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1.	 INTRODUCTION

The humanity has passed through several societal development 
stages as hunter-gatherer, agricultural, industrial and now is experiencing 
knowledge age and these stages have brought along the transformation 
from manufacturing/producing into consuming. Along with increasing 
population, the consumer society has come across with overconsumption 
and environmental hazards. Such problems as global warming, drought, 
climate change, decreasing supply of drinking water, and air pollution has 
come to a serious extent and have started to threaten all the mankind. This 
serious increase has made it necessary to take immediate action against 
environmental problems and initiate environmental protection measures. 
With the aim of creating a sustainable society, the governments are obliged 
to create and apply policies that will make a balance between economic 
development and environment protection. From the sustainability aspect, 
environmental assessments have an increasing significance and constitute 
the first and foremost step of policies related to green environment of 
countries.

For these reasons, the fact that countries specify their place in terms 
of environmental performance relative to others’ is of much significance 
with regard to designating the reasons of being inefficient of under-
performing countries, building environmental friendly strategies, and 
creating new policies. Along with rising significance of environmental 
protection, the use of Data Envelopment Analysis (DEA) has also increased 
within environment performance evaluations. DEA is based on linear 
programming and is a nonparametric method which aims to evaluate the 
relative efficiency of decision-making units. Different from parametric 
methods, it does not necessitate the functions correlating inputs and 
outputs (Hosseinzadeh-Bandbafha et al., 2018). DEA is particularly used 
in cases where multiple inputs and outputs could not be transformed into 
weighted input and output sets and is firstly used by Charnes et al. (1978) 
to measure the efficiency of state schools in the United States. DEA then 
has been used to evaluate the efficiency of universities, hospitals, banks, 
and firms in manufacturing sector and also to compare the efficiency of 
resource utilisation of countries and regions (Eva et al., 2016; Omrani 
et al., 2018; Dobos and Vörösmarty, 2019). No subjective comments are 
needed for the weights of utilised resources and emissions within the 
environment performance evaluations made through DEA since the 
weights are objectively determined by the model itself.

Another important point while evaluating the environment 
performance is that the inputs and outputs should be compatible with the 
targets of evaluated Decision Making Units (DMUs). While the variables 
are constituted by only inputs and outputs while making efficiency analysis 
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through the DEA, there are inputs and two-group output variables during 
the environmental performance evaluation. “The outputs aimed to be 
achieved” as a result of used inputs during the production indicate the 
desired output while the environment-polluting outputs (wastes released 
into the air, water and soil, emissions, etc.) indicate undesirable outputs 
(Wang and Zhao, 2017).

Sueyoshi and Goto (2011) have presented a new DEA method 
combining operational and environmental efficiency analyses in which 
outputs are classified as desired and undesirable. This proposed technique 
has been applied on Japanese electricity distribution companies. With the 
aim of evaluating the energy and environmental efficiency of electricity 
distribution companies in 30 different regions in Japan between 1997 and 
2010, Wang et al. (2013) have made use of multi-directional efficiency 
analysis and window analysis. Sueyoshi and Goto (2013) have combined 
DEA with Malmquist index in order to evaluate the environmental efficiency 
of 10 OECD (Organisation for Economic Co-operation and Development) 
countries. With the aim of measuring the environmental performance, 
Meng et al. (2013) have put forward a radial DEA approach composed of a 
static and dynamic environmental performance index value. This method 
was first used to build an environmental performance model between 1998 
and 2009 for industrial organisations in different Chinese cities. Zhang et 
al. (2015) evaluated the ecological energy efficiency of China between 2001 
and 2010. The results of all these studies have indicated that the Chinese 
government should immediately intensify its improvement efforts in 
central and western regions to maintain a sustainable development. Sözen 
and Karık (2017) have compared the renewable energy performances of 33 
OECD and BRICS countries with those of Turkey between 2009 and 2013. 
Within this study in which they have formed two different models based on 
different inputs and outputs, they have carried out analyses to determine 
the efficiency scores in the course of time and technical enhancements 
through DEA and Malmquist Productivity Index (MPI). Mavi and Mavi 
(2019) have measured the energy and environmental efficiencies of OECD 
countries through DEA and analysed environmental performances via 
MPI. Besides, they have developed the model of common set of weights by 
using ideal point method.

The studies carried out to measure environmental performance has 
been presented in Table 1 by considering their input, desired output, 
undesirable output and the methods. When these studies are examined, it 
has been observed that the most common inputs and outputs while analysing 
the environmental performances are population, the consumption of fossil 
and non-fossil fuels, CO2, SO2, and NO2 emissions, workforce, water and 
energy amounts, waste water and solid waste amounts, gross national 
domestic product, capital, and electricity consumption.



 .123Theory and Research in Engineering

Table 1 Literature Review
Reference Input Output Undesired Output Methodology/ 

Approach

Guo et al. 
(2011)

Capital stock, 
Labour, Energy

Gross domestic 
product (GDP)

CO2 emission Environmental DEA 
model

Sueyoshi and 
Goto (2011)

Total assets, , # 
Employees

Total sales, # 
Customers

CO2 emission Range-Adjusted 
Measure, DEA

Wu et al. 
(2012)

Capital stock,  
Labour, Energy

Industrial value 
added

CO2 emission Dynamic energy 
performance index, 
DEA

Wang et al. 
(2013)

Energy, Labour, 
Capital stock 

GDP CO2 emission A multi-directional 
efficiency analysis 
and window analysis 

Sueyoshi and 
Goto (2013)

Combustible, 
Nuclear, 
Hydro+renewable

Electricity CO2 emission DEA, Malmquist 
index

Lin et al. (2013) Labour, Capital, 
Energy

GDP CO2 emission DEA, A directional 
distance function 
metafrontier approach

Meng et al. 
(2013)

Labour force, Energy Industrial value 
added

CO2 emission, 
Waste gas, 
Waste water, Solid 
waste

Non-radial DEA, 
static and a dynamic 
environmental 
performance index

Chen et al. 
(2014)

Energy, Social fixed 
assets investment

GDP Raffle of waste 
water, solid,  and  
gas

Linear monotonic 
decreasing trans-
formation approach, 
DEA

Wu et al. 
(2014)

Investment in fixed 
assets, electricity

GDP NO2 Slacks-based measure

Zhang et al. 
(2015)

Capital, Labour, 
Energy

GDP SO2 emission, CO2 
emission
chemical oxygen 
demand

A metafrontier 
slack-based efficiency 
measure approach

Wang et al. 
(2016)

Energy, Labour, 
Capital, R&D 
investment, IPC 
investment 

Industrial value 
added

CO2, SO2, solid 
emissions, waste 
water emissions

A non-radial DEA 
mode

Sözen and 
Karık (2017)

Electricity capacity, 
Energy supply
Energy consumption, 
Energy production, 
Electricity 
consumption,
Labour force/
population, Net 
capital account

Hydro capacity, 
Geothermal capacity, 
Solar photovoltaic 
capacity,  Wind 
capacity, Electricity 
production from 
hydro, geothermal, 
solar photovoltaic, 
wind

- DEA, Malmquist 
productivity index 
(MPI)

Yao et al. 
(2018)

Capital, Labour, 
Water, Energy

GDP Solid, water, gas SBM DEA

Mavi and Mavi 
(2019)

Labour, Energy GDP, Renewable 
energy

Greenhouse gas 
emission, Municipal 
waste

Common weight 
analysis for MPI
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Ouyang and 
Yang (2020)

Income, population, 
government 
spending, coal 
consumption, oil 
consumption, natural 
gas consumption, 
land

GDP, human 
development index, 
consumption

CO2 emissions A multiplicative 
network DEA

The purpose of this study is to analyse the environmental performance 
of OECD countries, specify the place of Turkey among these countries 
and propose some recommendations regarding to improve the current 
performance of Turkey. Since multiple input and output variables have been 
included, DEA method has been used after considering the advantages 
mentioned above. The distinctive feature of this study comes from the 
fact that the analyses and evaluations of environmental performances of 
countries have been carried out through input and output oriented CCR 
models with the assumption of constant returns to scale by dealing with 
such variables the first time as environmental tax and electricity production 
from renewable energy sources. Super efficiency model has been used 
to specify efficient countries in terms of environmental performance. 
Besides, window analysis has been used to make an evaluation in terms of 
time course. Lastly, the efficiency change between years has been measure 
through Malmquist TFP index.

2.	 MATERIALS AND METHODS

DEA has firstly been developed by Charnes et al. (1978) with the aim of 
measuring the relative efficiency of systems called DMUs manufacturing/
producing similar products or services. This method allows measuring the 
relative total factor efficiency of DMUs in cases which there are many 
input and output variables having different units of measure and when 
they cannot be demeaned into a common criterion. DEA compares each 
of DMUs only with the best DMUs. Identified as the best, these DMUs 
comprises the efficient frontier and they constitute the benchmark with 
which any other DMUs will be measured against. The method assumes 
that the DMUs on the efficient frontier are relatively efficient. These are 
called reference sets of inefficient DMUs.

2.1.	Input-Output Selection

Identifying the input and output variables used for determining DMUs 
and their efficiency in DEA is of significance in terms of the fact that the 
analysis will yield correct results. Using different input and output sets 
may cause changes within the efficiency value of DMUs. If an important 
variable is skipped within the model, the efficiency value of DMU 
actively using this variable will decrease. For this reason, the input and 
output variables to be used during the analysis should be cautiously and 
meticulously determined. The fact that redundant number of inputs and 
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outputs are used within the model negatively affect the distinction power of 
the analysis. Therefore, the optimum number of inputs and outputs should 
be used in line with the purpose of the study. If there are many inputs and 
outputs, then the number of DMUs should be increased, as well.

If the number of selected input is (m) and output is (s) in a DEA model, 
it is compulsory for the reliability of the research to have at least 3*(m+s) 
+ 1 decision making unit. According to Sherman (1984), the optimum 
number of decision making unit is n>m+s while n=number of observations, 
m=number of inputs, and s=number of outputs. The general view about 
this issue is that the number of DMUs should be at least twice as many as 
the number of inputs and outputs.

Since some of the outputs within the study are undesirable, the 
approaches related to this situation have been examined as well. Dyckhoff 
and Allen (2001) indicate three basic approaches for modelling undesirable 
outputs. In the first method, undesirable outputs of DEA are modelled as 
f (y) = 1 /y.

In his method, Rheinhard et al. (1999) have modelled undesirable 
outputs as inputs. As indicated by Scheel (2001), undesirable outputs could 
be considered as inputs. This transformation could be used with both the 
assumptions of constant returns to scale and variable returns to scale. The 
third approach could be used with only the assumption of variable returns 
to scale. The conversion of f (y) = -y + βi is used for undesirable outputs 
along with the use of transformation. In order to get rid of negative values, 
a positive βi scalar having enough greatness should be added onto the 
undesirable output (Ali and Seiford, 1990). This study has adopted the first 
approach and has applied inverse function method for undesirable outputs.

2.2. Model Selection

It is possible to use both the assumptions of constant returns to scale 
(CRS) and variable returns to scale (VRS) in DEA. The CCR model 
measures the total efficiency with the assumption of CRS while BCC model 
measures the technical efficiency with the assumption of VRS. What kind 
of model should be set up depends on whether the inputs and outputs are 
controlled or not. The input oriented models examine the extent of decrease 
of inputs while the outputs are held at a certain level; however, the output 
oriented models examine the extent of increase of outputs while the inputs 
are constant at a certain level (Malana and Malano, 2006; Aldamak and 
Zolfaghari, 2017). In other words, the main aim of input oriented models is 
to use minimum number of inputs to produce the current output while the 
main aim of output oriented models is to reach the maximum number of 
outputs with the current input. An output oriented model should be set up 
if there is less or much control over the inputs and an input oriented model 
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should be established if there is less or much control over the outputs. 
This study has made use of input and output oriented CCR models whose 
details are provided in the following parts.

Input Oriented CCR Model

In a process having n DMUs, n models are set up and the relative 
efficiency of each DMU is measured. n optimisation models are solved 
within this process. The objective function of models, for example for the 
DMUk, coincides with the optimisation of ratio between the total weighted 
output and total weighted input (Cooper et al., 2011).

To maximize the efficiency of DMU k, the objective function and 
the constraints of the linearized input oriented CCR model is shown in 
Equation (1-4):

The data obtained through the solution of the model is the efficiency 
value of DMUk (Ek). The fact that the value of efficiency is equal to 1 
means that the DMU is efficient while the value less than 1 means the 
DMU is inefficient. Alternatively called envelopment model, the dual form 
could also be used within analyses.
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Output Oriented CCR Model

To minimize the efficiency of DMU k, the objective function and 
the constraints of the linearized output oriented CCR model is shown in 
Equation (5-8).

While input/output oriented models give information about efficient 
and inefficient DMUs, they do not provide any information about the 
ranking of these units. Developed by Anderson and Petersen (1993), the 
super efficiency model particularly aims to solve this problem and enables 
ranking decision making units by making a comparison between them. 
Within this model, each of the efficient DMUs is excluded from efficient 
production frontier and their super efficiency scores are obtained by 
calculating the distance of each excluded DMU to the re-defined efficiency 
frontier. When each of the decision making units is ranked in an ascending 
sort in terms of their super efficiency score, the superiority relationship 
between them could be observed. Except the feature of being able to 
exclude the evaluated DMUs from the reference set, the super efficiency 
model is equal to dual CCR-DEA.

2.3. Window Analysis

Incorporating the time dimension into the DEA, the window analysis 
was developed by Charnes, Clark, Cooper and Golany in 1985. The 
window analysis is based on moving averages method and evaluates 
the performance of DMUs in a course of time by assuming them as a 
different unit in each period. This method increases the distinction power 
of the analysis by increasing the number of DMUs (Halkos and Tzeremes, 
2009). However, it is worth noting that while DMUs from a specific 
period are evaluated relative to each other and themselves, it is assumed 
that no technological developments have been experienced during this 
period. Therefore, the analyses made during periods when there are little 
technological developments yield to more reliable results thanks to using 
short time periods.

When a series of N (n = 1, ... N) DMUs in a T (t = 1, ... T) time period 
is considered, on condition that r is the number of inputs and s is the 
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number of outputs in each DMU, DMU nt indicates n observation within t 
time through input vector  and output vector 

. Assuming that the window has started on the k 

time point (1≤k≤T) and the window width is w (1≤w≤T-k), then the input 
(Xkw) and output (Ykw) matrix of each window (kw) is as shown in Equation 
(9-10) (Yang and Chang, 2009):

The number of DMU, time period and window size are the concepts 
used in the analysis. The time period indicates the number of periods 
during which DMU will be examined. The window size could be identified 
by the researcher with regard to the number of data. For the advantages 
and disadvantages of narrow-wide window sizes, please refer Cooper et 
al. (2011).

2.4 Malmquist Total Factor Productivity (TFP) Index

Malmquist TFP index is used for measuring the extent and reasons 
of development of productivity in a course of time by using panel data. 
Developed by Malmquist (1953) with regard to distance functions, this 
index measures the change of TFP between two points by calculating the 
relative distance of each data point to common technology. The distance 
functions could be treated as input-output oriented (Deliktas, 2002). The 
Malmquist TFP index calculated with regard to distance functions with 
the assumption of constant returns to scale has been given in Formula 
11. Within this index, (t) indicates the base year while (t+1) represents the 
following year. 

The ratio out of the square brackets within the Formula (11) measures 
the change in technical efficiency between the years of (t) and (t+1) in 
terms of output-oriented approach. The change of efficiency (EC) is the 
ratio of technical efficiency during (t+1) period to that of (t) period. The 
geometric mean of the two ratios in the square brackets indicates the 
change of technology (TC) (xt+1 and xt) occurred between the two periods. 
The change in the technical efficiency represents the catch-up effect related 
to production frontier while the technological change could be expressed 
as frontier shift (Mahadevan, 2002). The fact that M0 index is greater than 
1 means that the total factor productivity has increased within the period 
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between (t) and (t+1) while a value of less than 1 means the total factor 
productivity has decreased within the same period (Coelli et al., 2005).

3.	 RESULTS AND DISCUSSION

The inputs used within this study in order to measure efficiency are 
the amount of energy consumption (EC) and the number of labours 
(L). However, the increase in the energy consumption brings along the 
environmental problems. The emissions resulting from energy consumption 
causes water, air, and soil pollution and therefore, negatively affects the 
nature, human health, and bio-diversity. This relationship between energy 
and environment renders energy as an important factor of environmental 
performance evaluations. The amount of energy consumed in a year to 
produce electricity has been provided in a unit equivalent to a million-
ton petroleum (mtoe) (an mtoe is equivalent of 4.1868x1016 Joules). The 
data has been obtained from the website of www.bp.com. The number of 
labours of OECD countries has been used as the input variable and these 
data have been obtained from www.oecd.org.

The outputs used to measure the efficiency and the details about the 
compilation of data have been provided in the following paragraphs.

•	 CO2 emissions: The main sources of carbon dioxide emissions 
are electricity production through fossil fuels, industrial activities, 
settlements and transportation sector. However, 80-85 % of carbon 
dioxide released into the atmosphere comes from the burning of fossil 
fuels (petroleum and its derivatives, coal and natural gas). The climate 
change caused by greenhouse gas emissions is the biggest problem that 
humanity has ever come across. CO2 emissions are the most released gas 
into the atmosphere and have the biggest responsibility in causing global 
warming and climate change. The burning of solid, liquid and gas fuels 
results in CO2 emissions released into the atmosphere. The data measured 
as metric tonnes per capita has been obtained from http://data.worldbank.
org. The emission data used as undesirable output has been applied 
inverse function method.

•	 Combustible renewable waste (CRW): The combustible and 
renewable wastes which measured as a percentage of the total energy 
consumption are composed of solid biomass, liquid biomass, biogas, 
industrial and municipal wastes and these wastes are used for energy 
production in several ways. Therefore, both the wastes are utilised 
and energy is produced. The data has been obtained from http://data.
worldbank.org.

•	 Electricity generation from renewable sources (EG-
RNW): Except from hydroelectric, this concept includes generation of 
electricity from such sources and methods as geothermal, sun, tides, 
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winds, biomasses, and biofuels. The data has been expressed as the total 
percentage of energy and obtained from http://data.worldbank.org. 

•	 Gross Domestic Product: The relationship between GDP and 
environmental pollution is explained by Environmental Kuznets Curve 
(EKC). According to the EKC hypothesis, while the environmental 
pollution increases during the first years of economic growth, the 
pollution decreases in the following years. Again, with regards to this 
hypothesis, since the production is mainly based on agricultural-activities 
in developing countries, the environmental pollution is not observed; 
however, during the first years of industrialisation, the primary aim is 
to increase the production and income. Therefore, rapid consumption of 
natural resources and utilisation of dirty technologies bring along the 
increase in both the production activities and environmental pollution, 
though. When the country reaches to a certain extent of income, the 
awareness of people and the activities of environmental organisations will 
increase the demand for a cleaner environment and therefore, the use of 
clean technologies will spread throughout the country. For these reasons, 
GDP which is an important indicator of economic growth is also one of 
the important indicators of environmental performance measurements. 
The data has been recorded in billion dollars and obtained from https://
www.iea.org.

•	 NOx (nitrogen oxide) and SOx (sulphur oxide) emissions: 
Other air pollutants seriously harming the ecosystem and human health 
are NOx and SOx. The NOx emissions are the end product of every 
burning process and the majority of SOx emissions results from fossil 
power plants using large amounts of sulphurous solid and liquid fuels. 
Indicating the total emission amount per capita in metric tonnes, the data 
has been obtained from www.oecd.org.

•	 Environmental Tax Revenue (ETR): The purpose of 
environmental taxes is to decrease the economic activities directly or 
indirectly polluting the environment and encourage environmental 
friendly production and consumption methods. Environmental taxes are 
important tools for governments in terms of determining the relative 
prices of products and services. The environmental tax revenues indicated 
as % of GDP have been assumed as one of the important outputs. The data 
has been obtained from www.oecd.org.

Due to the reasons mentioned above and different from other studies 
in the literature, environmental taxes and electricity generation from 
renewable resources have been utilised as output variables within the 
study.

The data of 28 countries has been analysed in terms of output oriented 
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CCR model through the academic version of EMS 1.3 software and the 
efficiency scores (Column 3) and peers and peer weights for inefficient 
countries (Column 4) have been provided in Table 2. Statements out of 
brackets within benchmark column indicate the number of reference 
country (peer) while the statements in the brackets indicate peer weights, 
dual variables in other words, used to determine the target value of the 
related country.

Table 2 Efficiency Scores and Benchmarks of OECD Countries
No    Country Score Benchmarks (peers and peer weights)

1     Austria 111.41%  4 (0.82)  10 (0.24)  27 (0.55)  28 (0.03) 

2     Belgium 114.78%  10 (0.83)  27 (1.25) 

3     Canada 141.74%  10 (7.03) 

4     Denmark 100.00%

5     France 122.60%  10 (1.74)  27 (11.45) 

6     Germany 123.25%  10 (1.56)  27 (17.48) 

7     Greece 158.45%  4 (0.16)  27 (1.71) 

8     Italy 114.58%  27 (10.72) 

9     Nthrlds 120.51%  10 (0.84)  27 (3.07) 

10     Norway 100.00%

11     Portugal 115.33%  4 (0.45)  20 (0.71)  27 (0.19) 

12     Spain 144.52%  27 (9.65) 

13     Sweden 118.42%  4 (1.08)  10 (0.61)  27 (0.17) 

14     Turkey 113.97%  27 (8.95) 

15     United Kingdom 121.37%  27 (13.77) 

16     United States 104.69%  10 (44.86)  27 (15.69) 

17     Australia 121.86%  10 (1.88)  27 (3.32) 

18     Czech Republic 174.04%  4 (0.29)  10 (0.24)  27 (1.77) 

19     Finland 100.00%

20     Hungary 100.00%

21     Japan 148.38%  10 (1.12)  27 (29.23) 

22     New Zealand 119.84%  4 (0.13)  24 (0.01)  27 (0.95) 

23     Poland 160.74%  27 (6.74) 

24     Slovak Republic 100.00%

25     Chile 168.65%  4 (1.37)  24 (0.14)  27 (0.68) 

26     Israel 102.10%  10 (0.02)  27 (1.73) 

27     Ireland 100.00%

28     Switzerland 100.00%
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As observed in Table 2, DMUs having 1 point are efficient while those 
having more than 1 point are inefficient. According to the data of last 
one year, of 28 countries, 7 are efficient and 21 are inefficient. Denmark, 
Norway, Finland, Hungary, Slovakia, Ireland, and Switzerland are efficient 
countries. The efficiency average of all countries has been measured as 
122.19%.

21 countries have been found as inefficient with regard to environmental 
performance. Among efficient countries, Denmark has been the reference 
point of 7 countries while Norway, Hungary, Slovakia, Ireland and 
Switzerland have been the reference point of 12, 1, 2, 20 and 1 countries, 
respectively. Finland has not been referred by any country.

The method of target values related to outputs of inefficient countries 
has been sampled for Turkey and it has been concluded that Turkey, with a 
score of 113.97%, is an inefficient DMU. In order to take place among the 
efficient countries, Turkey whose target values have been given in Table 3 
has to hold up Ireland as an example.

Table 3 Output Target Values of Turkey

Output Values of Turkey Target Values of Turkey
CO2= 0.220             0.140*8.949= 1.253

CRW= 2.930             3.99*8.949= 35.706

EG_RNW %= 4.760 21.8*8.949= 195.096

GDP = 1677.62 213.65*8.949= 1911.934
NOX = 0.100             0.06*8.949= 0.537
SOX = 0.040             0.240*8.949= 2.148
ETR %= 3.830             2.17*8.949= 19.419

In order to be efficient in terms of environmental performance, Turkey 
has to increase its 1/CO2 emission values which have been applied inverse 
function from 0.220 to 1.253. Therefore, as the 1/ CO2 value increases, 
the emission value of CO2 will decrease. Similarly, the emission value of 
1/NOX has to be increased from 0.100 to 0.537 and that of SOX has to be 
increased from 0.040 to 2.148. Besides, Turkey has to increase the amount 
of combustible and renewable waste by 32.776 units from 2.930 to 35.706 
and its GDP by 234.314 from 1677.620 to 1911.934. The increase in each 
unit of GDP enables a six-thousandth rise in the efficiency. Moreover, if the 
revenue from environmental taxes is increased from 15.589% to 19.419%, 
Turkey will become an efficient country. However, such a high rate of 
increase in environmental taxes does not seem possible for developing 
countries whose GDP is relatively lower. 4.7% of electricity is generated 
from renewable resources in Turkey and since the target is 195%, it seems 
impossible to reach that goal.
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Table 4 provides a summary of the target of output amounts calculated 
through output oriented CCR models and the target of input amounts 
calculated through input oriented CCR models for inefficient countries to 
become efficient. When the input target values are examined in Table 4, it 
could be observed that Turkey has to decrease its number of labours from 
28.774 to 19.300.

Table 4 Input and Output Target Values of Inefficient Countries

  OUTPUTS INPUTS

DMU CO2 CRW EG_
RNW GDP NOX

SOX ETR EC L

Austria 0.249   21.999 58.088 407.463 0.085 0.646 5.114 33.800 4357.600

Belgium 0.267    9.177 28.716 519.695 0.100 0.559 4.482 55.800 4966.900

Canada 0.773   35.278 12.017 2.127.982 0.211 2.179 14.898 326.074 19124.500

Denmark 0.170   22.450 55.830 249.130 0.050 0.500 4.110 17.400 2905.600

France 1.794 54.417 252.561 2.973.034 0.739 3.287 28.534 237.600 29429.000

Germany 2.619 77.604 383.756 4.208.641 1.096 4.681 41.251 312.100 41961.300

Greece 0.267   10.526 46.490 406.482 0.111 0.493 4.389 26.300 4167.847

Italy 1.501 42.783 233.753 2.290.889 0.643 2.573 23.268 146.900 23126.564

Netherlands 0.522   16.445 68.300 909.051 0.209 0.996 8.432 80.900 8895.800

Norway 0.110    5.020 1.710 302.810 0.030 0.310 2.120 46.400 2721.400

Portugal 0.266   16.436 36.059 314.483 0.091 0.525 4.101 24.600 4864.975

Spain 1.351 38.502 210.362 2.061.645 0.579 2.316 20.940 132.200 20812.333

Sweden 0.276   28.042 65.208 492.093 0.083 0.772 6.121 49.625 5184.500

Turkey 1.253 35.706 195.086 1.911.934 0.537 2.148 19.419 122.600 19300.999

United 
Kingdom 1.927 54.928 300.108 2.941.196 0.826 3.304 29.873 188.600 29691.422

United 
States 7.131 287.800 418.708 16.936.238 2.287 17.672 129.149 2.296.500 155921.800

Australia 0.671   22.669 75.561 1.277.696 0.255 1.379 11.183 132.600 12268.400

Czech 
Republic 0.323   14.689 55.060 521.537 0.128 0.642 5.525 40.200 5297.900

Finland 0.120   26.930 18.910 207.560 0.040 0.130 2.880 26.700 2697.300

Hungary 0.230     7.910 9.650 228.330 0.080 0.360 2.600 20.000 4444.200

Japan 4.215 122.243 639.176 6.583.658 1.787 7.362 65.802 452.300 66087.500

New 
Zealand 0.156     6.711 27.850 235.382 0.064 0.292 2.595 15.326 2436.300
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Poland 0.944    26.911 147.031 1.440.968 0.405 1.619 14.636 92.400 14546.593

Slovak 
Republic 0.180     7.180 7.440 146.720 0.060 0.120 1.730 15.500 2721.900

Chile 0.354    34.473 92.292 511.166 0.118 0.890 7.399 35.400 5961.965

Israel 0.244     6.989 37.746 374.845 0.104 0.421 3.791 24.500 3778.300

Ireland 0.140     3.990 21.800 213.650 0.060 0.240 2.170 13.700 2156.800

Switzerland 0.230     9.600 3.800 442.360 0.120 1.042 1.760 28.500 4695.600

In order for efficient countries to be sorted among themselves, the 
super efficiency model has been utilised and the results have been provided 
in Table 5. According to the data given in Table 5, the top three countries 
have been found as Denmark, Switzerland, and Finland. Even if it has the 
same amount of inputs with 59.26% (100-40.74), Denmark continues to be 
an efficient country. It is possible to make similar comments about other 
countries.

Table 5 Super Efficiency Scores

Efficient Countries Super Efficiency Score Rating
Denmark 40.74% 1.
Switzerland 73.39% 2.
Finland 77.39% 3.
Ireland 79.58% 4.
Norway 89.36% 5.
Slovak Republic 90.54% 6.
Hungary 92.72% 7.

The efficiency change of countries in three-year period has been 
evaluated through window analysis and the results have been given in 
Table 6. Due to the limited data, the window size has been determined 
as two. The Period 1 column indicates the efficiency values of first year 
with regard to the data of the same year. As for the efficiency scores of 
the second year, the first rows of Period 2 column give the first two years’ 
data while the second rows contain the last two years’ data (the data of the 
first year has been excluded from the calculation) related to the calculated 
efficiency scores of the second year. Period 3 column gives the efficiency 
scores of the third year calculated by the last two years’ data.

According to the data in Table 6, Denmark and Ireland are efficient 
countries thanks to their stable performance each year. This result is 
supported by the zero value of range and standard deviation scores. Although 
the efficiency score of some countries as Norway has a little decrease within 
the years, they could be stated as generally efficient countries. Inefficient 
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in the first year, Finland and Hungary has become efficient in the last two 
years. The best efficiency performance average belongs to Denmark and 
Ireland with 100 points and these countries are respectively followed by 
Switzerland, Finland, Norway, Slovakia, and Hungary. The worst average 
in efficiency performance belongs to Czech Republic with 173.30 points 
and it has to increase its outputs by 73.3% (1.733-1= 0.733) in order to be 
an efficient country. The highest values in range and standard deviation 
belong to Chile which has a fluctuating efficiency performance. It could 
be observed that Turkey is not an efficient country between these periods 
and due to the rises and falls in the efficiency value, it could be stated 
that Turkey has a fluctuating performance. The mean, range, and standard 
deviation of efficiency scores of Turkey have been found as 115.15, 10.94, 
and 4.54, respectively. Since the year and country based average efficiency 
value is 122.2, Turkey is in a better situation with an average of 115.15.

Table 6 The Results of Window Analysis of Countries

DMU P1 P2 P3 Mean Range Std. Dev.

Austria 108.91 109.47 --- 110.47 3.2 1.52

--- 112.11 111.39

Belgium 112.09 113.52 --- 114.44 5.26 2.23

--- 117.35 114.78

Canada 145.24 143.45 --- 143.78 3.5 1.55

--- 144.7 141.74

Denmark 100 100 --- 100 0 0

--- 100 100

France 115.85 115.84 --- 118.77 6.76 3.45

--- 120.77 122.60

Germany 118.63 119.39 --- 122.32 9.36 4.29

--- 127.99 123.25

Greece 160.79 157.44 --- 161.37 11.36 5.15

--- 168.8 158.45

Italy 116.74 115.26 --- 117.04 7 3.16

--- 121.58 114.58

Netherlands 118.04 118.61 --- 120.15 5.4 2.43

--- 123.44 120.51

Norway 100 100 --- 100.04 0.16 0.08

--- 100.16 100

Portugal 100.95 110.28 --- 110.57 14.72 6.87

--- 115.38 115.67

Spain 146.87 140.72 --- 145.21 8 3.45
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--- 148.72 144.51

Sweden 117.31 117.31 --- 118.12 2.12 1.02

--- 119.43 118.42

Turkey 120.85 109.91 --- 115.15 10.94 4.54

--- 115.85 113.97

United King. 129.61 126.42 --- 127.66 11.88 5.04

--- 133.25 121.37

United States 106.11 105.19 --- 105.67 1.99 0.90

--- 106.68 104.69

Australia 121.27 119.69 --- 121.57 3.78 1.56

--- 123.47 121.85

Czech 
Republic

168.63 170.52 --- 173.30 11.36 4.99

--- 179.99 174.04

Finland 101.44 100 --- 100.36 1.44 0.72

--- 100 100

Hungary 105.74 100 --- 101.44 5.74 2.87

--- 100 100

Japan 142.61 141.09 --- 145.10 7.29 3.80

--- 148.30 148.38

New Zealand 105.76 105.05 --- 111.79 11.45 7.5

116.5 119.84

Poland 165.25 163.51 --- 165.50 11.74 5.01

172.48 160.74

Slovak 
Repub.

100 101.30 --- 100.82 1.99 0.99

--- 101.99 100

Chile 138.94 122.55 --- 139.35 46.11 20.72

--- 127.23 168.66

Israel 138.02 135.99 --- 129.82 41.06 18.72

--- 143.16 102.10

Ireland 100 100 --- 100 0 0

--- 100 100

Switzerland 100 100 --- 100.32 1.28 0.64

--- 101.28 100

Mean 121 122.38 122.2 122.15

In the last part of study, the efficiency change of 28 OECD countries 
has been measured through Malmquist TFP index and the results have 
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been analysed by DEAP 2.1 package. The first three columns of Table 
7 include the values of EC, TC, and TFP for the first and second years 
while the latter three columns contain the same values for the second and 
third years and the last three columns bear the data of average change 
of EC, TC, and TFP. Countries having a value of greater than 1 for their 
efficiency are those successfully reached to the production frontier. When 
the average changes are taken into consideration, it has been observed 
that of 28 countries, 12 have experienced a decrease while 8 countries 
have experienced an increase in their EC performance. 8 countries have 
experienced no change in their EC value. The countries increasing their 
EC value most are Israel, the United Kingdom, and Turkey by 15.6%, 
3.3%, and 3%, respectively. On the other hand, the countries experiencing 
the biggest fall are Chile, Portugal, and New Zealand by 10.1%, 6.9%, 
and 6.3%, respectively. Countries having greater than 1 TC are those 
producing more outputs with the same amount of input by increasing 
their technological capacity. While it has been found out that all countries 
have increased their technological capacity, those having the biggest rise 
are Denmark by 4.8%, New Zealand by 4.5%, and Switzerland by 4.4%. 
In terms of TFP, 24 countries have increased their performance while 4 
countries have experienced a fall in this index value. TFP value of 85.7% 
of the countries has increased while there has been a fall in the 14.3%. The 
biggest rise belongs to Israel with 19.8% while the sharpest fall has been 
experienced by Chile with 6.8%. The EC performance of Chile has been 
observed as the cause of this fall.

Table 7 Results of Malmquist TFP Index

1st-2nd years 2nd-3rd years Average
DMU  EC TC TFP  EC TC TFP  EC TC TFP
Austria 0.987 1.008 0.995 0.983 1.025 1.007 0.985 1.016 1.001
Belgium 0.973 1.015 0.988 0.989 1.037 1.025 0.981 1.026 1.006
Canada 1.005 1.006 1.010 1.012 1.009 1.021 1.008 1.007 1.016
Denmark 1.000 1.001 1.001 1.000 1.098 1.098 1.000 1.048 1.048
France 0.994 1.007 1.000 0.945 1.044 0.986 0.969 1.025 0.993
Germany 0.988 1.005 0.994 0.969 1.048 1.015 0.978 1.026 1.004
Greece 1.025 1.004 1.029 0.990 1.076 1.065 1.007 1.039 1.047
Italy 1.022 0.994 1.017 0.993 1.069 1.061 1.008 1.031 1.039
Netherlands 0.985 1.010 0.995 0.984 1.042 1.025 0.985 1.026 1.010
Norway 1.000 0.996 0.996 1.000 1.024 1.024 1.000 1.010 1.010
Portugal 0.930 0.994 0.925 0.932 1.068 0.996 0.931 1.031 0.960
Spain 1.057 0.988 1.044 0.962 1.070 1.029 1.008 1.028 1.036
Sweden 0.991 1.013 1.004 0.983 1.030 1.013 0.987 1.022 1.009
Turkey 1.114 0.987 1.100 0.953 1.068 1.017 1.030 1.027 1.058
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United 
Kingdom

1.039 0.987 1.025 1.028 1.038 1.098 1.033 1.027 1.061

United States 0.995 1.014 1.009 1.005 1.014 1.019 1.000 1.014 1.014
Australia 1.003 1.010 1.013 0.982 1.032 1.013 0.993 1.021 1.013
Czech Republic 0.979 1.010 0.989 0.980 1.054 1.033 0.979 1.032 1.010
Finland 1.000 1.045 1.045 1.000 1.002 1.002 1.000 1.023 1.023
Hungary 1.000 1.079 1.079 1.000 1.008 1.008 1.000 1.043 1.043
Japan 1.006 1.005 1.011 0.951 1.052 1.000 0.978 1.028 1.005
New Zealand 0.988 0.998 0.986 0.888 1.095 0.972 0.937 1.045 0.979
Poland 1.024 0.987 1.011 1.004 1.069 1.073 1.014 1.027 1.041
Slovak Republic 1.000 0.961 0.961 1.000 1.093 1.093 1.000 1.025 1.025
Chile 1.119 1.018 1.139 0.723 1.054 0.762 0.899 1.036 0.932
Israel 1.002 1.012 1.014 1.332 1.062 1.414 1.156 1.037 1.198
Ireland 1.000 1.033 1.033 1.000 1.053 1.053 1.000 1.043 1.043
Switzerland 1.000 1.000 1.000 1.000 1.090 1.090 1.000 1.044 1.044
Average 1.007 1.006 1.014 0.982 1.052 1.032 0.994 1.029 1.023
<1 12 - 4
=1 8 - -
>1 8 28 24

4.	 CONCLUSION

While the environmental performance of OECD countries is analysed, 
the current situation in Turkey has been evaluated within this study. Such 
variables as environmental taxes and energy production from renewable 
resources have been assessed together through DEA method and several 
analyses have been carried out through input and output oriented CCR 
models under the assumption of constant returns to scale function.

When the recent OECD data has been examined, it could be observed 
that countries releasing the least CO2 emissions are Switzerland, Hungary, 
and Portugal while those releasing the most CO2 emissions are the USA 
and Australia. With its highly developed industry and large population, 
the USA is among the countries that release the most amount of CO2 
into the atmosphere. On the other hand, meeting 60% of its energy need 
from hydroelectric power plants, Switzerland is the country having the 
least amount of CO2 emissions. As the most important action to prevent 
increasing environmental pollution is to reduce CO2 emissions, people 
should increase energy efficiency, reduce energy consumption, make some 
technological changes to enable less use of energy, and using such low-
carbon fuels as natural gas and non-fossil fuels rather than coal which 
contains high amounts of carbon.

When the amount of energy from combustible and renewable wastes 
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is analysed, it could be observed that Denmark, Finland, and Sweden has 
the most amount of energy production from these resources. Meeting its 
energy need from renewable energy resources, Denmark aims to cease the 
complete use of fossil fuels and as for the wastes, Denmark either recycles 
the majority of them or meets its regional heating needs through the heat 
produced by the burning of wastes. 67% of its 11 million tonnes of waste is 
recycled while 27% is burnt in combustion plants. Denmark meets 20% of 
the country’s heating need and 5% of its energy consumption through the 
energy obtained from wastes. Sweden treats domestic waste of the country 
with modern techniques and uses biogas obtained at the end of this process 
for both heating and generating electricity. Sweden uses 99% of domestic 
waste to generate electricity and uses the remaining 1% as agricultural 
fertilizer. Energy production from wastes is of much significance in terms 
of contributing many problems including global warming. Accordingly, the 
increased amounts of greenhouse gas emissions could be decreased. The 
fact that wastes are transformed into energy and industrial chemicals both 
decreases the dependence on external resources for energy and chemicals 
and provides economic benefits. As the income level of people or countries 
is increased, more environmental friendly products are produced and 
consumed.

It has been found out that the country having the largest amount 
of electricity generation from renewable resources is again Denmark. 
Being generated from a renewable resource, the wind energy is among 
the cleanest energy and Denmark meets one-third of the country’s energy 
need from wind. On the other hand, Finland has efficient waste treatment 
facilities and power plants generating electricity from solid wastes.

Environmental taxes are of much significance in terms of protecting 
the environment, as well. The purpose of imposing such taxes is to 
direct manufacturers and consumers to environmental friendly activities 
by increasing the prices of products and services. Products having 
the potential of harming the environment are applied higher pricing 
and therefore, by steering the behaviour of individuals, production and 
consumption preferences are supposed to change. The fact that individuals 
contribute to the cost of protecting the environment is ensured only 
through environmental taxes. Reducing the production by creating a cost 
for products polluting the environment or for the firm manufacturing these 
products is a common policy applied throughout the world. Denmark has 
the highest amount of revenues coming from environmental taxes and is 
one of the first countries applying “Ecological Tax Reform” incorporating 
environmental taxes, efficient tools in improving the quality of natural 
environment and protecting it, and the use of revenues from these 
taxes. Therefore, it is possible to state that Denmark has pioneered the 
environmental tax applications.
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The fact that inefficient countries determine the policies that will 
enable reaching the target values by taking countries such as Denmark and 
Sweden as a reference point and putting the applicable ones into practice 
will substantially reduce environmental threat.

Through the super efficiency model, efficient countries have been 
sorted and three years’ performance evaluation has been carried out via 
window analysis. Denmark, Switzerland, and Finland has been found out 
as the most efficient countries at the end of the super efficiency analysis. 
According to the results of window analysis, Denmark and Ireland has 
been found as having the best efficiency performance and there has been 
observed periodical fluctuations in the performance of other countries.

Lastly, the change in the efficiency of countries between the years 
has been measured through Malmquist TFP index. According to the 
results, the countries increasing their EC value most are Israel, the United 
Kingdom, and Turkey by 15.6%, 3.3%, and 3%, respectively. Countries 
having the biggest rise in their TC have been found out as Denmark by 
4.8%, New Zealand by 4.5%, and Switzerland by 4.4%. When the overall 
situation is analysed, TFP value of 85.7% of the countries has increased 
while there has been a fall in the 14.3%.

For the future studies, it could be recommended that the input and 
output selection could be carried out by expert views and such multiple-
criteria decision making techniques as AHP and DEMATEL could be 
used. The methodology adopted within the study could be used as a guide 
for different efficiency analysis scenarios and DMUs.
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