1978) and Kuosmanen (2005). To realize this, let us assume: 
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3. Data 

We extracted the OECD data for 2011 on six inputs and two outputs from three sources: 

(a) Penn World Table (Feenstra et al., 2013); (b) OECD (2014); and (c) International Energy 

Agency (2014). The exact source, definition and measurement scale of each of the eight 

series are stated in Table 1. We selected 2011 as this is the most recent year for which 

consistent data could be obtained from Penn World Table (version 8.0) for the maximum 

number of OECD countries. Table 2 shows the descriptive statistics of the data employed. In 

terms of real GDP (PPP in million 2005US$), the US, Japan, Germany, France and the UK 

constitute the largest economies, whereas Estonia, Luxembourg, Slovenia, Slovak Republic 

and New Zealand are the smallest countries in the sample. 

Out of 29 OECD countries, the largest CO2 emitters are the US, Japan, Germany, 

Mexico and Canada. On the other hand, Luxembourg, Slovenia, Estonia, Slovak Republic 

and Switzerland emit the least amount of CO2. According to the full-dataset in the Appendix 

the US produces the maximum of the two outputs (desirable=GDP and undesirable=CO2) and 

uses the maximum of the six inputs (labour, physical capital, human capital, electricity, oil 

and gas). Japan comes second in terms of all the input and output series with the only 

exception being industry consumption of natural gas. Estonia or Luxembourg contained the 

minimum values of all eight series as they are the smallest economies in the sample. 

According to the estimated coefficient of variations in Table 2, CO2 emissions and annual 

hours worked exhibited the largest and smallest cross-country variations, respectively.  

Prior to the estimation of partial and overall efficiency scores, it is important to ensure 

that inputs are highly correlated with outputs. To this end, Figure 1 presents the scatterplot of 

each of the three economic inputs against real GDP. In order to overcome the problem 

associated with the use of different measurement scales, and address differences in cross-

country variations, we express all variables in logarithm. As can be seen from Figure 1, all 



13 

three economic inputs (labour, capital stock and human capital) are highly correlated with 

real GDP with estimated correlation coefficients of 0.97, 0.99 and 0.98, respectively. 

Similarly, Figure 2 shows the scatterplots of CO2 emissions versus three different types of 

industry energy consumption (electricity, oil and natural gas). Once again, as expected, there 

is a strong (r=0.94) positive relationship between CO2 emissions and each type of energy 

consumption across all 29 OECD countries. 

Now that we have established that the desirable and undesirable outputs are highly 

correlated with the corresponding economic and energy inputs, attention is directed to the 

computation and interpretation of the overall and partial efficiency scores.  

4. Empirical results 

4.1 Partial efficiencies of economic and energy inputs 

Based on the solution to Model (1), Table 3 presents the separate partial efficiency 

scores for each of the six economic and energy inputs utilised by the 29 OECD countries in 

2011. According to Table 3, among all the OECD countries, Hungary has the lowest partial 

efficiency scores for labour (0.360) and human capital (0.396), while Spain has the lowest 

partial efficiency for capital stock (0.576). This finding implies that if Spain had utilised its 

capital stock as efficiently as the ten countries with the corresponding efficiency of 1.000, it 

would have required 0.424 (=1-0.576) units less of that input.  

In one single radar graph, Figure 3 provides a means to visualise such cross-country 

differences in terms of all three partial efficiency scores for labour, capital and human capital. 

This graph shows the main source(s) of economic inefficiency for each country: again the 

closer to the centre of the circle, the more inefficient is the corresponding input. For example, 

one can see from Figure 3 that in Hungary, Korea, Mexico and the UK lower economic 

efficiency mainly arises from labour inefficiency rather than the other two economic inputs.  
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Table 1 

Data sources and definitions. 

Inputs and outputs Description and measurement scale Sources Dataset 

Output    

Real GDP (desirable) PPPs in million 2005 US$ OECD (2014) National Accounts at a 

Glance 

CO2 emissions (undesirable) Total emissions excluding LULUCF, Tonnes of CO2 

equivalent, Thousands . 

OECD (2014) Greenhouse gas 

emissions 

Inputs    

Economic    

Total annual hours worked  Number of persons engaged (in millions)*Average 

annual hours worked by persons engaged 

Feenstra, Inklaar and Timmer (2013) Penn World Table 

(PWT), Version 8.0 

Total human capital of labour force  Number of persons engaged (in millions)*Average 

human capital per person, Million years of schooling 

Feenstra, Inklaar and Timmer (2013) Penn World Table 

(PWT), Version 8.0 

Capital stock at current PPPs  PPPs in million 2005 US$ Feenstra, Inklaar and Timmer (2013) Penn World Table 

(PWT), Version 8.0 

Energy    

Industry consumption of electricity 

(GWh)   

In gigawatt hour (GWh)  International Energy Agency (2014) 2014 edition 

Industry consumption of oil  In 1000 tonnes International Energy Agency (2014) 2014 edition 

Industry consumption of natural gas  In terajoule (TJ) International Energy Agency (2014) 2014 edition 
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Table 2 

Descriptive statistics of the data employed. 

 

Variables Mean Maximum Minimum Std. Dev. 
Coefficient of 

variation (%) 

Real GDP (PPPs in million 2005US$) 1271719 13227916 25585 2479485 195 

Annual hours worked (in million) 32145 241575 576 48628 151 

Capital stock (PPPs in million 2005US$) 4652223 41501056 91355 8187396 176 

Human capital (in million years of schooling) 59 513 1 100 169 

CO2 emissions (1000 tonnes) 536371 6716993 12125 1233182 230 

Industry consumption of electricity (GWh) 98496 836172 2141 162540 165 

Industry consumption of oil (1000 tonnes) 13533 125479 38 25313 187 

Industry consumption of natural gas (TJ) 443091 5257770 5675 973885 220 
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Fig. 1. Scatterplot of economic output versus inputs. 
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Fig. 2. Scatterplot of CO2 emissions versus energy inputs.
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Table 3 

Economic and energy efficiency scores in 2011. 

Country 

  

Aggregate 

efficiency 

 Economic efficiency scores  Energy efficiency scores 

 Partial efficiencies Average 

economic 

efficiency 

 Partial efficiencies 
Average energy 

efficiency 
 

Labour 
Capital 

stock 

Human 

capital 

 
Electricity Oil 

Natural 

gas 

(1)=0.5(5+9)   (2) (3) (4) (5)=0.33(2+3+4)  (6) (7) (8) (9)=0.33(6+7+8) 

Australia 0.442  0.729 0.863 0.753 0.782  0.114 0.106 0.073 0.102 

Austria 0.624  0.743 0.739 0.844 0.776  0.414 0.400 0.392 0.471 

Belgium 0.541  0.845 0.688 0.839 0.791  0.302 0.105 0.221 0.291 

Canada 0.477  0.900 1.000 0.798 0.899  0.059 0.035 0.041 0.054 

Czech Republic 0.456  0.412 0.767 0.419 0.533  0.403 0.331 0.253 0.378 

Denmark 0.875  0.771 0.738 0.738 0.749  1.000 1.000 1.000 1.000 

Estonia 1.000  1.000 1.000 1.000 1.000  1.000 1.000 1.000 1.000 

Finland 0.696  0.706 0.700 0.737 0.715  0.232 0.381 0.852 0.676 

France 0.465  0.901 0.702 0.919 0.841  0.099 0.053 0.112 0.089 

Germany 0.447  0.889 0.858 0.794 0.847  0.051 0.036 0.053 0.047 

Greece 0.586  0.469 0.756 0.595 0.607  0.710 0.445 0.719 0.564 

Hungary 0.625  0.360 0.711 0.393 0.488  0.977 0.527 0.442 0.762 

Ireland 1.000  1.000 1.000 1.000 1.000  1.000 1.000 1.000 1.000 

Italy 0.430  0.716 0.643 0.942 0.767  0.092 0.069 0.112 0.092 

Japan 0.365  0.669 0.661 0.738 0.689  0.030 0.015 0.068 0.041 

Korea 0.337  0.459 0.745 0.627 0.610  0.038 0.020 0.070 0.063 

Luxembourg 1.000  1.000 1.000 1.000 1.000  1.000 1.000 1.000 1.000 

Mexico 0.366  0.468 1.000 0.515 0.661  0.074 0.077 0.046 0.071 

Netherlands 0.535  0.952 0.798 0.855 0.868  0.309 0.055 0.157 0.202 

New Zealand 1.000  1.000 1.000 1.000 1.000  1.000 1.000 1.000 1.000 

Poland 0.583  1.000 1.000 1.000 1.000  0.198 0.222 0.140 0.165 

Slovak Republic 1.000  1.000 1.000 1.000 1.000  1.000 1.000 1.000 1.000 

Slovenia 1.000  1.000 1.000 1.000 1.000  1.000 1.000 1.000 1.000 

Spain 0.429  0.749 0.576 0.873 0.733  0.156 0.075 0.134 0.125 

Sweden 1.000  1.000 1.000 1.000 1.000  1.000 1.000 1.000 1.000 

Switzerland 0.928  0.797 0.900 0.871 0.856  1.000 1.000 1.000 1.000 

Turkey 0.559  1.000 1.000 1.000 1.000  0.109 0.109 0.078 0.117 

United Kingdom 0.479  0.742 0.953 0.912 0.869  0.090 0.078 0.062 0.089 

United States 0.504  1.000 1.000 1.000 1.000  0.011 0.007 0.005 0.008 
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Fig. 3. Partial efficiency scores of three major economic inputs. 

 

As can be seen in Figure 3, the following ten countries, which are located on the 

circumference of this circle, have the highest relative partial efficiencies of unity for all three 

economic inputs: Estonia, Ireland, Luxembourg, New Zealand, Poland, Slovak Republic, 

Slovenia, Sweden, Turkey and the US. All in all, the solid black line (denoting the partial 

efficiency for labour) appears to be the closest to the centre of the circle, suggesting labour 

market inefficiency is more widespread than that of capital or human capital, albeit the 

differences are country-specific. These observations in Figure 3 are intuitive because, based 
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on Table 3, the average labour efficiency is 0.803, whereas the mean efficiency scores for 

physical capital and human capital are 0.855 and 0.833, respectively.       

 

Fig. 4. Partial efficiency scores of three major types of energy consumption. 

 

In another similar radar graph, Figure 4 shows the three partial-energy-efficiency scores 

(electricity, oil and natural gas). The following nine countries are the most energy efficient 

and hence they are placed on the circumference of the circle: Denmark, Estonia, Ireland, 

Luxembourg, New Zealand, Slovak Republic, Slovenia, Sweden and Switzerland. For the 

remaining twenty countries there is plenty of scope for efficiency improvement in terms of 

industry usage of electricity, oil and natural gas. According to Table 3 the five most 
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electricity and oil inefficient countries are the US, Japan, Korea, Canada and Germany. 

Unlike Figure 3, it is not possible to clearly identify any discernible differences between the 

three partial efficiency scores in Figure 4 due to the fact that for most countries these scores 

are very small and near the centre of the circle. However, the average partial efficiency score 

for oil (0.419) is marginally less than electricity (0.464) and natural gas (0.449). 

 In order to gain a better understanding of differences between the three efficiency 

scores, we have presented them in ratio forms in Figure 5. For example, the ratios of the 

electricity, oil and natural gas efficiency scores to the total sum of the three for Australia are 

0.389, 0.362 and 0.249, respectively (see the computations below Figure 5). In this instance 

the grey-shaded pie chart in Figure 5 shows that, compared to the other two energy sources, 

Australia’s efficiency in natural gas usage is a cause for concern. Therefore, the smallest of 

the three areas (i.e. white, grey and hatched) in any given pie chart reveals the corresponding 

relative weakness in energy efficiency. If all three areas are of the same size, the resulting 

efficiency scores from the three energy sources are equally good or bad. A cursory glance at 

Figure 5 reveals that oil efficiency (i.e. the hatched area) for the Netherlands, Japan, Korea, 

Belgium and France are conspicuously smaller than those corresponding to electricity (white) 

and gas (grey). 
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Fig. 5. Partial efficiency ratios of three major types of energy consumption. 

 

Note: The following example shows how the three areas in pie chart 1 (Australia) are computed:  

 

Description Electricity Oil Natural gas Sum 

Partial efficiencies 0.114 0.106 0.073 0.293 

Ratio= Partial efficiencies ÷ Sum  0.389 0.362 0.249 1.000 
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4.2 Overall economic and energy efficiency 

In Table 3 we have defined the overall economic efficiency score as the average of the 

three partial efficiency scores for labour, capital stock and human capital. Similarly, the 

overall energy efficiency score for each country is obtained by taking the average of the 

partial efficiency scores of the three energy sources. According to the proposed 

multicomponent Model 1, the aggregate efficiency in the first column of Table 3 is computed 

as the mean of both economic and energy efficiency scores. There are seven countries that 

have the highest possible aggregate efficiency of unity (i.e. Estonia, Ireland, Luxembourg, 

New Zealand, Slovak Republic, Slovenia and Sweden). On the other hand, in ascending order 

the following seven countries have the lowest aggregate economic efficiency scores: Korea 

(0.337), Japan (0.365), Mexico (0.366), Spain (0.429), Italy (0.43), Australia (0.442) and 

Germany (0.447). 

Table 4 

Relationship between economic efficiency and energy efficiency. 
ˆˆ

i i
EC EN    

i=1,2,…, 29 

Variable 

With US 

(n=29) 
 

Without US 

(n=28) 

Coefficient t ratio p-value 
 

Coefficient t ratio p-value 

Intercept 0.779 18.08 0.00 
 

0.760 17.37 0.00 

i
EN  0.111 1.58 0.12 

 
0.134 1.91 0.07 

        
2

R  

0.085 
 

0.83 
 

0.123 
 

0.82 

2
R  

0.051 
 

0.16 
 

0.090 
 

0.16 

Overall F test 2.512 
 

0.12 
 

3.661 
 

0.07 

Information criteria        

  Akaike -0.852 
   

-0.899 
  

  Schwarz -0.758 
   

-0.804 
  

  Hannan-Quinn -0.823 
   

-0.870 
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With the exclusion of the US, according to Table 4, there is a positive and significant 

relationship between economic efficiency and energy efficiency at the 7% level of 

significance among the remaining 28 OECD countries. The correlation coefficients of +0.29 

(with the US) and +0.35 (without the US) between the two efficiency series are also 

marginally significant at the 12% and 7% levels, respectively. Given the small sample size, 

these results should be treated with caution, but they are suggestive that achieving both 

higher economic and energy efficiencies should not be considered as totally incompatible 

goals. This result is consistent with the finding in Coers and Sanders (2013), for a panel of 

OECD countries, that there is unidirectional Granger causality running from capital 

formation and GDP to energy consumption. The policy implication is that policies directed at 

promoting energy efficiency will not have a detrimental effect on economic growth in the 

long-run.  

The scatterplot of overall economic efficiency versus energy efficiency is presented in 

Figure 6. Using the estimated mean economic (0.830) and mean energy (0.462) efficiency 

scores as the horizontal and vertical demarcations, all the 29 OECD countries can be 

categorised into four groups. In the first quadrant there are eight small, mainly European, 

countries (Estonia, Ireland, Luxembourg, New Zealand, Slovak Republic, Slovenia, Sweden 

and Switzerland) that possess above mean economic and energy efficiencies. In quadrant II 

there are eight countries (Canada, France, Germany, the Netherlands, Poland, Turkey, the UK 

and the US) that are highly efficient economically but not so energy wise. 
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Fig. 6. Economic efficiency versus energy efficiency. 

 

There are eight countries (Australia, Belgium, Czech Republic, Italy, Japan, Korea, 

Mexico and Spain) in quadrant III that exhibit below mean performance in both types of 

efficiency. Finally, there are five, rather European countries (Austria, Denmark, Finland, 

Greece and Hungary) that are energy efficient but economically underachieving. In spite of 

taking into account the proportionality of inputs and outputs within the DEA framework, it 

appears that larger countries such as those in the G7 are substantially less energy efficient.     
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4.3 Overall CO2 and energy efficiencies 

In this section we compare the computed partial CO2 efficiency score, *U

o  with the 

overall energy efficiency obtained from Table 3. Figure 7 provides a scatterplot of CO2 

efficiency versus energy efficiency in 2011. As expected, the more energy efficient a country 

is, the lower the CO2 emissions will be. With a very high correlation coefficient (0.994) that 

is statistically significant at the 1% level (t ratio=47.1), there is a very strong positive 

relationship between the two. As can be seen from Figure 7, the small European (mainly 

Scandinavian) countries have managed to be more energy and environmentally efficient. On 

the other hand, G7 countries are located right at the bottom left corner of Figure 7, with the 

US and Japan having the worst CO2 and energy efficiencies among the sample countries.     

4.4. Discussion  

There are several factors that potentially explain differences in energy efficiency across 

countries. One factor is the share of electricity in final demand. Electricity has high end-use 

efficiency, compared to direct fuel-fired applications (Geller et al., 2006). Of the countries 

with above mean energy efficiency, with the exception of Hungary, all have an above mean 

share of electricity in final demand. In Estonia, Finland, Luxembourg, Sweden and 

Switzerland, the share of electricity in final demand is in excess of 40 per cent (IEA, 2014).  

A second factor is differences in the composition of industries across countries. Hu and 

Honma (2014) thoroughly examined energy efficiency in 10 industries across 14 OECD 

countries over the period 1995 to 2005. They found that the OECD countries exhibit low 

energy efficiency in particular industries, such as construction, paper and textiles. Several of 

the countries that we find have below mean energy efficiencies are among the worst 

performers in these specific industries. More generally, though, the large G7 economies with 

the worse energy efficiency are those with the largest manufacturing sectors. 
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      Fig. 7. Relationship between the CO2 efficiency and energy efficiency. 

 

A third factor contributing to differences in energy efficiency across countries relates to 

different policy regimes. Jahn (1998) examines how variations in policy regimes across the 

OECD are correlated with environmental performance. Policy regimes, in turn, depend on 

structural factors, the prevalence of neo-corporatism and whether conservative or 

liberal/progressive political parties have been in power. Jahn (1998) found that higher energy 

efficiency and better environmental performance is correlated with neo-corporatism, strong 

Social-Democratic parties and liberal values. As Jahn (1998) discusses, this has generally 
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been true for countries such as Austria, Denmark, Finland, Sweden and Switzerland who 

perform well in terms of energy efficiency. 

In several of those countries with below average economic efficiency, low labour 

productivity appears to be the most important obstacle to efficiency. Among those countries 

with below mean energy efficiency, in the Czech Republic, Greece, Hungary, Japan, Korea 

and Mexico, labour productivity, measured as GDP per hours worked, is below the OECD 

average (OECD, 2014). Mexico, Korea and Hungary have the lowest labour productivity in 

the OECD. There are different reasons for low labour productivity in these countries. For 

example, low labour productivity in Mexico is often attributed to its large, inefficient, 

informal sector, while low labour productivity in Korea reflects long working hours, cultural 

practices and a rigid corporate structure (Kocken, 2014). 

A challenge facing those countries exhibiting low energy efficiency is how to improve 

energy efficiency while maintaining high growth, or simultaneously improving growth in the 

case of those countries ranking low in economic and energy efficiency. There are a number of 

studies proposing policies to improve energy efficiency (see eg. Geller et al., 2006; 

Markandya et al., 2015). Common examples are energy efficiency standards, tax credits and 

subsidies and programs to improve education and information about energy efficiency. Many 

of the countries that perform well in terms of energy efficiency have been at the forefront of 

implementing such policies – for example, the use of low interest loans and grants have 

contributed to making homes in Sweden the most energy efficient in the world  (Geller et al., 

2006). It has been suggested that the most effective way to improve energy efficiency is 

through using a combination of policies, given that such policies are often complementary 

and reinforcing (Linares & Labandeira, 2010). 
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One common argument for reducing greenhouse gas emissions is to increase the share of 

renewable energy in the energy mix. Since the establishment of the Kyoto Protocol, many 

OECD countries have been more mindful of greenhouse gas emissions. Most OECD 

countries who signed the Kyoto Protocol agreed to reduce overall greenhouse gas emissions 

by at least 5.2 per cent below their 1990 levels in the five years after 2008 (Shafiel & Salim, 

2014). Renewable energy is considered more environmentally friendly than fossil fuels. The 

OECD (2002) uses the term ‘decoupling’ to refer to breaking the link between economic 

goods (economic growth) and environmental bads (greenhouse gas emissions). A key 

platform of this decoupling has been substitution of renewable energy sources for fossil fuels. 

Shafiel and Salim (2014) show that substituting renewable energy consumption for non-

renewable energy consumption has a negative, and significant, effect on CO2 emissions in the 

OECD over the period 1980 to 2011. 

An important issue concerns whether policies to improve environmental/energy 

efficiency will have an adverse effect on economic growth. Aloi and Tournemaine (2013) and 

Silva et al., (2013) present theoretical models in which tighter environmental policy and 

switching to renewable energy, respectively, can improve economic growth once one allows 

for endogenous technical change. While the empirical evidence on the effect of 

environmental stringency on productivity growth is mixed, the most recent, and robust, 

results for the OECD find that an increase in the stringency of environmental policy has no 

adverse effect on productivity (Albrizio et al., 2014a, 2014b). Domac et al. (2005) argue that 

switching to renewable energy will improve environmental efficiency and economic 

efficiency; the latter because the expansion of renewable energy will create regional 

economic and employment multipliers. Chien and Hu (2007) show that, for a sample of 

OECD countries, switching to renewable energy improves economic efficiency. Apergis and 
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Payne (2012) find that there is little difference in the elasticity estimates for output with 

respect to renewable and non-renewable energy consumption. 

For several of the high income countries that are performing well economically, but are 

not energy or environmental efficient (eg. Canada, France, Germany, UK and US), higher 

economic growth may improve environmental outcomes. The Environmental Kuznets Curve 

(EKV) posits that the relationship between income and pollution emissions resembles an 

inverted-U curve. This implies that for very high-income countries, at least, that 

environmental efficiency and economic growth are compatible. Empirical support for the 

EKC hypothesis is mixed (see Baek & Kim, 2013), although Liu (2005) finds support for the 

EKC hypothesis for CO2 emissions in a sample of OECD countries. 

5. Conclusions 

In this paper we have developed a multicomponent DEA model with six inputs and two 

outputs. For each of the six inputs, the model generates a partial efficiency ranging between 0 

(totally inefficient) and 1 (totally efficient). Such partial scores can be useful in identifying 

which economic and/or energy input(s) are not efficiently utilised in a country. The model 

satisfies the strong disposability of the inputs and weak disposability of undesirable output. 

Thus, it offers a high level of accuracy in quantifying the economic and energy efficiencies 

and distinguishes between different DMUs with an improved degree of discriminatory power. 

In addition our proposed measure satisfies several desirable properties such as completeness, 

strong monotonicity, unit invariance and the aggregate indication axiom of Blackorby and 

Russell (1999). 

The multicomponent DEA model has been applied to examine the aggregate and partial 

efficiencies of 29 OECD countries in 2011. It is assumed that each country as a DMU 

pursues optimal performance in terms of both economic and energy efficiency. The first 
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component shows how three economic inputs (total number of hours worked, human capital 

and a PPP measure of real physical capital stock) are utilised to produce the optimal amount 

of a desirable output (PPP measure of real GDP in million 2005 US$). The second 

component demonstrates how successfully each country minimizes the use of three energy 

inputs (electricity, crude oil, and natural gas) in the generation of an undesirable output (CO2 

emissions). 

The major findings of this paper are as follows. First, all three economic inputs are 

highly correlated with real GDP with the estimated correlation coefficients in excess of 0.97. 

Similarly, CO2 emissions and industry usage of three energy inputs indicates a very strong 

positive relationship (r=0.94). Second, the following ten countries enjoy the highest levels of 

economic efficiency for all three inputs: Estonia, Ireland, Luxembourg, New Zealand, 

Poland, Slovak Republic, Slovenia, Sweden, Turkey and the US. Lower labour productivity 

is an impediment to higher efficiency in Hungary, Korea and Mexico in particular.  

Third, there are nine countries which are the most energy efficient in terms of the usage 

of electricity, oil and natural gas: Denmark, Estonia, Ireland, Luxembourg, New Zealand, 

Slovak Republic, Slovenia, Sweden and Switzerland. Overall, for the majority of countries, 

particularly those with large GDPs, there is considerable room for improvement with respect 

to efficiency. The US, Japan, Korea, Canada and Germany have the lowest efficiencies in the 

industrial consumption of electricity and oil. Overall, we found the average partial efficiency 

score for oil (0.419) to be slightly less than electricity (0.464) and natural gas (0.449). 

Fourth, there is a positive and marginally significant relationship between economic 

efficiency and energy efficiency. This suggests that higher economic and energy efficiencies 

are not necessarily incompatible goals. Fifth, despite taking into account the proportionality 

of inputs and outputs within the DEA framework, the worst performance (in terms of CO2 
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and energy efficiencies) is exhibited by G7 countries, with the US and Japan having the 

lowest scores. Sixth, out of 29 OECD countries in the sample, the following eight countries 

can be classified as the poorest performers in the utilisation of both economic and energy 

resources: Australia, Belgium, Czech Republic, Italy, Japan, Korea, Mexico and Spain. These 

countries have potentially much to learn from a number of countries (such as Estonia, Ireland, 

Luxembourg, New Zealand, Slovak Republic, Slovenia, Sweden and Switzerland) that have 

been relatively successful in pursuing both economic and energy efficiency goals.   
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Appendix 

Input-output data in 2011. 

Countries 

Economic data  Energy-environmental data 

Real GDP (PPPs 

in million 

2005US$) 

Annual hours 

worked (in 

million) 

Capital stock 

(PPPs in mil. 

2005US$) 

Human capital 

(in million 

years of 

schooling) 

 
CO2 emissions 

(1000 tonnes) 

Industry 

consumption of 

electricity (GWh) 

Industry 

consumption of 

oil (1000 

tonnes) 

Industry 

consumption of 

natural gas (TJ) 

Australia 812147 20094 2968346 40.081  541543 79963 8007 368681 

Austria 297426 7042 1280469 12.033  82761 27593 2038 135139 

Belgium 345555 7241 1594688 14.337  120146 37814 7754 239602 

Canada 1170241 29948 3488219 59.25  701212 195126 23282 1279764 

Czech Republic 227514 9595 948767 17.753  135277 22645 2561 105677 

Denmark 193134 4317 839328 8.277  58052 8613 794 32283 

Estonia 25585 1184 91355 2.037  20484 2141 135 5675 

Finland 177407 4318 813825 7.516  66861 39294 2226 31380 

France 1964250 39619 8790590 81.621  495982 115882 15452 474188 

Germany 2840954 58191 10405759 137.396  928695 225385 22522 1003759 

Greece 257289 9594 1086563 14.457  114728 12858 1904 37216 

Hungary 167749 8000 758119 13.345  66034 9347 1608 60506 

Ireland 183854 3160 590694 5.744  57750 9133 848 26745 

Italy 1723205 43699 8421821 69.657  486601 124096 11734 472880 

Japan 3878882 105690 18432026 202.471  1306518 302037 58292 393668 

Korea 1335145 52774 5638431 80.541  697708 239382 43352 381102 

Luxembourg 30731 576 124303 1.117  12125 3100 38 12980 

Mexico 1425632 93819 3871232 124.426  758945 122844 10993 585951 

Netherlands 638103 12038 2526941 27.379  195064 36891 14695 337968 

New Zealand 111776 3885 275028 8.055  74393 14110 684 70129 

Poland 688951 32708 1667345 46.352  405741 43510 3579 230593 

Slovak Republic 107342 3956 350904 6.986  44698 11418 815 53000 

Slovenia 44743 1614 202148 3.157  19463 5704 231 22853 

Spain 1283726 31074 7014925 55.576  345887 72978 10932 396251 

Sweden 325918 7853 911996 15.535  60754 54232 2780 20387 

Switzerland 338674 7514 1196365 13.501  49973 19148 1150 39522 

Turkey 1098036 43184 2664056 54.206  424091 83785 7765 343481 

United Kingdom 1957958 47931 6459174 81.995  566269 101171 10813 430498 

United States 13227916 241575 41501056 513.164  6716993 836172 125479 5257770 

Sources: See Table 1. 


