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Abstract Environmental changes resulting from industrial activity have been occurring
for many years, and with the increasing production of greenhouse gases and other
pollutants, these changes have played a critical role in global warming. Nowadays, all
countries have become aware of the great importance of attention to the environment
alongside economic growth. Therefore, they are all after solutions that would allow
maximum economic growth with minimum harm to the environment. In the present
study, the environmental efficiency of a given system is evaluated using data envelopment
analysis (DEA). For this purpose, the economic and environmental dimensions are taken
into consideration for each decision-making unit (DMU), with the condition of having
undesirable outputs in the environmental dimension. Then, using the concept of “order of
efficiency”, an enhanced DEA method is proposed based on weak and strong disposability
axioms, which can be used to compare and rank units with undesirable outputs. Next,
the capabilities of the proposed approach are demonstrated through an example involving
various industries in Iran. Enhanced DEA not only takes more comprehensive input
and output sets into account but also monitors the units based on the principles of
sustainability.

Keywords Data envelopment analysis; desirable and undesirable outputs; efficiency
sustainability; environmental efficiency.
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1 Introduction

Nowadays, environmental issues, as one of the main components of sustainable development,
have become a concern for international organizations, scholars, and scientific and research
centers all over the world. Thereby, it is crucial to raise public awareness about the importance
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of environmental problems in sustainable development. Hence, proper education is one of the
most significant cornerstones for sustainable development in terms of human resources, which
plays a fundamental role in a balanced economic, environmental, and social development [1].
Sustainable development not only tries to improve and expand the lives of the current generation
but also focuses on protecting the future generations, and on that basis, it takes the human
conditions and the environmental situation into account simultaneously.

Sustainable development integrates the economic, social, and environmental goals of the
society, whenever possible, by policy making, taking the necessary measures, and taking
supportive action, and whenever not possible, by establishing an exchange relationship between
them and studying and coordinating the exchanges [2].

The triple dimensions of development include: the social dimension, which is concerned with
human relationships, welfare promotion, and increased access to healthcare and educational
services; the economic dimension, which focuses on the welfare of society and individuals; and
the environmental dimension, which is related to the preservation and reinforcement of physical
and biological resources and the ecosystem, as well as the human-nature relationship [3].

Currently, humans’ resource utilization rate is higher than the biocapacity of the Earth.
In this regard, for each year that humans live on the Earth, a year and a half is required to
replenish the resources. Development should be in line with nature’s laws, as no amount of
progress and technological advancement can compare to nature and disturbing the cycle of
nature would result in a lot of harm to human lives [4].

It is cause for much hope that in the last few years, the planners and executive authorities
have paid special attention to this critical area, which is itself resulted by the increased level of
public awareness on the matter. However, there is still a long way to go in order to reach the
desirable state, and with the appropriate substrates in place, we hope to one day achieve this
ideal situation [5]. The majority of sustainability evaluation methods only outline a path to
the target [6], as there are no quantitative guidelines for increasing the level of sustainability.
Meanwhile, mathematical programming can be incorporated into the quantitative methods in
order to improve their environmental performance [7].

Data envelopment analysis (DEA) is a linear programming method initially proposed by
Charnes [8] in 1978. In this method, a linear programming model called CCR was presented for
evaluating the efficiency of decision-making units with multiple inputs and multiple outputs.
In an objective evaluation of DMUs, there is a problem relating the undesirable outputs formed
alongside the desirable ones. Traditional DEA studies only value the desirable outputs and
simply disregard the undesirable outputs. In the meantime, to ignore the undesirable outputs
is to say that they have no value in the final evaluation, which could lead to misleading results.
Therefore, the decision-making units (DMUs) should receive points for their desirable output
production and lose points for their undesirable outputs. One of the problems with DEA was
the negligence of undesirable outputs in its mathematical models.

Later on, Pittman [9] engaged in justifying the economic costs of undesirable outputs using
shadow prices, and following that, the work by Fare [10] can be considered as one of the most
pivotal studies relating undesirable outputs. In recent years, several studies were conducted
with a focus on evaluating the environmental efficiency of various systems [11, 12, 13, 14, 15,
16, 17]. There were also a number of studies using DEA to evaluate environmental, social,
and economic indicators [18, 19, 20, 21]. Furthermore, Galan-Martin et al. [22] studied the
sustainability efficiency of systems based on environmental, social, and economic indicators
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using the concept of “order of efficiency”. But their work also has some shortcomings, such
as the fact that the data are optimally selected, and in reality, it is rarely possible to find a
product that does not produce pollutants. In addition, a limited problem with only one output
has been investigated with all values equal to one.

Increasing the discrimination power in standard DEA without loss to information is a great
challenge that has attracted a lot of research interest. In this respect, various approaches have
been proposed to resolve the problem of DMU ranking in DEA [23, 24].

One of the important methods of DMU ranking is based on cross efficiency [25, 26, 27],
where the units are evaluated by themselves or by other DMUs. Moreover, some authors have
used super efficiency methods in this context [28, 29]. Some proposed methods involved finding
common weights to obtain the optimal solutions, which were then used to discriminate between
the units [30, 31]. Benchmarking and statistical techniques are also some of the methods used
for DMU ranking [32, 33]. Additionally, some researchers combined DEA with multi-criteria
decision-making methods for this purpose [34, 35]. However, despite the large number of
approaches presented for DMU discrimination in DEA, no one method alone is considered a
complete solution to this ranking problem.

2 Background of DEA

In this section, we first present the basic principles of a standard DEA, and then, describe
the DEA models for desirable and undesirable data. The concepts of order of efficiency and
sustainability will be described in the next sections.

2.1 Standard Data Envelopment Analysis

Given that our objective in this research is to measure efficiency in economic and environmental
dimensions in different orders, the following linear programming problem is used to obtain
the efficiency of units that only include desirable data. Assume that DMU; (j =1,2,...,n)
produces n congruent decision-making units using the input vector X; € R™(j =1,2,...,n)
and the output vector Y; € R* (j =1,2,...,n), meaning that vector X; has m components and
vector Y; has s components [8].

Max ¢ such that

i A X < Xo,

J=1

DAY > ey,

j=1

)‘j20>j:1>2737"'>n7 (1)

where ¢ is the efficiency of the under evaluation Decision Making Unit that is shown by DMU,,.
Aj are the variables of the aforementioned model that are non-negative linear combination of
DMU;s(j=1,...,n). DMU,s are observed decision making units.

As previously mentioned, the environmental aspect of decision-making units is a significant
dimension of efficiency evaluation in this research, which has recently become a subject of
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interest for senior managers. In actuality, global economy is inextricably linked with the
environment, as it is dependent on the extraction and exploitation of natural resources.
Nowadays, it is becoming a widely accepted opinion that without taking into account the
pollution, waste, and dangers that economic activities and the production-consumption cycle
impose on the environment and eventually the humans themselves, economic growth will not
be sustainable. The fact is, alongside their useful products, DMUs often enter an amount of
pollution and waste into the environment, which are known as undesirable outputs in DEA [10].

2.2 Axioms Holding for Undesirable Outputs

The axioms that hold for undesirable outputs are defined as follows
The standard production possibility set (PPS) is defined as follows:

PPS={(X,Y)[X> Y AX:, Y<S \NY, A >0=1,2...,n%.
WAk | ] J

j=1 J=1

2.2.1 Null-joint Property

We have the following properties based on the principles of undesirable outputs.
Undesirable outputs are null-joint when

(Y?, YY) e PPS, YV =0—-Y"=0,

where YP denotes the desirable output vector and YV is the undesirable output vector. In
other words if an output vector (YD , YU) is feasible and there are no bad outputs produced
then under null jointness only zero good output can be produced. Equivalently if some positive
amount of the good output is produced then some bad output must also be produced [36]. The
condition of null-joint was introduced by Shephard and Fére [37] and has been discussed for
environmental problems by Fére and Grosskopf [36] and Shephard and Fére [37]. This axiom
shows that if the desirable outputs have positive values, the undesirable outputs will definitely
have positive values as well. For instance, it would not be possible to produce paper without
producing an amount of sulfur [36].

2.2.2 Weak Disposability

In most processes, undesirable outputs are produced alongside the desirable ones. This axiom
states that by reducing the amount of desirable outputs, undesirable outputs will be reduced as
well [36]. In other words, according to the axiom, reducing the desirable outputs by a certain
ratio would require the reduction of undesirable outputs by that same ratio. Thereby, based
on the weak disposability axiom and the standard production set, a new production possibility
set (PPS) is denoted by P" (X) and defined as follows.

DK
PV (X) = {(X ( ¥UK )) [YPE < YPA YUK =YUAXA<X \e ]Ri},

where YPX is desirable output and YY¥ is undesirable output of DMUj, .
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In the following, Model (2) shows the linear programming form of the PPS [36]. Note that
7 =1,2,...,nis the number of DMUg that consume the input vector X € R™ to produce the
desirable output vector Y € R* and the undesirable output vector U € R*.

Max g such that

Z A X < Xo,

j=1

DAY > @Yo,

j=1

> U =,

j=1

A >0,5=1,2..n, (2)

where ¢, is the efficiency of the under evaluation Decision Making Unit that is shown by DM U,,.
Aj are the variables of the aforementioned model that are non-negative linear combination of
DMU;s(j=1,...,n). DMU, are observed decision making units.

2.2.3 Strong Disposability

This axiom imposes certain conditions on the model and states that it is possible to increase
the desirable outputs while preventing the same amount of increase in the undesirable outputs;
in some cases, undesirable output production can be even reduced down to the lowest amount
possible [39].

Based on the strong disposability axiom, the production possibility set is given by

DK
PS5 (X) = {(X ( Yo )) YPK < Y20 YUK < YUA XA < XK 1A= 1)\ € Ri} .
Model (3) presents the nonlinear programming problem for this PPS, where there are n decision-
making units with the input vector X € R™, the desirable output vector Y € R* and the
undesirable output vector U € RT, XX YPK YUK are input, desirable output, undesirable
output of under evaluation DMU, respectively [39, 40, 41].

Undoubtedly, in order to improve the performance, the desirable outputs should be increased
while the undesirable outputs are reduced. To increase the desirable outputs and reduce the
undesirable ones, the following nonlinear programming model is used [10, 39, 40,41,42].

Max¢, such that

i NiX; < X,

J=1

DAY = 00Yo,
j=1

- 1
E \U; > —U,,
=1 o
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D N=1,
j=1
A >0,5=12...n, (3)

where ¢, is the efficiency of DMU,. A; are the variables of the aforementioned model that are
non-negative linear combination of DMU; (j = 1,...,n). Uj are undesirable outputs of DMU;
and U, is undesirable output of DMU,.

3 Sustainability Evaluation

The majority of the existing research on data envelopment analysis are based on economic
efficiency. However, since global economy and efficiency evaluation are influenced by ecological
(the environment), social, and economic components, environmental factors such as pollution
and social challenges and harms such as cultural changes, labor strikes, etc., have an impact
on efficiency. To meet the abovementioned need, in this study, efficiency is evaluated in each
sustainability dimension (economic, environmental, and social) separately, and the results are
added together to arrive at the overall sustainability efficiency. Therefore, a given decision-
making unit will have a sustainability efficiency score of one if it is deemed efficient in all three
dimensions. Assume that gp? is the efficiency score of DMU;j in the sustainability dimensiond,
i.e., the efficiency score calculated by DEA when only the inputs of this dimension are taken
into account. In this respect, the overall sustainability efficiency is defined as the mean of
efficiency scores in every sustainability dimension, which is denoted by gpj““ and calculated by
the formula

sSus Z (pd
3t = 773 LV, € J(4). (4)

It is worth mentioning that D is the sustainability dimension and the efficiency scores gp? and
gpj““ fall within the interval [0,1]. The higher the efficiency score of a sustainability dimension,
the higher its level of efficiency. If the overall sustainability efficiency score was equal to one

(gpj““ = ), it would indicate that the unit is efficient in all three sustainability dimensions.

4 Order of Efficiency

This section will introduce the concept of “order of efficiency” as presented by Das in 1999. In
this approach, we are dealing with variations of the problem [43].

Definition 1 A solution is said to be efficient of order if it is not dominated by any other
solution in any possible subset of objectives with elements.

After integrating this approach into the concept of data envelopment analysis, the following
definition is proposed.

Definition 2 DMU, will be efficient if and only if it is deemed efficient in any possible subset
of inputs and outputs with k elements.
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From a computational perspective, the previous definition means that we repeat the DEA
models iteratively for all possible combinations of inputs and outputs.

Since the present research puts an emphasis on environmental indicators, DEA models for
undesirable outputs are used to calculate the orders of efficiency and the undesirable output
combinations.

5 Efficiency Calculation Algorithm Based on Economic, Environ-
mental, and Social Indicators

If we assume J to be a set of decision-making units, j = 1,2,3,...,|J|, while T" is the set of
sustainability indicators in each dimension, we will have the following steps.

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Categorization of indicators (inputs or outputs) in each sustainability dimension. For
example, I; represents all the inputs related to dimension d and O4 denotes all the
outputs related to dimension d.

All possible combinations of inputs and outputs (¢) are identified in every sustainability
dimension, in a way that each include k inputs from |/, and k outputs from |Oy|, and
14

k

maximum possible combinations are obtained through for the inputs and

( Okd ) for the outputs.

The DEA model, denoted by gp?kt, is solved for each DM Uj in each output combination
tr in order to identify the efficient units. Note that Ty, is the set of combinations of
order in dimension d and K represents the set of allowable indicators in dimension d.

Efficiency of order k is determined for each DMU; using the formula

d
d Ztede Pkt

k

We define an overall efficiency score for each DMU; in every dimension, which is
technically the mean of efficiency scores obtained for all orders of efficiency and is
denoted by ¢¢:

Vde D.je Jke K, (5)

d_ ZkeKd Ztede SO?kt

P =
0
S (19

Finally, having obtained the efficiency scores in all dimensions, we can determine the
overall sustainability efficiency through the formula

NVde D,je J (6)

Zd Spc'l .
sust _ eDYj v J. 7
©; = " € (7)
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6 Case Study

In this section, we aim to study and evaluate the efficiency of 17 different industries in Iran,
which are considered as our decision-making units. Each DMU has three inputs, two desirable
outputs, and three undesirable outputs (environmental pollutants), which are classified into the
economic, environmental, and social dimensions. Note that by pollutants in this article, we are
referring to the C'O, (carbon dioxide), SPM (suspended particulate matter), and SOy (sulfur
dioxide) resulting from the use of fossil fuels, which was first studied in Iranian manufacturing
industries from an environmental aspect by [44]. Note that the values extracted for the inputs
and the desirable and undesirable outputs of the 17 industries under study are calculated as
percentages within the same period of time. In addition, the undesirable outputs, including
CO,, SPM, and SO,, are calculated in tons, the employee counts are specified in terms of million
individuals, and value added, import turnover, and export turnover are calculated in billion
Riyal. In the current study, the efficiency of these industries is evaluated based on economic
and environmental indicators using the proposed models. In this respect, capital, number of
employees, and import turnover are the inputs in the economic dimension denoted by Iy, Io
and I3, respectively, value added and export turnover are the desirable outputs denoted by O
and Oy, respectively, and the three environmental pollutants under study are our undesirable
outputs denoted by Oz, O4 and Os, respectively. Based on Model (3), in efficiency of order
1, the three inputs and the two desirable outputs are kept fixed while the undesirable outputs
{03}, {O4}, and {Os} are substituted in three configurations. In efficiency of order 2, the three
inputs and the two desirable outputs are kept fixed and the undesirable output combinations
{03, 04}, {O3,05}, and {O4, O} are substituted in three configurations. Finally, in efficiency
of order 3, while keeping the three inputs and the two desirable outputs fixed, a combination of
all three undesirable outputs is taken into consideration, namely {O3, O4, O5}. Table 1 presents
the data used for the 17 Iranian industries in this study.

After solving Model (1) for the economic efficiency (desirable data) and Model (3) for the
environmental efficiency (undesirable data) for 17 DMUs, using General Algebraic Modeling
System (GAMS), the efficiency scores based on economic and environmental indicators were
obtained. The results of economic efficiency, environmental efficiency, the efficiency of various
orders, and overall efficiency are presented are presented in Tables 2 to 5 respectively.

Step 1: We consider the economic and environmental dimensions as d = 1(value added and
import turnover) and d = 2 (CO,, SPM, and SOy), respectively. Therefore, O; = |2]
represents all desirable outputs in the economic dimension and Oy = |3| stands for all
environmentally undesirable outputs.

Step 2: All possible combinations of desirable outputs are defined asO;, while Oy represents
all possible combinations of environmentally undesirable outputs. In this respect,

O, = { {Ol} ) {02} ) {017 02} } )
Oz = {{03},{04} ,{05} {05, 04} ., {03, 05} , {04, 05} , {05, 04, O5 } } .
Step 3: The DEA model is solved for each DMU and for each output combination t;. The

models are denoted by ¢}, and ¢, in order 1 and ¢y, in order 2. Now, we form a
set of order combinations of order & in dimension d as follows:

T11 = {{011},{012}} for efficiency of order 1, where t = 2, and T = {{O11}, {O12}}
for efficiency of order 2, where t = 1.
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Table 1: Desirable and Undesirable Inputs and Outputs in the 17 Iranian Industries under

Study
Code Industry I1 Ig I3 01 02 03 04 05
1 | Food 10.05 | 15.41 | 13.97 | 8.34 | 9.26 | 37.75 | 11.47 | 16.00
o | Textiles & 460 | 993 | 1.70 | 3.85 | 2.78 | 8.07 | 2.51 | 3.88
Clothing
3 | Leather 0.16 | 0.85 | 0.02 | 0.32 | 0.36 | 0.53 | 0.13 | 0.26
Wood 0.36 | 0.67 | 0.04 | 0.36 | 0.04 | 1.27 | 0.39 | 0.62
Paper 088 | 1.63 | 321 | 0.83 | 0.10 | 0.22 | 1.10 | 1.30
¢ |Printing & 037 | 1.19 | 0.07 | 047 | 0.04 | 0.10 | 0.01 | 0.09
Publishing
Coal 4.01 | 1.46 | 0.89 | 11.19 | 25.11 | 13.79 | 13.20 | 10.25
Chemicals 33.56 | 7.13 | 20.23 | 14.85 | 37.06 | 7.54 | 11.90 | 8.89
9 | Plastics 3.5 | 471 | 3.79 | 270 | 2.68 | 1.93 | 0.93 | 1.15
10 | Minerals 10.51 | 14.37 | 1.02 | 8.63 | 3.85 | 13.22 | 39.60 | 49.94
11 | Metals 16.54 | 6.44 | 10.04 | 17.00 | 12.40 | 7.79 | 15.10 | 1.07
19 | Fabricated 192 | 650 | 245 | 327 | 1.57 | 0.27 | 1.15 | 1.63
Metal Products
13 | Machinery 521 | 12.57 | 34.49 | 7.24 | 3.40 | 3.61 | 0.72 | 2.42
Radio &
14 | Television 0.35 | 0.81 | 1.60 | 0.51 | 0.46 | 0.01 | 0.05 | 0.05
Manufacturing
15 | Medical 102 | 1.04 | 250 | 045 | 0.04 | 0.30 | 0.11 | 0.17
Instrumentation
16 | Automotive 7.06 | 13.65 | 3.48 | 19.38 | 0.67 | 2.96 | 1.38 | 1.92
Industry
p7 | Furniture 1.01 | 1.64 | 050 | 0.61 | 0.18 | 0.64 | 0.25 | 0.36
Manufacturing
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Similar to the previous case, in the environmental dimension: gp?lt is efficiency of order
2 : 2 .

1, ¢jo; denotes efficiency of order 2, and ¢j;, represents efficiency of order 3. Moreover,

a set of combinations of order k in the environmental dimension is as follows:

Ti2 = {{O3},{04},{O5}} for efficiency of order 1, where ¢t = 3,
Tyo = {{O03,04},{03,05},{04,05}} for efficiency of order 2, where ¢ = 3, and
T32 = {{O3,04,05}} for efficiency of order 3, where ¢ = 1.

Step 4: We determine the efficiency of order k£ for each DMU; in the economic dimension

1 1 1
: P11 He5 . ©x .
using the formula ¢}, = 2722 in order 1 and ¢j, = =2 in order 2, where teT%;.

1
Moreover, in the environmental dimension, we have

9 SO?U + SO?U + SO?U

05 = 3 , tely, for efficiency of order 1
2 2 2
L2 2
@?2 _ P SO:’)) 2t T % 2L teTys for efficiency of order 2
2
Qg = I3 ey for efficiency of order 3.

1

Step 5: For each DMU, we define an overall efficiency score in each dimension, which is the
mean efficiency of all orders of efficiency. In the economic dimension, we have

1_80}14'80}2
T

and in the environmental dimension, we have

2 80§1 + S0§2 + S0§3
SO_] - 3 *

Step 6: Finally, having obtained the efficiency scores in all dimensions, we can calculate the
sust @Jl’—HO?

overall sustainability efficiency (gpj““) through the following formula @i** = =5

The value of pwould be the solution of Model (3). If ¢5*** = 1, unit j will be efficient,
and otherwise, it will be inefficient. The greater the value of ¢is than one, the higher

the level of inefficiency, and the closer it is to one, the lower the level of inefficiency.

To further understand the steps taken in solving the numerical example, Figure 1 presents
a step-by-step illustration of the method. In step one, all economically desirable outputs and
all environmentally undesirable outputs are taken into consideration. In step two, all possible
combinations of desirable outputs (O;) in the economic dimension and all possible combinations
of environmentally undesirable outputs (Oy) are presented. In step three, using the DEA model,
the efficiency score of each decision-making unit is determined for each output combination
(gp?kt). In steps four and five, the efficiency of order j. And finally, in step six, the overall
sustainability efficiency score is calculated for each DMU;.

Figure 2 is drawn as an interpretation to Table 2. In this respect, the last column of the
table shows the mean economic efficiency scores in different orders of efficiency. Since is
greater than or equal to 1 and there are values higher than 5 in the table, to present the figure
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Table 2: Economic Efficiency of Units Based on Model (1)
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Sustainability dimensions

Mean efficiency

Mean efficiency

Mean efficiency

Economic Economic
DMU | dimension dimension of order 1 in of order 2 in of orders 1 &
(order 1) (order 2) ec'ronom'ic ec'ronom'ic 2'in eC(?nomic
dimension dimension dimension

‘P}n ‘P}m ‘P}m ‘Ph @}2 LP}
1 3.33 | 12.50 3.33 7.91 3.33 5.62
2 3.22 | 11.11 3.22 7.16 3.22 5.19
3 1.00 | 1.25 1.00 1.12 1.00 1.06
4 2.08 | 1.00 1.72 1.54 1.72 1.63
5 2.56 | 2.32 2.56 2.44 2.56 2.50
6 1.72 | 1.75 1.72 1.73 1.72 1.72
7 1.00 | 1.00 1.00 1.00 1.00 1.00
8 1.00 | 1.00 1.00 1.00 1.00 1.00
9 3.12 | 5.55 3.12 4.33 3.12 3.72
10 3.33 | 11.11 1.49 7.22 1.49 4.35
11 1.38 | 1.00 1.38 1.19 1.38 1.28
12 1.58 | 7.14 1.58 4.36 1.58 2.97
13 2.00 | 11.11 2.00 6.55 2.00 4.27
14 1.53 | 1.19 1.53 1.36 1.53 1.44
15 1.26 | 1.53 1.26 1.39 1.26 1.32
16 1.00 | 1.00 1.00 1.00 1.00 1.00
17 3.84 | 2.38 3.84 3.11 3.84 3.47
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Table 3: Environmental Efficiency of Units Based on Model (3)

Sustainability dimensions

DMU | Environmental Environmental Environmental
dimension dimension dimension
(order 1) (order 2) (order 3)
@?11 @?12 @?13 @?21 @?22 @%3 @?31

1 1.05 | 1.82 | 1.77 | 1.05 | 1.05 | 1.77 1.05
2 3.32 1332332332332 3.32 3.32
3 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.00
4 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.00
5 2.83 283|283 2832831283 2.83
6 1.94 1194 1194 1194|194 |1.94 1.94
7 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.00
8 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.00
9 3.2513.25]3.25 325 |3.253.25 3.25
10 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.34
11 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.00
12 1.62 | 1.62 | 1.62 | 1.62 | 1.62 | 1.62 1.62
13 1.99 1 1.99 | 1.99 | 1.99 | 1.99 | 1.99 1.99
14 1.34 | 1.34 | 1.34 | 1.34 | 1.34 | 1.34 1.34
15 1.34 | 1.34 | 1.34 | 1.34 | 1.34 | 1.34 1.34
16 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.34 1.00
17 1 4.46 | 4.46 | 4.46 | 4.46 | 4.46 | 4.46 4.46

168
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Table 4: Mean Efficiency of Various Orders in the Environmental Dimension

Mean efficiency score
Mean Mean Mean Mean
DMU | efficiency of | efficiency of | efficiency of | efficiency of
order 1 order 2 order 3 orders 1, 2, & 3
@?1 ‘P?z ‘P?s <P§

1 1.54 1.29 1.05 1.72
2 3.32 3.32 3.32 3.32
3 1.00 1.00 1.00 1.00
4 1.00 1.00 1.00 1.00
5 2.83 2.83 2.83 2.83
6 1.94 1.94 1.94 1.94
7 1.00 1.00 1.00 1.00
8 1.00 1.00 1.00 1.00
9 3.25 3.25 3.25 3.25
10 1.11 1.00 1.00 1.03
11 1.00 1.00 1.00 1.00
12 1.62 1.62 1.62 1.62
13 1.99 1.99 1.99 1.99
14 1.34 1.34 1.34 1.34
15 1.34 1.34 1.34 1.34
16 1.00 1.34 1.00 1.11
17 4.46 4.46 4.46 4.46

169
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Table 5: Overall Efficiency (gpj"’““
and Environmental Dimensions

170

) Obtained Based on the Mean Efficiency Scores in Economic

Mean efficiency in economic & environmental dimensions
Mean efficiency | Mean efficiency | Mean efficiency of all
DMU of orders 1 & | of orders 1, 2, & 3 | orders in economic Unit'
2 in economic | in environmental | & environmental rankings
dimension dimension dimensions
o 3 ot
1 5.62 1.72 3.67 14
2 5.19 3.32 4.25 16
3 1.06 1.00 1.03 2
4 1.63 1.00 1.31 5
5 2.50 2.83 2.66 10
6 1.72 1.94 1.83 8
7 1.00 1.00 1.00 1
8 1.00 1.00 1.00 1
9 3.72 3.25 3.48 13
10 4.35 1.03 2.69 11
11 1.28 1.00 1.14 4
12 2.97 1.62 2.29
13 4.27 1.99 3.13 12
14 1.44 1.34 1.39
15 1.32 1.34 1.33
16 1.00 1.11 1.05 3
17 3.47 4.46 3.96 15
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Figure 1: Graphic Representation of the Application of Enhanced DEA in Sustainability
Evaluation in Summary

in a more orderly fashion, we use the equation # = L so that all efficiency values become less

than or equal to 1 in terms of 6. As can be observed in Figure 2, units 7, 8, and 16 are on the
frontier of 1 and are therefore efficient; these DMUs also have an efficiency score of 1 in the last
column of Table 2. First, the environmental efficiency of the units are calculated using Model 3,
as presented in Table 3, and then, the orders of efficiency are calculated for the environmental
dimension in Table 4. The last column of Table 4 shows the mean values of the orders of
environmental efficiency, based on which Figure 2 is drawn. It should be noted that Figure 3
is adjusted in terms of . Figure 4 illustrates the mean values of economic and environmental
efficiency scores in terms ofy. Figure 5 is a combination of Figures 2, 3, and 4; in this figure,
the blue, grey, and red lines represent the mean scores for overall efficiency, economic efficiency,
and environmental efficiency, respectively.

To demonstrate the concept of order of efficiency, we refer to Figures 6, 7, and 8, which
pertain to the efficiency of order 1 and show the effect of each undesirable output on the problem
separately (first three columns of Table 3). In this regard, in order 1, only one undesirable
output is taken into account and the other two are disregarded. The red lines in Figure 6
represent the efficiency resulting from the impact of CO, (first column of Table 3), the blue
lines in Figure 7 indicate the efficiency resulting from the effect of SPM (second column of
Table 3), and the green lines in Figure 8 show the efficiency resulting from the impact of (third
column of Table 3). As can be observed, all three undesirable outputs had a similar impact
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Efficiency in Economic Dimension

172

Figure 2: Graphic Representation of Efficiency in the Economic Dimension (Table 2, last

column, 0 = ﬁ)

J

Efficiency in Environmental

Dimension
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Figure 3: Graphic Representation of Efficiency in the Environmental Dimension(Table 4, last

column)



Hamid Hosseini et al. / MATEMATIKA 36:2 (2020) 157-179 173

Efficiency in Environmental

Dimension
1
17_5-T—_2
16, (N3
15, 4
14— | 5
I' .| II;.- [
13\ 6
12\ 7
19%s.

109

Figure 4: Graphic Representation of Overall Efficiency Scores (Table 5, Third column gp?““)
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—m— Environmental Efficiency
Economic Efficiency

Figure 5: Graphic Representation of Mean Overall Efficiency Scores and Efficiency in the
Economic and Environmental Dimensions
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on the efficiency of their respective decision-making units; in this respect, if we consider the
red, blue, and green lines simultaneously, we can see that the lines are extremely close to each
other and even overlap in many of the DMUs. It is only in DMU; that the frontiers differ,
as this DMU is extremely close to the efficiency frontier in Figure 5. In other words, it can
be interpreted that the undesirable output C'O, does not cause DMU; to be inefficient, while
SPM and SO, influence the efficiency of unit 1 and make it inefficient.

9 10

Figure 6: Environmental Efficiency Resulting from the Impact of the Undesirable Outputs
COg(Table 3, First Column, ¢3,)

9 10

Figure 7: Environmental Efficiency Resulting from the Impact of the Undesirable Outputs
SPM(Table 3, Second Column, ¢?,)

As can be observed in Figure 8, both DMU; and DMUg fall upon a circle with a radius
of one, which is defined as the efficiency frontier. The further away a DMU gets from the unit
circle, the less efficient it will be.
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Q
=]

Figure 8: Environmental Efficiency Resulting from the Impact of the Undesirable Outputs SO,
(Table 3, Third Column, ¢3;)

7 Results and Discussion

In recent years, all countries have realized the critical importance of attention to the
environment alongside economic growth. Consequently, they are after solutions that would
allow maximum economic growth with minimum damage to the environment. In this study,
the sustainability efficiency of 17 active industries in Iran have been evaluated in the economic
and environmental dimensions based on the axiom of strong disposability. The integration
of orders of efficiency into the proposed method allows us to identify the most sustainable
options among efficient and inefficient units polluting the environment. Our findings reveal
that Iranian industries are not in a good condition in terms of environmental efficiency.
Thereby, they need to devise and execute certain plans in order to improve their environmental
efficiency, so that they can survive and expand their capacity for economic development without
harming the environment and endangering the public health. With this viewpoint, considering
environmental pollutants as undesirable outputs, the efficiency of active industries in Iran has
been evaluated in this study using data envelopment analysis. It should be noted that the
input and desirable and undesirable output data extracted for the 17 industries under study,
which are provided in Table 1, were calculated as percentages within the same time period.
Moreover, the undesirable outputs including C'O,, SPM and SO, were expressed in tons, the
employee counts were expressed in million individuals, and value added and import and export
turnover were expressed in billion Riyal. The following results were obtained from Model
(1) for economic efficiency and Model (3) for environmental efficiency. In Table 2, according
to the mean efficiency scores of orders 1 and 2 in the economic dimension (j), which were
obtained by solving Model (1), units 7 (coal), 8 (chemicals) and 16 (automotive industry)
are the most efficient DMUs and units 1 (food), 2 (textiles and clothing), 9 (plastics), 10
(minerals), 13 (machinery) and 17 (furniture manufacturing) are the most inefficient ones.
In the environmental dimension, where the strong disposability model was applied (Table
4), based on the mean efficiency scores of orders 1, 2, and 3 obtained from Model (3) (¢3),
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units 3 (leather), 4 (wood), 7 (coal), 8 (chemicals) and 11 (metals) are found to be the most
efficient industries and units 2 (textiles and clothing), 5 (paper), 9 (plastics) and 17 (furniture
manufacturing) are recognized as the most inefficient DMUs. Finally, according to Table 5,
which presents the mean overall efficiency scores in the environmental and economic dimensions
combined (5"*"), units 7 (coal) and 8 (chemicals) are considered the most efficient units and
unit 2 (textiles and clothing) is identified as the most inefficient one. In addition, according to
Table 5, units 7 and 8 had the highest ranks and units 2 and 17 were ranked the lowest, in that
order.

8 Conclusion

In the present research, using a number of proposed models based on data envelopment analysis,
we engaged in a sustainability efficiency evaluation of a number of decision-making units. In
the past few decades, the environmental problems caused by the simultaneous production of
undesirable products alongside desirable products have been severely overlooked. Furthermore,
considering the discussions on sustainable development during recent years, the observed
environmental issues not only do not present a positive perspective on the efficiency of economic
units but also indicate a total disregard for the environment in their production processes.
Recently, the environmental performance of units has gained global support and attracted
the attention of environmental policy makers. In line with these changes, the current study,
in addition to taking desirable and undesirable data into account, also focuses on orders of
efficiency for the first time.

One of the problems in the present research is data collection in different dimensions of
efficiency. For example, in many of the existing industries, there has not been any research into
the social impact of the industry on people’s lives, and their economic and environmental effects
on welfare, health, mental security, and job creation in a society are not yet identified (social
dimension). For this reason, in the efficiency evaluation of industries, we took the economic
and environmental dimensions into consideration, while being forced to eliminate the social
dimension.

In addition, the existing environmental literature only focused on air pollution, while the
amount of harmful industrial waste in the soil, the industrial contamination of rivers and seas,
and noise pollution levels are disregarded. The fact is that such extensive research would require
a government grant, as well as the cooperation of all organizations and industries, which is not
a possibility in the current research due to our limited budget and authority.

For future research, we recommend studying all dimensions of a case study for efficiency
evaluation. For example, we can first determine the social indicators and priorities of each
industry using the analytic hierarchy process (AHP) or the balanced score card (BSC), and then
convert the qualitative priorities into quantitative ones through the abovementioned methods
or similar approaches and apply them in the social dimension. Furthermore, if we can design
an extensive national project with the cooperation of all industries, we will be able to more
accurately determine the amount of pollution each industry is causing in the water and the soil
and add them to the undesirable outputs as other types of environmental pollution.
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