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Abstract: To combat global warming, China proposed the “dual carbon” policy in 2020. In this
context, it becomes crucial to improve carbon emissions efficiency. Currently, some scholars have
utilized data envelopment analysis (DEA) to study carbon emissions efficiency. However, uncertainty
about climate and government economic policy is ignored. This paper establishes a robust DEA
model to reduce uncertainty and improve robustness. First, robust optimization theory is combined
with DEA to establish the robust DEA model. Second, considering three uncertainty sets (box set,
ellipsoid set, and polyhedron set), a robust DEA model for different situations is considered. Finally,
to address the problem of over-conservatism in robust optimization, this paper applies the data-
driven robust DEA model to further analyze the carbon emissions efficiency of China. The results
of the data-driven robust DEA model suggest that the government should focus on coordinated
regional development, promote the transformation and upgrading of the energy structure, innovate
in green technology, and advocate for people to live a green and low-carbon lifestyle.

Keywords: carbon emissions efficiency; robust optimization; data envelopment analysis (DEA);
data-driven; uncertainty set

1. Introduction

Climate anomalies and frequent occurrence of extreme weather are global problems
faced by mankind. With the continuous emission of carbon dioxide in various countries in
the world, greenhouse gases have soared, posing a major threat to life systems [1]. A recent
study by Huang et al. [2] found that under a 2 °C global warming scenario, mortality
rates associated with extreme temperatures would rise significantly. With the reform and
opening up [3], China’s economic level has been continuously improving, but at the same
time, environmental problems have become more and more prominent. China is currently
the largest carbon emitter in Asia and the world, with annual emissions of nearly 10 million
tons, more than a quarter of global emissions [4]. In this context, China has proposed the
“dual carbon” policy, that is, to achieve a carbon peak by 2030 and carbon neutrality by
2060 [5].

Carbon emissions efficiency indicates the amount of CO, that must be emitted to
generate each unit of economic output [6]. Yamaiji et al. [7] proposed carbon productivity
for the first time. In the context of the “dual carbon” policy, improving carbon emissions
efficiency becomes crucial. We plan to study carbon emissions efficiency in China in order
to find the factors influencing carbon emissions efficiency. Previous scholars have adopted
various methods to measure carbon emissions efficiency, and have achieved certain research
results. There are two main methods for evaluating carbon emissions efficiency; one is the
parametric method and the other is the non-parametric method. The former is represented
by stochastic frontier analysis (SFA) and the latter is represented by DEA. SFA was first
proposed by Aigner et al. [8] and Meeusen and Broeck [9] in 1977. It takes into account that
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the production frontier will be affected by random factors, sets the specific function form
of the production frontier, and uses statistical methods to estimate the frontier production
function. In recent years, some scholars have used SFA to evaluate the carbon emissions
efficiency. Sun et al. [10] evaluated greenhouse gas emissions efficiency in China’s industry
based on SFA. Sun and Huang [11] applied SFA to explore the impact of urbanization
on carbon emissions efficiency. Zhang et al. [12] applied SFA to discuss the relationship
between economic development and carbon emissions efficiency. However, SFA needs to
set the function form of the SFA model and make assumptions about the distribution of
the error term. If the assumption is improper, it will cause estimation deviation [13]. In
addition, some scholars have applied the DEA method to green development efficiency [14]
and to R&D activity efficiency [15].

DEA was first proposed in 1978 by Charnes et al. [16]. The classic DEA models are
the CCR model and the BCC model [17]. Zhang et al. [6] applied the three-stage DEA-
Tobit model to study carbon emission efficiency in the Chinese construction industry.
Meng et al. [18] applied DEA model to measure China’s regional energy and carbon
emissions efficiency. Cheng et al. [19] used an improved non-radial directional distance
function (NDDF) to measure the carbon emissions efficiency of China’s provincial industrial
sectors. Yan et al. [20] used the SBM model considering undesired output to study the
carbon emissions efficiency of China’s thermal power industry.

However, previous studies on carbon emissions efficiency have ignored the uncertainty
of the climate and governmental economic policies. Ben-Tal [21] pointed out that small
perturbations can lead to large errors and even lead to infeasible solutions for the model.
It can be seen that it is necessary to consider robust optimization when the environment
is uncertain. Robust optimization is now widely used in many fields [22-24], such as
the consensus field [25-30], supply chain management [31,32], the energy field [33], etc.
Some scholars have combined robust optimization and DEA [34]. Sadjadi and Omrani
adopted robust DEA for performance assessment of electricity distribution companies [35].
However, to the best of our knowledge, few scholars have applied robust DEA to the field
of carbon emissions efficiency.

In addition, the existing robust optimization models have the drawback of being too
conservative. Nowadays, in the era of big data, a data-driven approach can be adopted
to alleviate this drawback. On the one hand, the robustness of the original robust model
can be retained, and on the other hand, these models are closer to reality and not as
conservative. The data-driven approach has been used in some fields, such as consensus
aspects [26,36] and energy systems [37]. Some scholars have combined robust DEA and
a data-driven approach [38]. However, to the best of our knowledge, few scholars have
applied data-driven robust DEA to the field of carbon emissions efficiency.

Although the existing research on carbon emissions efficiency promotes our under-
standing of this field, there are several deficiencies.

1.  Few of the original carbon emissions efficiency studies have considered climate
uncertainty and government economic policy uncertainty;

2. The original robust optimization model is too conservative and deviates somewhat
from the actual situation.

The main contributions of this paper lie in the following aspects:

1. Due to the uncertainty of climate and government economic policies, robust DEA
models are proposed to analyze the treatment;

2. This paper proposes a data-driven robust DEA model to address the inherent over-
conservatism of robust optimization;

3. This paper uses real data to study the carbon emissions efficiency of China to verify
the validity of the model.

The rest of the paper is organized as follows. Section 2 reviews the literature related to
this research. Section 3 introduces the DEA model and builds the robust DEA model. Then,
Section 4 presents empirical analysis and discussion. Section 5 applies the data-driven



Sustainability 2022, 14, 13318

30f26

robust DEA model to further analyze the carbon emissions efficiency of China. Finally,
Section 6 presents the conclusions. Detailed proof is displayed in Appendix A.

2. Literature Review
2.1. Carbon Emissions Efficiency

Carbon emissions efficiency indicates the amount of carbon dioxide that needs to be
emitted when generating each unit of economic output.

Carbon emissions efficiency is the focus of current research by scholars. Carbon
emissions efficiency is mainly calculated from two perspectives. One is the single-factor
perspective and the other is the full-factor perspective. The single-factor perspective defines
carbon emission efficiency as the ratio of two variables. There are two main single-factor
carbon emission efficiency indicators. One is carbon productivity, which was first proposed
by Kaya et al. in 1993 [7]. Carbon productivity is the ratio of GDP to CO; emissions,
i.e., GDP per unit of CO, emissions. This indicator is based on GDP when measuring
carbon efficiency. The second is the carbon index, which was proposed by Mielnik and
Goldemberg [39]; its meaning is the carbon emissions per unit of energy consumption,
that is, the ratio of total carbon emissions to total energy consumption, to measure carbon
emission efficiency.

The above single-factor carbon emission efficiency indicators are simple to calculate
and easy to understand, but they are controversial due to the large number of indicators
they measure. For this reason, scholars have started to define carbon emission efficiency
from the perspective of all factors. The full-factor perspective includes two approaches.
One is the parametric method and the other is the non-parametric method. The former is
represented by SFA and the latter is represented by DEA.

2.2. The Evolution of the Data-Driven Robust DEA Model

How to calculate carbon emissions efficiency is also a hot topic. Previous researchers
have utilized numerous approaches to quantify carbon emissions efficiency and got specific
study outcomes. The methods to assess the efficiency of carbon emissions can be divided
into parametric and non-parametric methods. The former is represented by stochastic
frontier analysis (SFA) [8,9], whereas the latter is represented by discrete event analysis
(DEA) [16]. In recent years, several researchers have employed the SFA model to assess
carbon emissions efficiency [10-12]. However, the SFA must define the function form of
the SFA model and make assumptions about the error term distribution. If the assumption
is incorrect, estimate deviation will occur [13].

DEA was first proposed in 1978 by Charnes et al. [16]. Cheng et al. [19] used an
improved non-radial directional distance function (NDDF) to estimate the meta-frontier
TCEI of China’s 30 provincial industrial sectors in 2005-2015 and analyzed their dynamic
evolution. Ren et al. (2020) [40] contributed to measuring the energy and carbon emission
efficiency (ECEE) of regional transportation systems (RTS) in China considering uncertain
carbon emissions.

However, previous studies on carbon emissions efficiency have ignored the uncertainty
of climate and government economic policies. Ben-Tal [21] pointed out that small pertur-
bations can lead to large errors, and can even lead to no feasible solution for the model.
Robust optimization is now widely used in many fields [22-24], such as the consensus
field [25-30], supply chain management [31,32], the energy field [33], etc.

Furthermore, the drawback of present robust optimization models is that they are
overly conservative. A data-driven approach can be used to mitigate this disadvantage.
Some fields have used the data-driven approach, such as consensus aspects [26,36] and
energy systems [37]. Some scholars have combined robust DEA and data-driven ap-
proaches [38]. However, to the best of our knowledge, few scholars have applied data-
driven robust DEA to the field of carbon emissions efficiency.
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2.3. General Comment

In general, the previous studies provide an important reference value for this literature,
but there are still some deficiencies. Few of the original carbon emissions efficiency studies
considered climate uncertainty and government economic policy uncertainty. The original
robust optimization model is too conservative and deviates somewhat from the actual
situation. Therefore, this paper constructs robust DEA to study the carbon emissions
efficiency problem. Subsequently, in order to overcome the prsoblem of over-conservative
robust optimization, this paper constructs a data-driven robust optimization model to
further study the carbon emissions efficiency problem.

3. Model Construction
3.1. DEA

Suppose that there are n DMUs (decision making units), and DMU;(j = 1,2, -+, n)
has m inputs x;;(i = 1,2,- -+ ,m) and s outputs y;(r = 1,2,- - - ,s). uy, v; are the vectors of
weight coefficients for the input and output indicators, respectively. We assume that these
data are positive numbers. This paper selects labor, energy consumption and capital stock
as inputs, and real GDP and carbon emissions as outputs. The DEA model is shown below:

S
Y UrYro
r=1
max 6= —
Y UiXip
i=1
S
Z uryrj (1)
s.t. rfnli <lj=1,--,n
Y. UiXjj
i=1

Uy, 0j 20,7’:1,2,“‘ ,S,i:1,2,~- ,m

Through the Charnes—Cooper transformation, this can be transformed into a linear
programming model, the objective function of which is a linear function as follows:

S
max 6= UrYro
r=1
S m
s.t. Zury,j — Z?Jz’xi]' <0,j=1,---,n
r=1 i=1 ()

m

Zvixij =1

i=1

Uy, Uj 2 Orr: 1/2/”‘ /S/i: 1/2/”‘ ,m

In this context, 0 refers to the effectiveness of decision-making units. Simultaneously,
we use “<” in our DEA model rather than “=" in the standard DEA model. We make this
change to avoid any incompatibility.

Definition 1 ([16]). If the optimal value of Model (2) is 1, the evaluated decision-making unit
DMU, is valid; on the contrary, if the optimal value is less than 1, the evaluated decision-making
unit DMUj is not valid.
Definition 2 ([16]). We shall represent the production possibility set as:

T ={(X,Y)|Y > 0 can be produced from X > 0} (3)

According to Banker’s research [17], the production possible set (PPS) needs to satisfy
the following four assumptions:
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Assumption 1. Convexity: if (X;,Y;) € T,j=1,--- ,nand A; > 0 are nonnegative scalars such

n n n
that Y. A; =1, then (¥ A;X;, Y AjY;) € T.
= =1 =1

Assumption 2. Inefficiency postulate: (a) if (X,Y) € Tand X > X, then (X,Y) € T. (b) If
(X,Y) € TandY <Y, then (X,Y) € T.

Assumption 3. Ray unboundedness: if (X,Y) € T, then (kX,kY) € T,Vk > 0.

Assumption 4. Minimum extrapolation: T is the intersection set of all satisfying Assumptions 1-3,
subject to the condition that each of the observed vectors (X,Y) € T,j=1,--- ,n.

In an uncertain economic environment, the outputs of decision-making units are often
uncertain. This paper introduces robust optimization into the DEA model. Robust DEA
considering uncertainty is proposed.

Next, based on the above model, this paper considers three situations, namely, the box
set, ellipsoid set, and polyhedron set. Then, we consider the corresponding uncertainty sets.

max 0
s L
st. 0—Y u (ym + nyol§1> <0
r=1 =1
m
2 ViXio <1 (4)
i=1

5 L m

Z Uy (]/rj + Z]/Zz@l) - Zvixij <0,Vj
r=1 =1 i=1
Uy, Ui Z O/r: 1/2/" : /S/i = 1/2/' e, m

3.2. RDEA Based on Uncertain Outputs with Box Set
Definition 3. The box uncertainty set is defined as:

7Box {g eRL: | E]lee < T} )

where T is the uncertainty parameter that is used to assess the uncertainty of climate and government
economic policies.

Theorem 1. The robust DEA model using ZB°% may then be built as follows:

max 6
L s s
st. 0+T Z Z uryfol — Z UrYro <0
I=1r=1 r=1
m
(BRDEA) Y vixjp <1 (6)
i=1

L s s m
TY Y Y+ ) Y — ) 0ixij < 0,]
I=1r=1 r=1 =1

1

Uy, 0j Z Olr: 1/2/' o /S/i = 1/2/' c,m

The proof is in Appendix A.1.
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3.3. RDEA Based on Uncertain Outputs with Ellipsoid Set

We now examine the model based on the ellipsoid set.
Definition 4. The ellipsoid uncertainty set is defined as:
zEipsoid — f& e RE: g2 < O )

where () is the uncertainty parameter that is used to assess the uncertainty of climate and government
economic policies.

Theorem 2. The robust DEA model using ZE"iP* may then be built as follows:

max 6
L s 2 S
st 0+Q Z(Z uryfol> — Zurym <0
I=1 \r=1 r=1
m
(ERDEA) Y o <1 (8)
i=1

2
L s s m
oNDY (2 ”fﬁjl) +) UrYrj — Zvixij <0,Vj
I=1 \r=1 r=1 i=1
u,v; >0,r=12,---,5i=12,--- ,m

The proof is in Appendix A.2.

3.4. RDEA Based on Uncertain Outputs with Polyhedron Set
Last, we consider the polyhedron uncertainty set.

Definition 5. Let us define the polyhedron set as:
ZPolyhedron — {g c RL . ”ng < r} )

where T is the uncertainty parameter that is used to assess the uncertainty of climate and government
economic policies.

Theorem 3. Then, the robust DEA model with ZFolhedron cap be constructed as:

max 0

L s
st 0+T ) por— ) trhro <0
=1 r=1

m
(PRDEA) Y vixi, <1 (10)
i=1
L s m
TY por+ ), wyrj— Y vixij <0,Vj
1=1 r=1 i=1
Uy, U; 2 O/r = 112/' t /S/i = 1/2/' ce,m

The proof is in Appendix A.3.
Based on the above three theorems, the following theorems are proposed.
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Theorem 4. The larger the uncertainty level parameter, the smaller the efficiency value of the
robust model.

The proof is in Appendix A 4.
Theorem 5. Robust DEA has lower efficiency values than DEA models.

The proof is in Appendix A.5.

Some economic implications can be seen from the above conclusions; in reality,
the decision-making unit may have certain risks when making decisions. For example,
when governments make economic decisions, there may be some climate and government
economic policy uncertainty. At this time, it can help to improve the robustness of the
model. In addition, the government can also choose different parameters according to
its own situation to adjust the robustness of the model. In this way, the government can
achieve a balance between the economy and the environment under the background of the
“dual-carbon” policy.

4. Empirical Analysis and Discussions
4.1. Study Area

In order to scientifically reflect the economic development status of various parts of
Chinese society, China’s economic regions are divided into four categories, namely eastern,
central, western, and northeastern regions. This study will examine the differences in
carbon emissions efficiency between different regions from these four economic regions.
Table 1 and Figure 1 shows the geographical distribution of these four major regions.

W East
Central .
West h Y
W Northeast {
No data E ool .

Figure 1. Geographical distribution of the four major regions in China.

Table 1. Geographical distribution of the four major regions in China.

Region Province

Beijing, Tianjin, Hebei, Shandong, Shanghai,
Jiangsu, Guangdong,
Zhejiang, Fujian, Hainan

Central Anhui, Henan, Hubei, Hunan, Jiangxi, Shanxi

W Shaanxi, Ningxia, Sichuan, Qinghai, Gansu,

est .
Guizhou, Yunnan,
Chongging, Guangxi, Inner Mongolia, Xinjiang
Northeast Liaoning, Jilin, Heilongjiang

East
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4.2. Variable Description and Data Sources
4.2.1. Variable Description

To measure the carbon emissions efficiency of 30 provinces in mainland China, this
paper selects labor, energy consumption, and capital stock as inputs, and real GDP and
carbon emissions as outputs [6]. The details are as follows.

1. Labor. The sum of employees in the three major industries in each region is used as
the labor input.

2. Energy consumption. The total energy consumption of each region is used as the
energy consumption input.

3. Capital. This study uses the “perpetual inventory method” proposed by Gold-
smith [41] in 1951 to calculate the capital stock. The formula for calculating capital
stock is

Kip =Ly +(1—6;4)Kir1 (11)

where K represents the capital stock, I represents the gross capital formation; J repre-
sents the depreciation rate of capital stock, which is set to 9.6% in this research [42]; i
represents the province; and ¢ stands for the year.

4. Real GDP. This is calculated by converting nominal GDP and price indices for
each provinces.

5.  Carbon emissions. The carbon emissions comes from the CEAD database [43,44],
which is a carbon accounting database in China. It provides a solid theoretical
basis and technical support for China to achieve green and low-carbon development,
and contributes to policy design and implementation of greenhouse gas emissions
control in China.

4.2.2. Data Sources

This study examined the carbon emissions of 30 provinces in mainland China (all
except Tibet, due to the absence of relevant energy data) from 2000 to 2019. The statistical
data in this study come from the China Statistical Yearbook, China Energy Statistical
Yearbook, China Provincial Statistical Yearbook, and CEAD database [43,44]. Some missing
values were filled by interpolation.

4.3. Discussion

In this section, firstly, carbon emissions efficiency evaluation analysis is discussed.
Secondly, the influence of some parameters on the model is analyzed, Finally, a comparative
analysis is performed with existing DEA methods.

Carbon Emissions Efficiency Evaluation Analysis

This section considers the BRDEA model (T = 1) to calculate the corresponding values.

As can be seen from Figure 2, the carbon emissions efficiency is generally between 0.6
and 0.9, and the efficiency values are all below 1. It can be seen that most of the efficiency
values are low and that the carbon emissions efficiency has not reached the effective level.

From Figure 2, it can be seen that carbon emissions efficiency varies widely among
different provinces.

Some places have higher carbon emissions efficiency (greater than 0.79), for example,
Shanghai, Zhejiang, Jiangsu, Fujian, and Guangdong. These places have higher levels of
economic development, a higher level of urbanization, and a more reasonable industrial
structure. In addition, these places have more universities, greater talent and labor forces,
higher management levels, and higher science and technology levels. There are also some
provinces such as Heilongjiang and Inner Mongolia where the carbon emissions efficiency
is also relatively high. Given the geographical location and climatic conditions of these
places, tertiary industry in these places does not account for much GDP and there are not
many high pollution and high energy consumption enterprises, so their carbon emissions
efficiency is also higher.



Sustainability 2022, 14, 13318

9 of 26

Carbon emissions efficency
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0.57~0.68
M 0.68~0.79
W >0.79

No data

Figure 2. Geographical distribution of mean carbon emissions efficiency of China from 2000 to 2019
in robust DEA model.

Unlike high-efficiency provinces, some places have medium carbon emissions levels,
between 0.68-0.79, and these places are widely distributed, including Jilin, Liaoning,
Shandong, Xinjiang, etc. Most of these places have medium levels of various indicators.

In addition, some places have a slightly lower level of carbon emissions efficiency,
below 0.68, mainly in the western region. These regions have a low level of economic
development and a small labor force. With the transfer of industries from the east, a large
number of high pollution and high energy consumption enterprises have been transferred
to the west, which on the one hand promotes economic development and on the other
hand causes environmental pollution. While developing, these places should focus on
innovation and combine their own characteristics to develop their economy, develop new
energy, and achieve high-quality development.

In order to further analyze the differences in the distribution of carbon emissions
efficiency among regions in China, the next step is to analyze the differences in carbon
emissions efficiency in China from four regions, one by one.

Figure 3 shows the clear differences between the four regions in recent years. The east-
ern and central regions are flat, and the northeastern and western regions are lower.

—4— East
Central

e West

== Northeast

~#= China

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Figure 3. Trends of carbon emissions efficiency for four regions in China from 2000 to 2019.
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As a result of the reform and opening up, the eastern region has a higher level of
economic development and a higher degree of openness to the outside world, and is,
therefore, more efficient in terms of carbon emissions, which is also related to China’s
current regional policy of “taking the lead in the east”.

The carbon emissions efficiency of the central region is around 0.8. Since the central
region is located inland, the level of openness needs to be improved. The development of
the central region is unbalanced and insufficient, the innovation capability of the manu-
facturing industry needs to be enhanced, and ecological and green development needs to
be improved.

The northeast region belongs to the old industrial region, which is the cradle of
China’s industrial development and has a long history of industrial development. However,
the industrial structure of the eastern region is more homogeneous, and the loss of talent
and labor force is more serious.

Due being deep inland, the western region has a low level of openness to the outside
world, slow development of transportation, and a low technology level. In addition,
in recent years, with the implementation of the western opening strategy, many industries
in the eastern coastal areas have been transferred to the western region, but at the same
time, this has also brought about environmental problems. Some high pollution, high
energy consumption enterprises transferred to the western region have, to a certain extent,
caused energy consumption and environmental pollution problems. The self-development
ability of the western region is not high. At present, with the development of China’s
rural revitalization, the western region should combine its characteristics to achieve high-
quality development.

4.4. Sensitivity Analysis

Sensitivity analysis is a typical method to quantify the effect of parameter uncertainty
on the overall simulation/prediction of uncertainty.

4.4.1. The Effects of Uncertain Parameters in Box Set

This paper sets the uncertainty parameter T from 1 to 3, and then analyzes the impact
of these changes on the RDEA model. As shown in Figure 4 and Table 2, as T increases,
the efficiency value gradually becomes smaller and more conservative, which also confirms
Theorem 4. It can be seen that robust optimization considers the best case in the worst case,
and is relatively conservative.

==l ®1=15 =72 =1=2.5 ®T=3

Figure 4. The influence of uncertain parameters 7 on the model in 2019.
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Table 2. The influence of uncertain parameters T on the model in 2019.

Carbon Emissions Efficiency

Provinces
T=1 T=1.5 T=2 T=2.5 T=3
Beijing 0.778 0.732 0.689 0.648 0.609
Tianjin 0.605 0.570 0.536 0.504 0.474
Hebei 0.596 0.59 0.561 0.528 0.467
Shanxi 0.887 0.835 0.786 0.739 0.695
Inner 0.887 0.835 0.786 0.739 0.695

Mongolia
Liaoning 0.736 0.693 0.652 0.614 0.577
Jilin 0.648 0.610 0.574 0.540 0.507
Heilongjiang 0.721 0.679 0.639 0.601 0.565
Shanghai 0.887 0.835 0.786 0.739 0.695
Jiangsu 0.842 0.793 0.746 0.702 0.660
Zhejiang 0.874 0.823 0.774 0.728 0.685
Anhui 0.800 0.753 0.709 0.667 0.627
Fujian 0.887 0.835 0.786 0.739 0.695
Jiangxi 0.774 0.729 0.686 0.645 0.607
Shandong 0.693 0.652 0.614 0.577 0.543
Henan 0.712 0.670 0.631 0.593 0.558
Hubei 0.758 0.714 0.672 0.632 0.594
Hunan 0.764 0.719 0.677 0.637 0.599
Guangdong 0.808 0.761 0.716 0.673 0.633
Guangxi 0.540 0.540 0.479 0.450 0.424
Hainan 0.737 0.694 0.653 0.614 0.578
Chongging 0.694 0.654 0.615 0.579 0.544
Sichuan 0.795 0.748 0.704 0.662 0.623
Guizhou 0.511 0.481 0.453 0.426 0.401
Yunnan 0.481 0.453 0.426 0.401 0.377
Shaanxi 0.721 0.679 0.639 0.601 0.565
Gansu 0.710 0.669 0.629 0.592 0.557
Qinghai 0.323 0.304 0.287 0.270 0.253
Ningxia 0.679 0.639 0.601 0.566 0.532
Xinjiang 0.566 0.533 0.502 0.472 0.444

4.4.2. The Effects of Uncertain Parameters in the Ellipsoid Set

This paper sets the uncertainty parameter () from 1 to 3, and then analyzes the impact
of these changes on the RDEA model. As shown in Figure 5 and Table 3, as () increases,
the efficiency value gradually becomes smaller and more conservative, which also confirms
Theorem 4. It can be seen that robust optimization considers the best case in the worst case
and is relatively conservative.

1.000
0.900
0800 g
0700 £
0600 £
0500
0.400

0.300

0.200
0.100

0000 &

%

Y. mummm
%,

<
Y

=20=1 =20=15 =0=2 =20=25 =0=3

Figure 5. The influence of uncertain parameters () on the model in 2019.
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Table 3. The influence of uncertain parameters () on the model in 2019.

Carbon Emissions Efficiency

Provinces
O=1 0O=1.5 0O=2 0O =25 0O=3
Beijing 0.805 0.772 0.740 0.709 0.679
Tianjin 0.627 0.601 0.576 0.551 0.528
Hebei 0.617 0.592 0.567 0.543 0.520
Shanxi 0.919 0.880 0.844 0.808 0.774
Inner 0.919 0.880 0.844 0.808 0.774

Mongolia
Liaoning 0.763 0.731 0.700 0.671 0.643
Jilin 0.671 0.643 0.616 0.590 0.565
Heilongjiang 0.747 0.716 0.686 0.657 0.630
Shanghai 0.919 0.880 0.844 0.808 0.774
Jiangsu 0.872 0.836 0.801 0.768 0.735
Zhejiang 0.905 0.868 0.831 0.796 0.763
Anhui 0.828 0.794 0.761 0.729 0.698
Fujian 0.919 0.880 0.844 0.808 0.774
Jiangxi 0.802 0.768 0.736 0.705 0.676
Shandong 0.718 0.688 0.659 0.631 0.605
Henan 0.737 0.707 0.677 0.649 0.621
Hubei 0.785 0.752 0.721 0.691 0.662
Hunan 0.791 0.758 0.727 0.696 0.667
Guangdong 0.837 0.802 0.769 0.736 0.705
Guangxi 0.560 0.536 0.514 0.493 0.472
Hainan 0.763 0.732 0.701 0.672 0.643
Chongqing 0.719 0.689 0.660 0.633 0.606
Sichuan 0.823 0.789 0.756 0.724 0.694
Guizhou 0.530 0.507 0.486 0.466 0.446
Yunnan 0.498 0.477 0.457 0.438 0.420
Shaanxi 0.747 0.716 0.686 0.657 0.630
Gansu 0.736 0.705 0.676 0.648 0.620
Qinghai 0.335 0.321 0.308 0.295 0.282
Ningxia 0.703 0.674 0.646 0.619 0.593
Xinjiang 0.587 0.562 0.539 0.516 0.494

4.4.3. The Effects of Uncertain Parameters in the Polyhedron Set

This paper sets the uncertainty parameter I' from 1 to 3, and then analyzes the impact
of these changes on the RDEA model. As shown in Figure 6 and Table 4, as I' increases,
the efficiency value gradually becomes smaller and more conservative, which also confirms
Theorem 4. It can be seen that robust optimization considers the best case in the worst case
and is relatively conservative.
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Figure 6. The influence of uncertain parameters I on the model in 2019.
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Table 4. The influence of uncertain parameters I' on the model in 2019.

Carbon Emissions Efficiency

Provinces
r=1 I'=15 r=2 =25 r=3
Beijing 0.778 0.732 0.692 0.653 0.618
Tianjin 0.618 0.588 0.559 0.532 0.506
Hebei 0.604 0.573 0.543 0.515 0.488
Shanxi 0.938 0.907 0.877 0.847 0.818
Inner 0.935 0.903 0.872 0.841 0.811

Mongolia
Liaoning 0.748 0.710 0.674 0.640 0.608
Jilin 0.671 0.644 0.617 0.592 0.568
Heilongjiang 0.744 0.712 0.681 0.652 0.624
Shanghai 0.902 0.857 0.813 0.772 0.732
Jiangsu 0.860 0.818 0.779 0.741 0.705
Zhejiang 0.880 0.831 0.785 0.741 0.700
Anhui 0.822 0.786 0.751 0.718 0.686
Fujian 0.910 0.867 0.827 0.788 0.751
Jiangxi 0.780 0.737 0.696 0.658 0.621
Shandong 0.716 0.685 0.656 0.629 0.602
Henan 0.733 0.700 0.668 0.638 0.610
Hubei 0.773 0.735 0.699 0.665 0.632
Hunan 0.768 0.725 0.685 0.647 0.610
Guangdong 0.824 0.783 0.745 0.708 0.673
Guangxi 0.557 0.533 0.509 0.487 0.466
Hainan 0.761 0.729 0.698 0.669 0.641
Chongqing 0.698 0.659 0.622 0.587 0.558
Sichuan 0.799 0.755 0.713 0.673 0.635
Guizhou 0.531 0.511 0.491 0.472 0.454
Yunnan 0.493 0.470 0.449 0.428 0.408
Shaanxi 0.748 0.717 0.688 0.661 0.634
Gansu 0.722 0.686 0.652 0.619 0.588
Qinghai 0.335 0.321 0.307 0.294 0.282
Ningxia 0.694 0.661 0.630 0.601 0.573
Xinjiang 0.573 0.558 0.533 0.510 0.488

Combining the above three sensitivity analyses, it can be seen that the value of the
RDEA model becomes smaller and more conservative as the uncertainty parameter in-
creases, which also verifies Theorem 4.

4.5. Comparison Analysis

In this subsection, the advantages of the proposed methods are described by compar-
ing them with existing methods.

As shown in Figure 7 and Table 5, this paper chooses the data of carbon emissions
efficiency in 2019, from which we choose Jiangsu as an example; the value of the DEA
model is 0.950. The values of BRDEA (t = 1), ERDEA (QQ = 1), and PRDEA (I' = 1) are
0.842, 0.872, and 0.860, respectively. This shows that the values of the three RDEA models
are smaller than the values of the DEA model, meaning that the RDEA model is more
conservative and reduces the risk of the model, which also confirms Theorem 5.
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Figure 7. Comparison of the DEA model and robust DEA.
Table 5. Comparison of the DEA model and robust DEA.

Provinces DEA BRDEA (t=1) ERDEA ((0=1) PRDEA T'=1)
Beijing 0.877 0.778 0.805 0.778
Tianjin 0.682 0.605 0.627 0.618
Hebei 0.672 0.596 0.617 0.604
Shanxi 1.000 0.887 0.919 0.938

Inner Mongolia 1.000 0.887 0.919 0.935
Liaoning 0.830 0.736 0.763 0.748
Jilin 0.730 0.648 0.671 0.671
Heilongjiang 0.813 0.721 0.747 0.744
Shanghai 1.000 0.887 0.919 0.902
Jiangsu 0.950 0.842 0.872 0.860
Zhejiang 0.985 0.874 0.905 0.880
Anhui 0.902 0.800 0.828 0.822
Fujian 1.000 0.887 0.919 0.910
Jiangxi 0.873 0.774 0.802 0.780

Shandong 0.781 0.693 0.718 0.716
Henan 0.803 0.712 0.737 0.733
Hubei 0.855 0.758 0.785 0.773
Hunan 0.861 0.764 0.791 0.768

Guangdong 0.911 0.808 0.837 0.824
Guangxi 0.609 0.540 0.560 0.557
Hainan 0.831 0.737 0.763 0.761
Chongqing 0.783 0.694 0.719 0.698
Sichuan 0.896 0.795 0.823 0.799
Guizhou 0.576 0.511 0.530 0.531
Yunnan 0.542 0.481 0.498 0.493
Shaanxi 0.813 0.721 0.747 0.748
Gansu 0.801 0.710 0.736 0.722
Qinghai 0.365 0.323 0.335 0.335
Ningxia 0.765 0.679 0.703 0.694
Xinjiang 0.639 0.566 0.587 0.573

5. Data-Driven Robust DEA Model

In Section 3, we show the robust DEA model. The traditional robust model calcu-
lates the results based on the uncertainty set, which leads to an overly conservative and
somewhat unrealistic model. To deal with this problem, we use the data-driven robust
optimization model to improve the DEA model. This approach does not require knowing
the exact distribution of carbon emissions output, but only the historical data of carbon
emissions output. This makes full use of the historical data and makes it more realistic and
economically efficient.
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We assume, contrary to the preceding, that the observation sets of the output unit P
may be retrieved, where P =

Yel, e YrM (12)

and yry € R,q=1,---, M. In other words, P represents the initial data that we can obtain.
Simultaneously, let y, represent the mean values of

Ye1r s YrMs (13)

ie, ¥ = % Y Yrq, where [M] =1,2,---, M. As aresult, we must identify a decision
qgeEM

variable that maximizes worst-case efficiency across all costs in the uncertainty set Z. The
robust DEA problem is as follows:

Several approaches for creating Z will be described in the next part [45], with each set
having a scaling parameter to determine its size.

refs]
m
s.t. Zlez <0
i=1

s m (14)
ui’yrj - Zlelj S 0/] = 1/2/' ,n
r=1 i=1

uT’ZO/r:]vZ/"'/S
v; >0,i=12,---,m

5.1. Box Uncertainty
We set ¥ = min Yrg Yy = MaXx Yrg, Vo > 0; there is Zp = X,¢(q[Vr + oyt —90), 9 +
q€M] q€[M]
p(y? — vr)], where X is the Cartesian product and [s] = 1,2, - - - ,s. It is worth noting that

max Y. uyy = Y. ur[fy +p(y% — )] Therefore, the obtained data-driven robust DEA
Yr€Z rels) rels)
model based on the box uncertainty set is as follows:

min — 2 Llr[y;o'f'lo(y‘rzo —}/;0)]

rels]

m
s.t. Zvixi <0
i=1 (15)

s

Il
_

Y welvh+olyy —vig)] <

rels] i
Uy Zorvi >0,r= 1/2/"' 8,1 = 1/2/"' ,m

vixij/j: 1/2/' N

The proof is in Appendix A.6.

Model (15) is determined by both the uncertain parameters and the observation
set, and is different from the previous robust DEA model in Section 3. The proofs for
Sections 5.2 and 5.3 are similar to this proof.

5.2. Ellipsoid Uncertainty

The ellipsoid uncertainty set was generated from the fact that the multivariate nor-
mal distribution’s iso-density locus is an ellipse. Therefore, it usually uses a maximum
likelihood fit to create a normal distribution. According to statistical mathematical theory,
the maximum likelihood fit of a normal distribution N(, }") of data point { Yei, oo, yrm} is
given by t = %L = LY (yrg — #)(yrg — u)T. We set an ellipsoid of the form
Ze = {y: (yr — %) = (yr — ¥ <)} with the scaling parameter and x > 0 centered



Sustainability 2022, 14, 13318 16 of 26

on ¥, . Therefore, the obtained data-driven robust DEA model based on the ellipsoid
uncertainty set is as follows:

min  — ) Yol +y

rels]

stoowcoul Y up < 9Py € [s]

m
K'uzzurS’Yz—'—zileljr]:llzl...ln (16)
=

m

Zvixi <1

i=1

Uy 20,'01' > O/r: 1/2/"' /Sri: 1/2/"' ,m

5.3. Polyhedron Uncertainty
A polyhedron defined using linear equations and inequalities is equivalent to a convex

hull. We set Z, = yigr+ (7 —granr €50 <a <1, ZH & < P4 where the scaling
rels

parameter p controls the size of the set. Through the duality of the internal maximization

problem, the obtained data-driven robust DEA model based on the box uncertainty set is

as follows:

min  — Y yhour 4+ v + ||t
refs]

sit. (Yp, — Yoo )ur <+t 1 €[]

m

(Yro — Yrj)ur Su+t + Z{vixijrr €lsl,j=12,---,n (17)
i=

m

Zvixi <1

i=1

Uy > 0,0, > 0,7 =12, ,8i=1.2-,m.

5.4. Case Study

In the previous robust DEA model, although considering the uncertainty of carbon
emissions, some data are not taken into account and are not relevant, making the model
too conservative. To address this issue, we further analyze the robust DEA in a data-driven
context. To unify the comparison, the data in Section 4 are then used to further analyze the
carbon emissions efficiency of China. The values will be calculated in turn under the three
uncertainty sets.

This section considers the data-driven robust DEA model (0 = 1) to calculate the
corresponding values. As can be seen from Figure 8, the carbon emissions efficiency is
generally between 0.4 and 0.9, and the efficiency values are all below 1. It can be seen that
most of the efficiency values are low and the carbon emissions efficiency has not reached
the effective level. Next, the sensitivity analysis of uncertain parameters is studied.

First, when the uncertainty set is the box set, this paper sets the uncertainty parameter
p from 1 to 3, and then analyzes the impact of these changes on the data-driven robust DEA
model. As shown in Figure 9 and Table 6, as p increases, the efficiency value gradually
becomes smaller. We take Jiangsu as an example. As the parameters p become progressively
larger, the carbon emissions efficiency of Jiangsu becomes 0.873, 0.830, 0.782, 0.743, and
0.710, respectively.
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Figure 8. Geographical distribution of mean carbon emissions efficiency of China from 2000 to 2019
in data-driven robust DEA model.

Table 6. Carbon emissions efficiency based on box set in data-driven robust DEA model.

Carbon Emissions Efficiency

Provinces
p=1 p=15 p=2 p=25 p=3
Beijing 0.783 0.748 0.702 0.663 0.613
Tianjin 0.625 0.581 0.573 0.533 0.502
Hebei 0.633 0.602 0.582 0.543 0.505
Shanxi 0.932 0.862 0.823 0.787 0.723
Inner 0.923 0.863 0.822 0.789 0.721

Mongolia
Liaoning 0.783 0.732 0.692 0.663 0.519
Jilin 0.668 0.642 0.602 0.572 0.537
Heilongjiang 0.756 0.721 0.684 0.642 0.612
Shanghai 0.933 0.863 0.822 0.772 0.724
Jiangsu 0.873 0.830 0.782 0.743 0.710
Zhejiang 0.912 0.853 0.812 0.773 0.724
Anhui 0.842 0.783 0.743 0.693 0.652
Fujian 0.921 0.853 0.803 0.763 0.725
Jiangxi 0.824 0.823 0.755 0.683 0.625
Shandong 0.743 0.687 0.642 0.682 0.627
Henan 0.742 0.680 0.653 0.601 0.576
Hubei 0.802 0.762 0.690 0.662 0.621
Hunan 0.805 0.821 0.673 0.643 0.623
Guangdong 0.863 0.823 0.783 0.712 0.678
Guangxi 0.598 0.597 0.583 0.492 0.459
Hainan 0.778 0.712 0.688 0.652 0.612
Chongging 0.732 0.682 0.644 0.601 0.576
Sichuan 0.862 0.812 0.753 0.682 0.642
Guizhou 0.543 0.504 0.472 0.461 0.412
Yunnan 0.512 0.489 0.443 0.423 0.389
Shaanxi 0.721 0.698 0.647 0.625 0.587
Gansu 0.752 0.714 0.678 0.624 0.589
Qinghai 0.343 0.321 0.293 0.278 0.223
Ningxia 0.732 0.689 0.652 0.621 0.578

Xinjiang 0.601 0.579 0.523 0.487 0.456
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Figure 9. Carbon emissions efficiency based on box set in data-driven robust DEA model.

Secondly, when the uncertainty set is the ellipsoid set, this paper sets the uncertainty
parameter x from 1 to 3 and then analyzes the impact of these changes on the data-driven
robust DEA model. As shown in Figure 10 and Table 7, as x increases, the efficiency value
gradually becomes smaller. We take Jiangsu as an example. As the parameters k¥ become
progressively larger, the carbon emissions efficiency of Jiangsu becomes 0.889, 0.854, 0.824,
0.802, and 0.757, respectively.

Table 7. Carbon emissions efficiency based on ellipsoidal set in data-driven robust DEA model.

Carbon Emissions Efficiency

Provinces
k=1 k=15 K=2 k=25 k=3
Beijing 0.824 0.782 0.753 0.725 0.689
Tianjin 0.643 0.612 0.592 0.572 0.542
Hebei 0.638 0.613 0.583 0.562 0.532
Shanxi 0.943 0.902 0.852 0.813 0.793
Inner 0.925 0910 0.873 0.843 0.792

Mongolia
Liaoning 0.792 0.763 0.724 0.682 0.668
Jilin 0.678 0.656 0.634 0.612 0.582
Heilongjiang 0.767 0.743 0.712 0.687 0.663
Shanghai 0.945 0.902 0.862 0.843 0.832
Jiangsu 0.889 0.854 0.824 0.802 0.757
Zhejiang 0.934 0.873 0.845 0.812 0.782
Anhui 0.868 0.793 0.773 0.743 0.702
Fujian 0.943 0.922 0.902 0.843 0.812
Jiangxi 0.842 0.834 0.823 0.743 0.702
Shandong 0.756 0.723 0.702 0.643 0.602
Henan 0.767 0.725 0.701 0.676 0.642
Hubei 0.822 0.802 0.761 0.724 0.682
Hunan 0.833 0.806 0.767 0.726 0.682
Guangdong 0.889 0.843 0.821 0.775 0.726
Guangxi 0.603 0.592 0.565 0.523 0.502
Hainan 0.793 0.763 0.743 0.712 0.672
Chongging 0.752 0.713 0.682 0.643 0.612
Sichuan 0.872 0.823 0.801 0.763 0.723
Guizhou 0.551 0.523 0.504 0.482 0.475
Yunnan 0.524 0.492 0.471 0.459 0.438
Shaanxi 0.759 0.723 0.702 0.679 0.648
Gansu 0.777 0.743 0.691 0.673 0.654
Qinghai 0.356 0.333 0.313 0.301 0.292
Ningxia 0.743 0.702 0.682 0.652 0.623

Xinjiang 0.613 0.582 0.562 0.535 0.517
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Figure 10. Carbon emissions efficiency based on ellipsoidal set in data-driven robust DEA model.

Finally, when the uncertainty set is the polyhedron set, this paper sets the uncertainty
parameter I' from 1 to 3 and then analyzes the impact of these changes on the data-driven
robust DEA model. As shown in Figure 11 and Table 8, as I increases, the efficiency value
gradually becomes smaller. We take Jiangsu as an example. As the parameters ¥ become
progressively larger, the carbon emissions efficiency of Jiangsu becomes 0.853, 0.832, 0.812,
0.782, and 0.762, respectively.

Table 8. Carbon emissions efficiency based on polyhedron set in data-driven robust DEA model.

Carbon Emissions Efficiency

Provinces
r=1 r=15 r=2 r=25 r=3
Beijing 0.812 0.768 0.742 0.714 0.676
Tianjin 0.632 0.602 0.574 0.563 0.526
Hebei 0.628 0.603 0.562 0.545 0.514
Shanxi 0.939 0.910 0.883 0.852 0.825
Inner 0.943 0.893 0.863 0.832 0.788

Mongolia
Liaoning 0.782 0.752 0.713 0.662 0.632
Jilin 0.663 0.642 0.613 0.592 0.582
Heilongjiang 0.753 0.728 0.692 0.652 0.642
Shanghai 0.932 0.902 0.862 0.832 0.824
Jiangsu 0.853 0.832 0.812 0.782 0.762
Zhejiang 0.923 0.863 0.832 0.783 0.762
Anhui 0.878 0.798 0.762 0.725 0.701
Fujian 0.925 0.902 0.885 0.834 0.813
Jiangxi 0.824 0.818 0.802 0.734 0.716
Shandong 0.742 0.713 0.687 0.635 0.614
Henan 0.753 0.714 0.689 0.658 0.625
Hubei 0.808 0.778 0.748 0.713 0.672
Hunan 0.823 0.784 0.746 0.689 0.662
Guangdong 0.878 0.848 0.814 0.735 0.714
Guangxi 0.593 0.573 0.535 0.517 0.491
Hainan 0.783 0.745 0.725 0.682 0.652
Chongging 0.742 0.683 0.663 0.623 0.582
Sichuan 0.852 0.802 0.763 0.748 0.724
Guizhou 0.542 0.510 0.483 0.474 0.454
Yunnan 0.516 0.482 0.457 0.438 0.415
Shaanxi 0.747 0.712 0.692 0.667 0.647
Gansu 0.756 0.738 0.678 0.646 0.628
Qinghai 0.342 0.331 0.309 0.298 0.272
Ningxia 0.728 0.689 0.663 0.642 0.614

Xinjiang 0.598 0.576 0.543 0.524 0.504
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Figure 11. Carbon emissions efficiency based on polyhedron set in data-driven robust DEA model.
Comparison Analysis
Comparing the data-driven robust DEA model (Table 9), the robust DEA model, and

the traditional DEA model, it can be seen that the value of the data-driven robust DEA
model is between the robust DEA model and the traditional DEA model. In this way, the
data-driven robust DEA model overcomes the drawback of over-conservatism of robust
optimization and, on the other hand, retains the robustness of robust optimization to some
extent. In the case of climate uncertainty and government economic policy uncertainty,
the data-driven robust DEA model is more realistic and can be used as a reference for
decision makers.
Table 9. Comparison of the DEA model, robust DEA, and data-driven robust DEA.

Provinces DEA BRDEA (r=1) ERDEA(Q=1) PRDEA('=1) DRDEA(p=1) DRDEA(x=1) DRDEA('=1)
Beijing 0.877 0.778 0.805 0.778 0.783 0.824 0812
Tianjin 0.682 0.605 0.627 0.618 0.625 0.643 0.632
Hebei 0.672 0.59% 0.617 0.604 0.633 0.638 0.628
Shanxi 1.000 0.887 0.919 0938 0.932 0.943 0.939

Inner Mongolia 1.000 0.887 0.919 0935 0.923 0925 0.943
Liaoning 0.830 0.736 0.763 0.748 0.783 0.792 0.782
Jilin 0.730 0.648 0.671 0.671 0.668 0.678 0.663
Heilongjiang 0.813 0.721 0.747 0.744 0.756 0.767 0.753

Shanghai 1.000 0.887 0.919 0902 0.933 0945 0.932
Jiangsu 0.950 0.842 0.872 0.860 0.873 0.889 0.853

Zhejiang 0.985 0.874 0.905 0.880 0912 0.934 0923
Anhui 0.902 0.800 0.828 0.822 0.842 0.868 0.878
Fujian 1.000 0.887 0.919 0910 0921 0.943 0.925
Jiangxi 0.873 0.774 0.802 0.780 0.824 0.842 0.824

Shandong 0.781 0.693 0.718 0.716 0.743 0.756 0.742
Henan 0.803 0712 0.737 0.733 0.742 0.767 0.753
Hubei 0.855 0.758 0.785 0.773 0.802 0.822 0.808
Hunan 0.861 0.764 0.791 0.768 0.815 0.833 0.823

Guangdong 0.911 0.808 0.837 0.824 0.863 0.889 0.878

Guangxi 0.609 0540 0.560 0557 0.598 0.603 0593
Hainan 0.831 0.737 0.763 0.761 0.778 0.793 0.783

Chongging 0.783 0.694 0.719 0.698 0.732 0.752 0.742
Sichuan 0.896 0.795 0.823 0.799 0.862 0.872 0.852

Guizhou 0.576 0511 0.530 0531 0.543 0551 0542
Yunnan 0.542 0.481 0.498 0493 0512 0524 0516
Shaanxi 0.813 0721 0.747 0.748 0.721 0.759 0.747
Gansu 0.801 0.710 0.736 0.722 0.752 0.777 0.756
Qinghai 0.365 0323 0.335 0335 0.343 0.356 0342
Ningxia 0.765 0.679 0.703 0.694 0.732 0.743 0.728
Xinjiang 0.639 0.566 0.587 0573 0.601 0.613 0.598

From the above comparison with other literature (Table 10), there are regions in the
three-stage DEA approach where the efficiency is greater than robust DEA and data-driven
robust DEA. It is evident that the three-stage DEA approach is somewhat optimistic and
does not take into account climate and policy uncertainties. The method in this paper
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deals with this problem well. We will further present the corresponding economic and
government economic policy implications below.

Table 10. Comparison of the DEA model, robust DEA, data-driven robust DEA, and three-stage DEA.

Provinces DEA BRDEA (r=1) DRDEA(p=1)  |1ree:Stage

DEA [6]
Beijing 0.877 0.778 0.783 0.987
Tianjin 0.682 0.605 0.625 0.882
Hebei 0.672 0.596 0.633 0.779
Shanxi 1.000 0.887 0.932 0.668
Inner Mongolia 1.000 0.887 0.923 0.564
Liaoning 0.830 0.736 0.783 0.719
Jilin 0.730 0.648 0.668 0.707
Heilongjiang 0.813 0.721 0.756 0.949
Shanghai 1.000 0.887 0.933 0.892
Jiangsu 0.950 0.842 0.873 1.000
Zhejiang 0.985 0.874 0.912 1.000
Anhui 0.902 0.800 0.842 0.791
Fujian 1.000 0.887 0.921 0.853
Jiangxi 0.873 0.774 0.824 0.987
Shandong 0.781 0.693 0.743 0.683
Henan 0.803 0.712 0.742 0.808
Hubei 0.855 0.758 0.802 0.840
Hunan 0.861 0.764 0.815 0.755
Guangdong 0.911 0.808 0.863 0.807
Guangxi 0.609 0.540 0.598 0.948
Hainan 0.831 0.737 0.778 1.000
Chonggqing 0.783 0.694 0.732 0.823
Sichuan 0.896 0.795 0.862 0.711
Guizhou 0.576 0.511 0.543 0.813
Yunnan 0.542 0.481 0.512 0.623
Shaanxi 0.813 0.721 0.721 0.810
Gansu 0.801 0.710 0.752 0.612
Qinghai 0.365 0.323 0.343 0.908
Ningxia 0.765 0.679 0.732 0.686
Xinjiang 0.639 0.566 0.601 0.809

5.5. Economic Implications

From the discussion above, it can be seen that the carbon emission efficiency values
under different uncertain parameters are different. Governments can formulate policies
according to their geographical location and economic development. With a high level of
economic development and a relatively high level of carbon emissions, the eastern region
can continue to develop its own advantages. In the information age, we will continue
to vigorously develop science and technology, closely follow national policies, provide
technical support to the central and western regions, and jointly improve carbon emission
efficiency. The northeast, central, and western regions have relatively low carbon emissions
due to geographical location, resource endowment, and other problems. They need to
develop the economy on the one hand and improve the level of science and technology on
the other hand, while adjusting the energy structure and industrial structure. To sum up,
each region in China can formulate appropriate economic policies related to double carbon
according to its own characteristics.

5.6. Policy Implications

To realize the commitment to the global “dual carbon” policy, achieve “high-quality”
economic development, and promote the improvement of the ecological environment,
several policy recommendations have been put forward.
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Pay attention to the coordinated development among regions and develop the econ-
omy according to local conditions. There are huge differences in regional economic
development in China, as well as in resource endowments, industrial advantages,
and economic development levels between different regions. The central, western,
and northeastern regions should focus on optimizing the energy structure, follow-
ing the requirements of industrial policies and dual control of energy consumption,
promoting the concentration of high-energy-consuming industries in areas with ad-
vantages in clean energy, and actively cultivating green development momentum.
Promote energy transition and promote green development. Energy is an important
material basis for economic and social development, and the most important source
of carbon emissions. Continue to reduce the proportion of fossil energy consumption,
vigorously develop clean energy, accelerate the construction of a clean, low-carbon,
safe and efficient modern energy system, comprehensively promote energy transfor-
mation, and take multiple measures to reduce carbon emissions.

Innovate green technology and vigorously develop science and technology. Innova-
tion is the first driving force for development. In the new era, energy science and
technology must closely follow the national strategic needs, be problem-oriented and
goal-oriented, target major frontier areas to speed up development, strengthen the
effective matching of systems and mechanisms, and promote the market-oriented
allocation of technical elements, thereby promoting the engine of energy science and
technology innovation-driven development.

Advocate for people to live a green and low-carbon lifestyle and reduce carbon emis-
sions. The sudden outbreak of the COVID-19 epidemic in 2020 reminds us that human
beings need a self-revolution, to accelerate the formation of green development meth-
ods and lifestyles, and build an ecological civilization and beautiful earth. The key to
the implementation of the “dual carbon” policy lies in the awakening and promotion
of public awareness. If more and more people can realize the importance of the
“dual carbon” policy, reduce or eliminate disposable tools use, and reduce the use
of fuel vehicles, etc., it will improve carbon emissions efficiency and promote green
economic development.

6. Conclusions

The traditional DEA model focuses on efficiency evaluation, which assumes that

the output data are deterministic. However, uncertainty about climate and government
economic policies is ignored. Therefore, first we used a robust optimization approach to
investigate the uncertainty of traditional DEA. Then, three different types of uncertainty
sets were considered, including the box set, ellipsoidal set, and polyhedral set. The model
proposed in this paper improves the conservatism of the model and reduces the risk impact
of climate and government economic policies. Finally, to verify the validity of the model in
this paper, we studied carbon emissions efficiency in China. Some interesting conclusions
are described as follows:

1.

The higher the level of uncertainty parameters, the less efficient the corresponding
robust DEA model is; in other words, more conservative models are more robust. This
trend can be reflected in the three robust models in this paper.

The values of the robust DEA model proposed in this paper are smaller than those
of the original DEA model. This shows that the model in this paper is more robust
and conservative. It can be seen that the traditional DEA model is too optimistic and
does not take into account the uncertainty caused by various risks. When the effect of
uncertain output variables is considered, the efficiency value of the proposed robust
model becomes smaller.

The carbon emissions efficiency values from the data-driven robust data envelopment
analysis are slightly higher than those from the robust optimization, which shows that
the data-driven robust DEA model retains the robustness of the model and overcomes
the over-conservatism of the robust optimization.
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In the future, the government should focus on coordinated regional development,
promote the transformation and upgrading of the energy structure, innovate in green
technology, and advocate for people to live a green and low-carbon lifestyle.
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Appendix A
Appendix A.1. Proof of Theorem 1

Proof of Theorem 1. The first constraint of Model (6) may be rewritten using the form of
the box set as:

s L s
0 — Y tryro— 3, Y r¥rorlr, V{E < Glleo < T (A1)
r=1 =1r=1
This is the same as:
min Z 2 Uryly & > 0 — 2 urYro, Y{G : [I¢lleo < T} (A2)
—YSOST 3,2

Obviously, the minimal value of Constraint (A2)’s left-hand side is:

L s
—TY Y wyr (A3)
I=1r=1
The explicit version of Model (6)’s initial constraint may then be produced.

0+71 2 Z wryt, — 2 UYro <0 (A4)

The same approach may be simply used to produce the explicit version of Model (6)’s
third constraint:

L s s m

Y. ) Plrysz + Y e — Y Vi <0 (A5)
I=1r=1 r=1 i=1

The proof is complete. [

Appendix A.2. Proof of Theorem 2

Proof of Theorem 2. The first constraint of Model (8) may be phrased using the ellipsoid
set form as:

s L s
0— Y uyro— Y Y uryrr, VG €2 < O} (A6)
r=1

I=1r=1



Sustainability 2022, 14, 13318

24 of 26

This is the same as:

min 2 Z oG > 60 — 2 wrYro, V{G 1 [I€]l2 < O} (A7)

I2ll2<0 137 /= r=

Taking the minimum of the left-hand side of Constraint (A7), we obtain the corre-
sponding inequality:

L s 2 s
9+QJ 2(2 Uryfol> - Zuryro <0 (A8)
r=1 r=1

=1

Simply repeat the technique for the third constraint of Model (8), and we obtain:

L 5 2 5 m
QJ Y (Z wi},) + Yy — Y vixy; <0,V (A9)
r=1 r=1 j

I=1 i=1

Finally, the RDEA based on the ellipsoid set may be produced.
The proof is complete. [

Appendix A.3. Proof of Theorem 3

Proof of Theorem 3. In general, the third constraint of Model (10) may be phrased
as follows:

s
max Y Y < 3o~ Y Y undy (a10)
=1r=1

I61h<T 15 ,=

We may deduce the explicit form of the dual cone from its properties:

L s m
Z Ipy+ Z HrYrj — Z x;jjv; <0, where pj; > uryfjl (Al11)
=1 r=1 i=1

Likewise, the precise version of Model (10)’s first constraint may be obtained:

L s
o+T Z Pol — Z uryro < 0, where py > ur]/fol (A12)
=1 r=1

The proof is complete. [

Appendix A.4. Proof of Theorem 4
Proof of Theorem 4. Let us take BRDEA as an example. The first constraint of Model 9 con-

L s
tains the uncertain variable Tand ) ). uryf ,; is greater than 0. Therefore, we can complete
I=1r=1
L s
this proof by considering only the first constraint of Model 9. As T increases, T ), 2 uyk
I=1r=

also increases, and the part of Z urYro becomes smaller to satisfy the constraint. That is,

=1
Model 9 will obtain a lower eff1c1ency and become more robust.
Similar conclusions can be obtained from other robust optimization models. [

Appendix A.5. Proof of Theorem 5
Proof of Theorem 5. Let us take BRDEA as an example. When the uncertain variables T

are added, the value of T Z 2 ur]/ ol is greater than 0, that is, the value of Z UrYro Must
I=1r=
be smaller to satisfy the constramts In other words, the efficiency value of Model 9 must

be smaller and a little more conservative than the original Model 2.
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Similar conclusions can be obtained from other robust optimization models. [

Appendix A.6. Proof of Section Box Uncertainty
Proof of Section 5.1. We simply acquire the largest value of (2)’s goal function:

max Z UrlYr = Z ur[fr +0(yy — 9r)] (A13)

yr€Z rels] rels|

It can then be translated into the corresponding form:

min — ) [0 + (Y7o — Yro)] (A14)

rels]

Likewise, the third inequality of (2) may be expressed as follows:

m
Yo wl oy — v < Y v, j=12,m (A15)
rels] i=1
O]
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