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Abstract: As one of the basic industries supporting the national economy development and
energy demand, the refining industry is expected to provide combustion energy, reduce pollution
emission, and improve utilization efficiency. With more stringent requirement for environmental
protection, refining enterprises have to insist on the sustainable development to achieve industrial
optimization. Evaluation of the sustainability of enterprises can help them understand their
situation more objectively and guide them to establish modes for sustainable development. In this
study, the evaluation system is firstly built from perspectives of economic, ecological, and social
sustainability, including six second-grade indexes and seventeen third-grade indexes, which can
accurately reflect the entire sustainability contents of refining enterprises. Then, a DEA-based model
is constructed, which selects seven input indexes (e.g., the asset–liability ratio and comprehensive
energy consumption per unit of output) and nine output indexes (e.g., return on assets, asset turnover,
and science and technology investment strength). The DEA-based model can not only objectively
evaluate the sustainability level, but also find out the restriction factors for further optimization.
Third, to demonstrate the validity of the model, 15 enterprises are selected for case studies, among
which only four are identified as having strong sustainability. For the other 11 enterprises, projection
analyses are implemented, and the DMU values of three enterprises characterized by low efficiency
are adjusted to find out the restriction factors, which reflect the model’s efficiency and its potentially
wide application in the future. Finally, specific suggestions are proposed for the enhancement of
sustainability of refining enterprises.

Keywords: refining enterprise; sustainability assessment; data envelopment analysis; policy
recommendations

1. Introduction

Dealing with the relationship between resources and the environment has been recognized as
a common problem facing humans. Sustainable development is the only way to coordinate the
harmonious development of human, nature, and society [1]. The refining industry, as a basic industry
meeting the national demand of energy, is confronted with the tasks of providing combustion energy
as well as reducing emissions [2]. China’s oil refining industry has been rapidly developed, specifically
reflecting the sustained growth in the aspects of capacity and production, integrated large-scale
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equipment, the integration of refining and chemical processes, and high industry clustering [3].
By the end of 2015, the refining capacity of China’s oil industry reached 710 million tons/year,
with an increasing capacity of 30.2 million tons/year [4]. However, it should also be noted that oil
refining enterprises, contributing to large amounts of energy consumption and emissions, are also
experiencing severe environmental pressure. Among the top 1000 energy-consuming enterprises
in China, 340 petrochemical enterprises account for more than a third. There are 482 petroleum
enterprises and 803 chemical enterprises in the key waste water pollution monitoring list, accounting
for 13.4% and 25.8%, respectively [4]. According to the goal proposed in the “13th Five-Year Plan”,
the amount of industrial energy consumption and CO2 emission per 10 thousand yuan of added value
should be 10% lower by 2020 [5]. This could be a substantial challenge for the refinery enterprises
that are now suffering a low oil price hit. It is definitely unsustainable for refinery enterprises to
develop the economy at the expense of resources in the current situation characterized by weak
demand, overcapacity, enhanced oil specification, and strict environmental protection requirements [6].
Therefore, the sustainable development of the oil refining industry should be realized through the
unification of economic, social, and environmental benefits as well as the harmonious development of
resources, the environment, and enterprises [7].

To solve the current problem and realize sustainable development, oil refining enterprises
should highlight energy-saving, low carbon emissions, and a green environment [8]. Oil refining
enterprises should appropriately evaluate the sustainability of their development, which can not
only help enterprises to gain an objective knowledge of their present situation, but also help put
forward countermeasures and suggestions to guide and promote the concrete practice of sustainable
development [9]. Evaluations of the sustainability of enterprises at home and abroad have made
abundant research achievements. Common evaluation methods used in sustainability evaluations
mainly include the Delphi method, the analytic hierarchy process, grey correlation analysis, principal
component analysis, and so on [10–13]. These methods first determine the index weight, and then
obtain the evaluation results through a weighted average calculation. They are favored by their
relatively scientific and comprehensive reflection of sustainability of specific research objects, which
result from systematic and reasonable index weight determination and a suitable index system setting.
Each method has advantages and disadvantages, and there is significant controversy over which
method is superior, but all have been proven to be useful in assessing sustainability. However, if we
want to adjust and improve the sustainability performance further, it is essential to find out affecting
factors. Such guidance information of optimization is significant for refining enterprises [14].

When it comes to the evaluation of sustainability of oil refining enterprises, there are limited
related researches. Jia et al. (2003) established an evaluation index system from perspectives of
economy, society, science and technology, environment, and resources, in which an analytic hierarchy
process was used to determine index weight, while a BP neural network was applied to test the
model’s feasibility and scientificity [15]. Lv et al. (2007) built up an evaluation index system consisting
of 5 second-grade indexes and 21 third-grade indexes from aspects of the present development
situation and the sustainable development potential [16]. Dong et al. (2015) constructed a model from
dimensions of economy, resource utilization, clean production, and 3R level, as well as environmental
impact, and evaluated the index system using DHGF integration means [17]. However, these works
did not fully address the aforementioned shortcomings. Data envelopment analysis (DEA), a method
evaluating the relative effectiveness of the system with multiple input and output indexes from the
angle of input and output, has been proposed to not only provide objective and accurate evaluation
results for each decision-making unit but also put forward specific improvement schemes through
projection analysis for the decision-making unit insensitive to the scale technology [18,19]. There are
many advantages to using the DEA method to evaluate the sustainable development of oil refining
enterprises. First of all, DEA can well handle the complex system of the sustainable development,
which is a dynamic system with multiple inputs and outputs [20]. Second, the index system evaluating
refineries’ sustainability involves multiple indexes with non-unified dimensions, which do not need to
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be considered in the DEA [21]. Moreover, relatively effective and ineffective decision-making units
can be distinguished by DEA, and the gap between ineffective and ideal decision units can also be
identified, which can provide refining enterprises with specific improvement schemes, target values,
and adjusted values [22]. This paper aims to construct a comprehensive evaluation index system for
oil refining enterprises based on DEA by integrating subjective and objective weights to generate the
input and output indexes, which will possibly help enterprises to gain new ideas for the evaluation of
their sustainability. The research framework is shown in Figure 1.
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2. Establishment of a Refining Enterprise Sustainability Evaluation Index

2.1. Selection Princple

The sustainability of refining enterprises is attributed to the common efforts of internal and
external factors, and it is characterized by openness, complexity, and dynamics. The composition of
the evaluation index system is very complex, and several principles should be followed in the index
selection [23–25]. The first principle is the systematicness, which highlights that selected indexes
should be able to reflect the connotation of sustainability, including economic, ecological, and social
sustainability. The second principle is the scientificity, which means that selected indexes should be
able to objectively reflect the development status of the involved system during the development as
well as the interaction among systems. Then comes the dominant principle, which requires the indexes
to truly reflect the sustainable development potential of oil refining enterprises. The fourth principle
is dynamics, which means selected indexes should be able to reflect both the current situation and
future trends. The last principles are conciseness, comparability, and operability, which highlight the
consistency of evaluation content complexity and evaluation index simplicity, and the indexes should
be comparable and easily available to comprehensively reflect the connotation of sustainability.
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2.2. Sustainability Index System Establishment

Concerning the sustainability in the energy sector, Johnstone et al. (2017) explored the relationship
among environmental regulation, innovation, and competitiveness. It showed that the stringent
environmental regulations have a positive effect on firms’ efficiency improvements [26]. By using
data envelopment analysis, Yagi et al. (2015) indicated that the environmental, social, and governance
activities of firms do not considerably affect environmental efficiency [27]. Fujii (2015) proposed
optimal production resources reallocation to reduce CO2 emission based on data envelopment
analysis [28]. While the sustainability of oil refining enterprises consists of the economic, ecological,
and social sustainability. Among them, the economic sustainability is the foundation [29], the ecological
sustainability is the inevitable requirement [30], and the social sustainability is the powerful
guarantee [31].

2.2.1. Economic Sustainability Index

The economic sustainability evaluation index is designed considering the present situation and
the potential. Business performance is selected to reflect the present situation, while scientific research
and innovation ability is used to reflect the potential [32,33].

(1) The business performance evaluation index refers to the enterprise management benefit and
operator performance during certain operation period, which can reflect the present situation of
an enterprise, and its evaluation indexes mainly include the return on assets, asset–liability ratio,
and asset turnover [34]. Return on assets is the ratio of the earnings before interest and tax over
the average total assets during a certain period, which can measure the comprehensive efficiency
of economic resources of an enterprise; asset–liability ratio refers to the ratio of current debt and
total assets, which serves as a measure of the debt level and business risk of enterprise; and asset
turnover is the ratio of the current main business income and average total assets, which can be
used to measure the asset operation efficiency.

(2) Scientific research and innovation ability is generally used to evaluate an enterprise’s
sustainability potential, as it can guarantee the vitality of an enterprise. Selected indexes include
R&D investment strength and R&D personnel proportion [35]. R&D investment intensity refers
to the ratio of current R&D investment to sales revenue, and the proportion of R&D personnel
refers to the ratio of current R&D personnel to the average total staff during that period.

2.2.2. Ecological Sustainability Index

Refining enterprises are characterized by high energy consumption and pollution, and thus it
is critical for them to highlight the rational use of resources, the investment in the environmental
protection, and the control of pollution. Two categories of indexes are thought to influence the
ecological sustainability, namely the resource utilization efficiency index and the environmental
protection investment and pollution control index [36,37].

(1) Resource utilization efficiency refers to the utilization degree of raw materials, fuels, and auxiliary
materials in the process of production. The evaluation index includes the comprehensive energy
consumption per unit of output, entire cost per unit, and comprehensive commodity rate [38].
Comprehensive energy consumption per unit of output reflects the energy consumption of
oil refinery enterprises in the process of production. Lower values indicate higher efficiency.
The entire cost per unit is the ratio of the total operation cost to the crude oil processing
capacity, which reflects the costs of enterprise when processing per unit of raw materials.
The comprehensive commodity rate is the ratio of crude oil products over the crude oil processing
capacity, and it reflects the refining efficiency of crude oil resources.

(2) The environmental protection investment and pollution control index can comprehensively
reflect the investment in enterprise environmental protection, the control ability of “three wastes”
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emissions, and the treatment ability of “three wastes” [39]. Evaluation indexes include
environmental protection investment per 10 thousand yuan output, solid waste emissions per
unit of output, wastewater emissions per unit of output, waste gas emissions per unit of output,
and the standard volume of “three wastes” emission. The environmental protection investment
per 10 thousand yuan output refers to the average environmental protection cost per 10 thousand
yuan of output during certain period; solid waste/water/gas emissions per unit of output
refers to the ratio of solid waste/water/gas emissions over the total enterprise output; and
“three wastes” disposal rate refers to the average of the disposal rates of waste solid, water,
and gas.

2.2.3. Social Sustainability Evaluation Index

Oil refining enterprises should actively repay society, participate in the public welfare, and
shoulder the social responsibility while pursuing economic and environmental benefits. The evaluation
of their social sustainability is actually the evaluation of their capacities to fulfill social obligations and
deal with corresponding effects, which can be specifically evaluated by social contribution ability and
worker protection ability [40,41].

(1) Social contribution ability intuitively reflects the contribution of an enterprise to the society, which
can be expressed by the social contribution rate and the social accumulation rate [42]. The former
concept is the ratio of an enterprise’s contribution to society to its average total assets, and thus it
can measure the capacity of an enterprise to contribute to the society with all the assets. The latter
concept refers to the ratio of the total fiscal revenue to the contribution to the society, and it can
measure the support degree of an enterprise to the social public welfare.

(2) The worker protection ability mainly refers to the guarantee of enterprises towards workers
concerning their basic life demand and stable employment. Good corporate culture requires the
unity of the workers, so that the guarantee of basic life demand and employment is provided.
It is generally evaluated by the income per capita and the employee turnover rate [43]. Income
per capita is the ratio of the current total wages to the total number of employees, which can
reflect the level of the employees’ basic needs. The employee turnover rate is the ratio of the
number of leaving employees to the total number of employees during a certain period, which
represents employment stability.

Therefore, the sustainable development evaluation index system for oil refining enterprises is
established, as shown in Figure 2.
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3. Methodology

3.1. DEA Model

A DEA-based model was developed and established according to the concept of “relatively
effective evaluation” to achieve the system analysis. The production function, which highlights
multiple inputs and outputs, can significantly reduce the error due to unnecessary parameter
estimation, and thus effectively avoid subjective factors and simplify the algorithm [44].
The DEA-based model can be expressed as follows:

minθ

s.t.
n
∑

i=1
λixi + S− = θX0

n
∑

i=1
λiyi − S+ = y0

λi ≥ 0, i = 1, 2, 3, · · · , n
s− ≥ 0, s+ ≥ 0

(1)

where θ is the integrated sustainability evaluation value, X is the input index, Y is the output index,
S− is the residual variable, and S+ is the slack variable.

When θ0 = 1 and S− = S+ = 0, we consider the DMU as technically and scaly efficient; when
θ0 ≺ 1 and S− 6= 0, S+ 6= 0, we consider the DMU as either technically or scaly inefficient. When the
DMU is inefficient, we can improve the decision-making units by projecting the DMU on the relatively
effective plane.

3.2. The DEA-Based Sustainbility Evaluation Model

The efficiency of DEA model depends on the input and output variables exploration [45].
Therefore, it is necessary to select the appropriate variables to ensure the discriminatory power
of the DEA model. As is known, input and output indexes refer to the “pain” and “gain” for an
enterprise. Therefore, they are the most critical factors affecting the enterprise’s development [46].
The selection of them is the precondition of the DEA model, and the selection should follow the
following principles [47]: The first is the evaluation goal. Selected indexes should be able to attain
the goal of evaluation and fully reflect the evaluation’s purpose. That is, factors that have significant
effects on the evaluation’s purpose should be included. The second principle is authenticity, which
means that the selection should comply with the actual situation, and individual subjective influence
should be eliminated. Third is relevance. The relationship between input and output indexes should
be taken into account. Attention must be paid to avoid the strongly linearly correlated indexes, because
the information could be largely contained within each other. Fourth is accessibility. Whether we can
obtain enough information and related data needs to be considered.

In this study, 15 domestic refining enterprises of the PetroChina and Sinopec are selected for
DEA-based sustainability analysis according to the 2015 yearbook and other related information
(Table 1). In addition to the above principles, smaller input values and larger output values are
preferred [48]. Since a strong linear relationship should be avoided, correlation analysis was employed,
and the results are shown in Table 2. It is noted that the return on assets is strongly correlated with the
social accumulation rate. Considering the comprehensive influence of the return on assets, we abandon
the social accumulation rate index. Therefore, there are finally 16 input and output indexes, and the
following specific indexes are selected:

Input indexes: asset–liability ratio, comprehensive energy consumption per unit of output, entire
cost per unit, solid waste emissions per unit of output, wastewater emissions per unit of output, waste
gas emissions per unit of output, and employee turnover rate.
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Table 1. Input–output indexes concerning the sustainability of 15 refining enterprises.

JX DL FS LZ YS ZH YZ JL MM TJ QL GZ GQ FJ Z

A111 −22.13 −40.66 −26.97 −18.12 −8.35 −5.97 −10.58 −13.39 −1.46 −78.57 −9.15 −29.11 −26.26 −19.05 −1.46
A112 8.96 21.29 19.2 19.34 1.03 22.83 20.1 16.4 13.77 27.93 13.17 4.39 2.37 23.33 1.03
A113 1.44 1.85 1.72 1.83 2.22 3.38 2.19 3.97 5 2.26 2.87 3.74 3.46 3.31 5
A121 0.86 1.56 0.45 1.44 1.62 2.06 2.97 2.13 1.91 0.93 1.19 1.53 1.12 1.25 2.97
A122 15.78 19.41 17.26 20.61 23.9 15.5 27.5 13.73 17.04 14.25 15.37 19.09 14.72 23.21 27.5
B111 0.32 0.32 0.36 0.34 0.31 0.48 1.4 0.34 0.26 0.3 0.42 0.74 0.38 0.36 0.26
B112 222.3 83.63 98.41 159.7 187.6 89.65 139.6 159.8 156.3 155.3 166.6 162.8 188.7 265.3 83.63
B113 92.79 90.64 92.02 93.37 94 95.94 93.95 93.98 94.7 95.51 95.1 93.49 94.87 92.41 95.94
B121 23.17 25.86 115.4 165.7 78.34 36.14 38.37 242.5 89.87 36.07 89.15 167.2 88.69 3.94 242.5
B122 0.2 0 1.7 0.85 0.6 0.25 5.16 2.68 0.42 1.7 0 12.54 3.37 0 0
B123 0.59 0.06 0.86 0.33 0.5 0.49 0.49 0.58 0.69 0.95 1.14 0.79 0.42 0.87 0.06
B124 0.58 0.24 1.29 0.37 0.54 0.35 0.06 1.73 0.49 0.17 0.86 0.9 0.83 0.26 0.06
B125 99.81 98.95 100 99.15 99.26 100 99.27 99.04 100 97.48 97.55 99.05 97.57 100 100
C111 7.81 1.55 11.6 10.94 9.57 10.9 7.3 12.11 20.89 1.62 14.19 12.59 10.62 0.43 20.89
C112 54.45 49.15 50.03 42.94 61.96 80.8 43.93 68.5 76.43 −312.6 45.24 70.7 67.13 29.5 80.8
C121 62,615 70,712 7601 77,449 72,953 82,566 81,508 65,143 75,861 56,957 47,099 90,382 81,931 75,865 90,382
C122 7.36 11.8 10.61 5.21 4.38 11.43 8.77 6.92 6.15 8.18 8.9 4.22 5.94 7.99 4.22

Note: A111: asset returns (%); A113: asset–liability ratio (%); A113: asset turnover (%); A121: science and technology investment strength entire (%); A122: R&D personnel proportion (%);
B111: comprehensive energy consumption per unit of output (tons of standard coal per million yuan); B112: entire cost per unit (ton per yuan); B113: comprehensive commodity rate (%);
B121: environmental protection cost per 10 thousand yuan output (yuan); B122: solid waste emissions per unit of output (kilogram per million yuan); B123: waste water emissions per unit of
output (ton per million yuan); B124: waste gas emissions per unit of output (million cubic meters/million yuan); B125: “Three wastes” treatment success rate (%); C111: social contribution
rate (%); C112: social accumulation rate (%); C121: per capita income (yuan); C122: employee turnover rate (%).
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Table 2. Correlation analysis of input and output indexes.

A111 A112 A113 A121 A121 B111 B112 B113 B121 B122 B123 B124 B125 C111 C112 C131 C122

A111 1.00 −0.42 0.43 0.52 0.36 0.12 −0.02 0.20 0.30 −0.15 −0.22 0.09 0.53 0.65 0.85 0.32 −0.23
A112 −0.42 1.00 −0.34 −0.16 −0.21 0.11 −0.11 −0.21 −0.44 −0.25 0.26 −0.17 0.00 −0.56 −0.49 −0.33 0.669
A113 0.43 −0.34 1.00 0.52 0.06 −0.14 −0.09 0.55 0.50 0.12 −0.07 0.07 0.16 0.65 0.27 0.38 −0.41
A121 0.52 −0.16 0.52 1.00 0.60 0.45 −0.36 0.38 0.34 0.09 −0.53 −0.33 0.29 0.37 0.31 0.46 −0.21
A122 0.36 −0.21 0.06 0.60 1.00 0.41 −0.07 −0.09 0.07 0.04 −0.43 −0.56 0.42 0.04 0.25 0.52 −0.29
B111 0.12 0.11 −0.14 0.45 0.41 1.00 −0.06 0.00 −0.16 0.57 0.04 −0.17 0.00 −0.12 0.10 0.28 0.11
B112 −0.02 −0.11 −0.09 −0.36 −0.07 −0.06 1.00 −0.12 −0.29 0.03 0.44 0.08 −0.12 −0.32 −0.07 −0.26 −0.36
B113 0.20 −0.21 0.55 0.38 −0.09 0.00 −0.12 1.00 0.25 −0.03 0.11 −0.14 −0.25 0.50 −0.19 0.03 −0.31
B121 0.30 −0.44 0.50 0.34 0.07 −0.16 −0.29 0.25 1.00 0.26 −0.23 0.46 0.06 0.66 0.28 0.28 −0.56
B122 −0.15 −0.25 0.12 0.09 0.04 0.57 0.03 −0.03 0.26 1.00 0.16 0.25 −0.16 0.05 0.05 0.42 −0.32
B123 −0.22 0.26 −0.07 −0.53 −0.43 0.04 0.44 0.11 −0.23 0.16 1.00 0.34 −0.29 −0.11 −0.37 −0.53 0.12
B124 0.09 −0.17 0.07 −0.33 −0.56 −0.17 0.08 −0.14 0.46 0.25 0.34 1.00 −0.11 0.24 0.26 −0.21 −0.03
B125 0.53 0.00 0.16 0.29 0.42 0.00 −0.12 −0.25 0.06 −0.16 −0.29 −0.11 1.00 0.23 0.51 0.51 0.02
C111 0.65 −0.56 0.65 0.37 0.04 −0.12 −0.32 0.50 0.66 0.05 −0.11 0.24 0.23 1.00 0.28 0.37 −0.45
C112 0.85 −0.49 0.27 0.31 0.25 0.10 −0.07 −0.19 0.28 0.05 −0.37 0.26 0.51 0.28 1.00 0.53 −0.12
C121 0.32 −0.33 0.38 0.46 0.52 0.28 −0.26 0.03 0.28 0.42 −0.53 −0.21 0.51 0.37 0.53 1.00 −0.32
C122 −0.23 0.69 −0.41 −0.21 −0.29 0.11 −0.36 −0.31 −0.56 −0.32 0.12 −0.03 0.02 −0.45 −0.12 −0.32 1.00
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Output indexes: return on assets, asset turnover, investment intensity in science and technology,
R&A personnel, comprehensive commodity rate, environmental protection cost per 10 thousand yuan
of output, “three wastes” disposal rates, social contribution rate, and income per capital.

In the evaluation of n DMUs, xij are used to represent the m input indexes. Then, the input of
DMUj(1 ≤ j ≤ n) can be expressed as

xij = (x1j, x2j, · · · , xmj)
T (i = 1, 2, · · · , m).

Similarly, yrj are used to represent the s output indexes, and the output of DMUj can thus be
expressed as

yrj = (y1j, y2j, · · · , ysj)
T (r = 1, 2, · · · , s).

In this condition, the DEA-based sustainability evaluation model is constructed:

minθ

s.t.8.96λ1 + 21.29λ2 + 19.20λ3 + 19.34λ4 + 1.03λ5 + · · ·+ 1.03λ15 + s−1 = 8.96θ

222.30λ1 + 80.63λ2 + 98.41λ3 + 159.72λ4 + 187.65λ5 + · · ·+ 83.63λ15 + s−2 = 222.30θ

0.32λ1 + 0.32λ2 + 0, 36λ3 + 0.34λ4 + 0.31λ5 + · · ·+ 0.26λ15 + s−3 = 0.32θ
... · · ·

... · · ·
... · · ·

... · · ·
... · · ·

... · · ·
... · · ·

...
7.26λ1 + 11.80λ2 + 10.61λ3 + 5.21λ4 + 4.38λ5 + · · ·+ 4.22λ15 + s−7 = 7.26θ

−22.13λ1 + (−40.66)λ2 + (−26.97)λ3 + (−18.12)λ4 + (−8.35)λ5 + · · ·+ (−1.46)λ15 − s+1 = −22.13
1.44λ1 + 1.85λ2 + 1.72λ3 + 1.83λ4 + 2.22λ5 + · · ·+ 5.00λ15 − s+2 = 1.44
0.86λ1 + 1.56λ2 + 0.45λ3 + 1.44λ4 + 1.62λ5 + · · ·+ 2.97λ15 − s+3 = 0.86

... · · ·
... · · ·

... · · ·
... · · ·

... · · ·
... · · ·

... · · ·
...

7.81λ1 + 1.55λ2 + 11.6λ3 + 10.9λ4 + 9.57λ5 + · · ·+ 20.8λ15 − s+9 = 7.81
λi > 0, i = 1, 2, 3, · · · , 15
s− ≥ 0, s+ ≥ 0

. (2)

4. Results and Discussion

As shown in Table 3, there are four enterprises demonstrated to be both technically and scaly
efficient, and thus they have relatively stronger sustainability. The other 11 enterprises are relatively not
technically or scaly efficient, which might be due to certain indexes concerning economic, ecological,
and social sustainability. Countermeasures for the 11 enterprises should be specifically put forward.

Table 3. DEA-based relative effectiveness evaluation results.

Enterprises Ranking Relative Efficiency Scale and Technical Efficiency

Z 1 1 Scaly and technically efficient
YZ 1 1 Scaly and technically efficient

MM 1 1 Scaly and technically efficient
GZ 1 1 Scaly and technically efficient
YS 5 0.9926 Scaly and technically inefficient
DL 6 0.9895 Scaly and technically inefficient
ZH 7 0.93285 Scaly and technically inefficient
TJ 8 0.861589 Scaly and technically inefficient
FS 9 0.849812 Scaly and technically inefficient
LZ 10 0.803096 Scaly and technically inefficient
JX 11 0.7972417 Scaly and technically inefficient
JL 12 0.7480421 Scaly and technically inefficient
FJ 13 0.7055672 Scaly and technically inefficient

GQ 14 0.7025143 Scaly and technically inefficient
QL 15 0.6032789 Scaly and technically inefficient
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Projection analyses are conducted for the 11 enterprises that DEA is not applicable and that are
scaly ineffective, which bring the slack variable values as shown in Table 4.

Table 4. Slack variable values of the 11 enterprises.

Enterprises JX DL FS LZ YS ZH JL TJ QL GQ FJ

Relative
efficiency 0.8 0.99 0.85 0.8 0.99 0.93 0.75 0.86 0.6 0.7 0.71

Input
surplus

X1 7.67 20.26 17.99 0 21.73 15.02 26.74 11.48 0.92 21.87 18.07
X2 0 0.07 0.06 0.05 0.21 0 0 0 0.02 0 0.03
X3 117.6 0 0 104.02 0 48.03 58.68 29.26 71.01 146.81 56.47
X4 0.2 0 1.7 0.6 0.25 2.68 1.7 0 3.37 0 0.85
X5 0.51 0 0.79 0.44 0.42 0.5 0.88 1.04 0.34 0.79 0.26
X6 0.5 0.18 1.22 0.47 0.28 1.65 0.09 0.76 0.75 0.17 0.29
X7 2.08 7.58 5.64 0.16 6.91 1.28 3.3 1.97 0 2.01 0

Output
deficiency

Y1 25.93 39.63 30.02 6.95 4.83 15.95 89.51 12.77 35.32 24.93 20.76
Y2 4.46 3.14 3.87 2.76 1.74 1.38 3.16 3.47 2.12 2.4 3.9
Y3 2.64 1.39 2.97 1.34 0.98 1.12 2.35 2.91 2.59 2.44 1.87
Y4 14.64 7.88 12.05 3.42 12.86 18.41 15.24 19.71 17.76 6.08 8.29
Y5 3.72 4.34 4.61 1.24 0 2.62 0 0 0 5 2.18
Y6 274.58 216.4 149.62 163.61 221.25 0 238.37 250.73 215.14 338.16 93.11
Y7 0 0 0 0 0 1.28 2.4 2.61 1.87 0 0
Y8 16.36 19.32 10.93 11.25 10.71 11.74 22.26 10.8 14.29 29 12.17
Y9 34,614 18,920 16,904 16,885 8379 33,741 38,325 40,435 10,596 20,576 15,148

Input indexes analysis: 10 refining enterprises are characterized by an overly high asset–liability
ratio and thus high operational risks; only 6 refining enterprises are demonstrated to have high energy
consumption per unit of output, which indicates the efforts by most enterprises; 8 enterprises have
a high total cost per unit, which should be lowered by technological advancement; 8 enterprises
should be criticized due to their excessive waste solid emission and 10 due to wastewater emission;
11 enterprises actually have a variable degree of redundancy of waste gas emission amount, which
suggests more efforts to reduce the emission of “three wastes”; and 9 enterprises have high turnover
rates, indicating a need to improve benefits and thus enhance the staff employment stability.

Output indexes analysis: 11 enterprises are found to have a low return on assets and asset turnover,
which implies unsatisfactory economic benefits; 11 enterprises have a low proportion of investment
in science and technology and the R&A personnel, which should be enhanced; besides 4 enterprises
whose comprehensive commodity rates are 0, the other enterprises have relative larger comprehensive
commodity rates, indicating good control effects; 10 enterprises should be criticized due to their
generally large deficit in the environmental protection investment per 10 thousand yuan of output
value, which indicates the existing large gap between the deserved and actual investment amount; only
4 enterprises have disposal rates larger than 0, which means relatively good “three wastes” disposal
effects; and 11 enterprises have relatively low social contribution and income per capita, which should
be improved by management optimization.

According to the principle of projection, DMU values indicating low efficiency are adjusted.
We use the adjustment of the QL, ZH, and FJ companies as the case study. The reason why we
select these three companies are explained as follows: Firstly, the purpose of selecting scaly and
technically inefficient enterprises is to explore factors affecting sustainable development, and thus
propose improvement countermeasures aiming to set examples for other companies as a reference.
Regarding the three selected companies, QL is characterized by the lowest DMU value with largest
improvement space, and thus it was selected. In addition to four companies with strong sustainability,
DMU values of the YS and DL companies are very close to 1, but their limited improvement space is
lower than that of the ZH company. As for the FJ company, it was randomly selected among the left
ones (other alternatives are an option). The reason for selecting them for the empirical case study is to
provide enhancement information, as the factors restricting their sustainable development vary with
their actual situation. The adjusted values and the adjustment ratio are shown in Table 5.
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Table 5. Target and adjusted values of input and output indexes of the QL, ZH, and FJ companies.

QL Relative Efficiency = 0.60 ZH Relative Efficiency = 0.93 FJ Relative Efficiency = 0.70

Original
Value

Optimized
Target Value

Adjustment
Ratio

Original
Value

Optimized
Target Value

Adjustment
Ratio

Original
Value

Optimized
Target Value

Adjustment
Ratio

X1 13.17 1.69 −87.15% 22.83 1.10 −95.16% 23.33 1.46 −93.74%
X2 0.42 0.42 0.00% 0.48 0.27 −42.92% 0.36 0.36 0.00%
X3 166.67 137.41 −17.55% 89.65 89.65 0.00% 265.34 118.53 −55.33%
X4 0.00 0.00 0.00% 0.25 0.00 −100% 0.00 0.00 0.00%
X5 1.14 0.10 −91.37% 0.49 0.06 −86.78% 0.87 0.09 −90.23%
X6 0.86 0.10 −88.14% 0.35 0.07 −80.98% 0.26 0.09 −66.22%
X7 8.90 6.93 −22.09% 11.43 4.52 −60.42% 7.99 5.98 −25.14%
Y1 −9.15 −2.40 73.78% −5.97 −1.57 73.78% −19.05 −2.07 89.14%
Y2 2.87 8.22 186.77% 3.38 5.36 58.54% 3.31 7.09 114.16%
Y3 1.19 4.88 310.08% 2.06 3.18 54.55% 1.25 4.21 236.75%
Y4 15.37 35.19 128.95% 15.50 29.48 90.19% 23.21 38.98 67.93%
Y5 95.10 95.10 0.00% 95.94 95.94 0.00% 92.41 95.98 3.86%
Y6 89.15 398.51 347.01% 36.14 259.99 619.39% 3.94 343.74 999.90%
Y7 97.55 100.00 2.51% 100.00 100.00 0.00% 100.00 100.00 0.00%
Y8 14.19 34.32 141.89% 10.90 22.39 105.45% 0.43 29.61 999.90%
Y9 47,099.45 98,507.69 109.15% 82,566.34 96,889.00 17.35% 75,865.25 98,099.64 29.31%
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The input indexes of the QL company, except the “three wastes” disposal rate and comprehensive
commodity rate, should be dramatically adjusted, especially for the investment in science and
technology and for that in environmental protection, which should be 3.1 times and 3.47 times
higher, respectively. Meanwhile, large adjustments should also be implemented to the asset–liability
ratio and the waste water/gas emissions per unit of output, whose adjustment ratios are around
90%. More efforts should be paid by the QL company to improve the economic benefit, scientific
research investment, environmental protection investment, “three wastes” emission control, social
contribution, and worker protection. As for the ZH company, its environmental protection investment
per 10 thousand yuan of output is low, while the “three wastes” emission is high, which have to
be enhanced by 6.19 times and lowered by 80%, respectively. Meanwhile, the asset–liability ratio,
the return on assets, and the asset turnover should also be adjusted by 50–90%. In addition, the ZH
company, in the refining and petrochemical industry with remarkable scale benefits, should actively
adjust its profit rate and main operational revenue. There is also room for improvement in the
investment intensity in science and technology, R&A personnel, comprehensive energy consumption
per unit of output, the employee turnover rate, and the social contribution rate. When it comes to the FJ
company, adjustment should be made in both input and output indexes. Output indexes, in addition to
the comprehensive energy consumption and solid waste emissions per unit of output, need to be greatly
adjusted, among which environmental protection investment per 10 thousand yuan of output and
the social contribution rate should be modified by more than 10 times. Meanwhile, the input indexes
should be adjusted to different degrees besides the comprehensive energy consumption per unit of
output and the solid waste emissions per unit of output. Therefore, systematic and comprehensive
measures should be taken to improve the sustainability of the FJ company.

5. Conclusions and Policy Recommendations

5.1. Conclusions

With more stringent regulation for environmental protection, refining enterprises are confronted
with the challenge of balancing economic profit gains and environmental friendly development. Only
sustainable development can help refineries escape the dilemma. Accordingly, this paper carries out a
DEA model for the sustainability evaluation of refining enterprises, which points out restriction factors
for further optimization. Furthermore, 15 selected refineries are taken as examples to prove the power
of this model and help achieve sustainable development. The conclusions of this study are as follows:

(1) The sustainability of refining enterprises is divided into three categories: economic, ecological,
and social sustainability. Each category is identified by specific indexes. Based on the sustainability
analysis results and specific features of refineries, this paper establishes a sustainability evaluation
index system for refining enterprises, which contains 17 representative indexes for refineries’
sustainability development. Furthermore, a DEA-based model is proposed to evaluate the sustainable
level of refineries, which can provide improvement measures rather than exclusively evaluate
sustainability. (2) Taking 15 selected refining enterprises with similar business scales as examples, we
evaluated the sustainable level by employing the DEA model. The results revealed the sustainability
performance of each enterprise and discussed the main factors affecting the sustainability in the case of
three enterprises with low DMU values. It is suggested that adjustment should be implemented
and comprehensive measures should be taken on the basis of projection analyses in order to
improve sustainability.

5.2. Policy Recommendations

According to the DEA-based evaluation results of the sustainability of oil refining enterprises,
suggestions are proposed as follows:

(1) Active measures should be taken to reduce total cost per unit. This can be achieved by
separating each cost or expense, and corresponding financial indexes can then be established to
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formulate a suitable index system. The transparency of individual costs should be improved,
and corresponding control and supervision is critical. Cost assessment should be completed on a
regular basis, and an evaluation mechanism linked to performance should be designed.

(2) Investment in science and technology should be enhanced to maintain continuous innovation.
Critical technologies should be mastered before they become dominant in the future, and so
should the relevant intellectual property rights. The gradual demonstration and modification
should be highlighted, and special attention must be paid to the popularization and commercial
application of those technologies.

(3) Energy conservation and emission reduction should be implemented to achieve clean production.
From the energy conservation prospect, technology and operation management levels should be
enhanced, which can be implemented by reducing heat loss through technological innovation
based on designed value. From an emission reduction perspective, emphasis should be placed
on the source of pollutants, which should be reduced from the very beginning by process
optimization. Meanwhile, the recycling of “three wastes” and the reuse of wastewater is emergent.

(4) Social contribution rates and employee benefits should increase. While continuously improving
social contributions and social accumulation rates, refining enterprises should also be actively
involved in public welfare and shoulder more social responsibilities.
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