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ABSTRACT

As an essential infrastructure, the rural power grid is vital in promoting agricultural and rural carbon sequestration
and improving rural energy electrification. It is necessary to carry out in-depth research on its comprehensive
efficiency. Based on the requirements of “double carbon” and rural revitalization strategy for the rural Power Grid,
this paper focuses on the modernization and low-carbon transformation of the rural Power Grid. It constructs
an input-output index system for the investment efficiency of the rural Power Grid in China under the new
situation. It uses the primary data of the rural Power Grid of 30 prefecture-level cities in China from 2019 to
2021 to evaluate the investment efficiency of the rural Power Grid in China through a three-stage DEA model.
The empirical results show that: considering the regional differences, the comprehensive efficiency of the rural
Power Grid in backward areas is significantly improved; that is, the three-stage DEA method can more objectively
evaluate the comprehensive efficiency of the rural Power Grid. In the context of the continued promotion of the
rural revitalization strategy, to improve the comprehensive efficiency of the rural Power Grid, it is necessary to
improve the technical level of the rural Power Grid further and appropriately expand the scale of investment in the
rural Power Grid.
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1 Introduction

Climate change is currently a scientific and political issue of great global concern. Excessive
emissions of greenhouse gases have led to a growing greenhouse effect, which hurts the global climate,
and carbon dioxide is an essential part of greenhouse gases; reducing its emissions is considered the
most critical way to solve the climate problem, and how to reduce carbon emissions has become
a global issue. China is the most significant carbon emitter today, and the power industry is the
largest single industry in China in terms of total carbon emissions. There are still problems, such as
unreasonable energy consumption structure and low energy consumption levels in rural municipalities
in China. Agriculture is an important source of greenhouse gas emissions [1]; the Chinese government

https://www.techscience.com/journal/energy
https://www.techscience.com/
http://dx.doi.org/10.32604/ee.2023.029371
https://www.techscience.com/doi/10.32604/ee.2023.029371
mailto:yaomanyu1998@163.com


2212 EE, 2023, vol.120, no.10

attaches importance to the issue of carbon emissions and has introduced a series of policies to promote
carbon emission reduction in rural areas. In October 2021, the State Council issued the Notice on
the Action Plan for Carbon Peaking by 2030, proposing to strengthen the construction of rural
power grids, improve rural energy electrification, and promote agriculture. In February 2023, the
State Council promulgated the Opinions on the Key Efforts to Comprehensively Promote Rural
Revitalization in 2023, which promotes the consolidation and upgrading of rural power grids and the
development of rural renewable energy. Upgrading rural power grids can enhance the power supply
guarantee capacity in rural areas, improve the level of rural electrification and promote clean energy
development in rural areas. However, the efficiency of the rural network is affected by many factors,
which are difficult to measure scientifically, making it difficult to make accurate investment planning
based on the efficiency of the rural network. Therefore, in the context of “double carbon” and rural
revitalization, the investment efficiency of rural power grids, as an essential infrastructure, is receiving
increasing attention.

There have been abundant studies on the efficiency benefits of power grid projects. However, they
mainly focus on transmission and urban distribution grids [2–5], and there needs to be more literature
evaluating rural power grid efficiency. In terms of evaluation indexes, relevant studies analyze the
comprehensive efficiency benefits of power grids in terms of economic benefits, social benefits, and
operational efficiency. For example, the literature [6] combined the characteristics of power grid enter-
prises to build a comprehensive benefit evaluation system containing economic, environmental, social,
and technical safety benefits. Literature [7] constructed a new rural Power Grid investment evaluation
system from 4 dimensions: project effectiveness, management effectiveness, energy saving, emission
reduction, and value-added services. The literature [8] established a comprehensive evaluation index
system of distribution network effectiveness containing 35 indicators in six dimensions: reliability,
power quality, economy, environmental protection, interactivity, and technology. The literature [9]
proposed an evaluation index system of grid investment efficiency effectiveness containing incremental
inputs, stock inputs, and output efficiency benefits. The literature [10] constructed a new distribution
network investment efficiency evaluation index system based on the characteristics of distribution
network investment under a high proportion of renewable energy from three dimensions: power supply
guarantee capacity, total carrying capacity, and value creation capacity. The literature [11] considered
distributed power access and customer-side load and establishes a comprehensive evaluation system
for rural power grids containing 19 indicators in three dimensions: power, grid, and load. The literature
[12] combined the characteristics of current rural grid construction and renovation projects to establish
a rural grid characteristic index system containing 14 secondary indicators of rural grid economy,
attributes, and security. The literature [13] proposed a new rural grid evaluation system including power
supply capacity, operation effect, and investment effect.

In terms of evaluation methods, related scholars mainly use multi-attribute decision-making
[14,15], financial analysis [16], techno-economic analysis [17], and optimization theory [18,19] to study
the efficiency and effectiveness of power grid projects. Among them, multi-attribute decision-making
methods can reflect the efficiency level of power grid engineering more comprehensively and thus have
received attention from scholars, such as fuzzy comprehensive evaluation [20], object meta-topology
[21], TOPSIS [22], ELECTRE [23], MARCOS [24], MABAC [25], AHP [26] and VIKOR [27]. Multi-
attribute decision-making also has disadvantages: the index system mainly focuses on the project’s
output, such as economic and social output. Although some literature considers both input and
output indicators, it is not easy to make precise judgments on the efficiency of the project from the
perspective of input and output correlation and applying value engineering principles. In addition, data
envelopment analysis, first proposed by three operations researchers, Charnes, Cooper, and Rhodes,
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in 1978, has been widely used in recent years as a powerful tool for energy efficiency analysis and
has now become a well-established method for measuring the efficiency of grid engineering [28].
For example, literature [29] proposed a novel network DEA perspective cross-efficiency model by
considering the performance of generation and transmission systems, and literature [30] adopted an
efficiency evaluation method combining the multi-DEA model and Gini criterion to comprehensively
assess the reasonableness of operation and maintenance costs of local grid companies in 26 provinces,
municipalities and autonomous regions in China. The literature [31] established an incremental
distribution grid efficiency assessment model based on the entropy method and DEA. Previous
scholars have also conducted numerous studies on rural grid efficiency using DEA methods [32,33]; for
example, literature [34] used the DEA model, super-efficient DEA model, and dynamic DEA model
to comprehensively assess the investment efficiency of G rural grid from 2012–2014. The literature [35]
used two-stage data envelopment analysis (DEA) to calculate the efficiency assessment of county-level
rural grid data from 2006–2020.

However, although using the DEA method considers the inputs and outputs from the value
engineering perspective, it only sufficiently considers environmental factors other than engineering
inputs and outputs (e.g., external economic and social development level), which may lead to biased
efficiency assessment results. The above research provides some reference for evaluating rural power
grid investment efficiency from indicators and methods in this paper.

Overall, the main contribution of this paper is twofold. First, we consider the requirements of
modernization and decarbonization of rural agriculture for rural power grids in the context of “double
carbon” and rural revitalization and construct a set of indicators that can reflect the new connotation
of rural power grid investment efficiency. Secondly, considering the development differences between
different regions, we propose a three-stage DEA model-based assessment method for rural grid
investment efficiency and conduct an empirical analysis with the rural grid data of 30 prefecture-level
cities in China in the past three years.

The rest of this paper is organized as follows: Section 2 constructs an index system for evaluating
the grid investment efficiency of rural grids; Section 3 introduces a three-stage DEA-based model for
evaluating the investment efficiency of rural grids; Section 4 shows the results of the empirical analysis
and the applicability analysis of the model; Section 5 concludes the paper with corresponding policy
recommendations and subsequent outlook.

2 Rural Grid Input-Output Indicator Set

In order to achieve the “double carbon” target, by 2025, the proportion of non-fossil energy
consumption in China needs to reach about 20%. At the same time, in the context of the rural
revitalization strategy, promoting emission reduction and carbon sequestration in agriculture and
rural areas requires vigorously promoting the development and utilization of renewable energy in rural
areas and supporting the development of new modes and new business models of rural energy. The
realization of the above goals depends on a solid and intelligent rural power grid infrastructure, so it
is urgent and necessary to accelerate the rural power grid consolidation and upgrading project and
improve the efficiency of rural power grid investment.

Based on this, this paper takes the requirements of “double carbon” and rural revitalization
strategy for the rural Power Grid as the target orientation, focuses on the direction of modernization
and low carbon transformation of the rural Power Grid, and constructs an input-output index system
to reflect the investment efficiency of the rural Power Grid in China under the new situation, as shown
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in Table 1, which contains three input indicators, four output indicators, and three environmental
indicators.

Table 1: Rural grid efficiency assessment index system

Classification Variable name Interpretation/calculation formula

Input indicators Annual investment O&M fee C1 The annual cost required for
operation and maintenance of rural
Power Grid investment, million
RMB

Transformer capacity C2 The rated output power of the
transformer, MW

Length of rural power grid lines C3 Length of new rural Power Grid
lines, km

Output indicators Rural power grid power supply
reliability rate C4

(Time of statistical period−average
time of power outage for rural
Power Grid users−average time of
power limitation for rural Power
Grid users)/time of statistical period
∗ 100%, %

Rural electrification rate C5 The level of rural electrification is
the extent of using electricity in
rural production and life, %

The annual increase of power supply
per unit investment C6

Increase in electricity transmission
by unit investment amount, MWh

Clean energy penetration rate C7 Share of clean energy generation in
total power generation, %

External
environment
indicators

Per capita disposable income of
rural residents C8

Income received by rural residents
after primary distribution and
redistribution, RMB/person

GDP of agriculture, forestry, animal
husbandry, and fishery C9

The total output value of
agriculture, forestry, animal
husbandry, and fishery, billion yuan

Per capita consumption expenditure
of rural residents C10

Total consumption of rural
residents/average rural population,
RMB/person

(1) Input indicators. Scholars have conducted many studies on the input indicators of rural power
grids and believe that the investment amount of the rural Power Grid reflects the scale condition of
the local rural grid. The leading equipment of rural distribution network operations is transformers
and lines [34]. Therefore, this paper, drawing on the previous research results [30,35], uses annual
investment operation and maintenance fee, line length, and transformer capacity as input variables
to reflect the scale of the rural grid.
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(2) Output indicators. Rural power grids are of great significance to rural economic and social
development, such as the rural wells electricity project and household electricity project, which have
significant social benefits, so the output indicators need to take into account the social benefits based
on the economic benefits of rural Power Grid projects [7]. The rural revitalization strategy puts forward
many requirements for the rural Power Grid, such as ensuring the production and living of rural
residents with electricity, improving the level of rural infrastructure, promoting the development of
rural industrialization, and promoting the transformation of rural energy. The selection of output
indicators has been extensively studied by relevant scholars [11,36]. Therefore, this paper selects the
Reliability rate of rural Power Grid power supply, rural electrification rate, the annual increase in power
supply per unit investment, and clean energy penetration rate as output variables.

(3) External environmental indicators. The per capita disposable income of rural residents refers
to the part of the total cash income of rural households that can be used to arrange the household’s
daily life. The per capita consumption expenditure of rural residents refers to the total expenditure
of rural residents to meet the daily consumption of the household, both of which can reflect the
economic development momentum of rural areas [37]; the gross value of agriculture, forestry, animal
husbandry, and fishery is one of the leading indicators of the agricultural statistical system, which from
the value perspective It reflects the full scale and level of agricultural production. Its composition
reflects the distribution characteristics of the agricultural industry structure. Therefore, this paper
selects three factors, including per capita disposable income of rural residents, gross agricultural,
forestry, animal husbandry, and fishery products, and per capita consumption expenditure of rural
residents, as environmental variables.

3 A Three-Stage DEA-Based Rural Grid Efficiency Assessment Model

Data Envelopment Analysis (DEA) is a multidimensional assessment method that incorporates
multiple input and output indicators and can utilize linear programming techniques to handle multiple
input and output variables simultaneously without needing a cost function. This feature makes it a
suitable tool for assessing the relative efficiency of projects [38,39]. Compared with other algorithms,
DEA has the following applicability in rural grid efficiency assessment: first, it does not need to make
weight assumptions when studying the production function theory of multiple inputs and outputs, and
it does not need to determine the explicit function relationship between inputs and outputs in advance,
which significantly improves the objectivity of rural grid efficiency assessment results; second, the
optimal benefit value of DMU is independent of the selection of the magnitudes of input and output
index values, which can Third, DEA cannot only realize quantitative assessment but also give the
specific difference amount of each index, which can help guide the rural grid in each region to realize
the improvement of grid investment efficiency value by adjusting the number of inputs or outputs.
Moreover, three-stage DEA can eliminate the influence of external environmental factors and random
disturbances on rural grid efficiency measurement on this basis and reflect the investment efficiency
situation of the rural grid in each city more reasonably.
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The specific process is as follows:

(1) Phase I: Traditional DEA model

In this paper, according to the research problem, an input-oriented variable payoff of scale model
(DEA-BCC) is used to evaluate the integrated efficiency of rural power grids. The specific BCC model
is as follows:
Min [θ − ε(eTS− + eTS+)]

s.t.
n∑

j=1

λjyj − S+ = yo

n∑
j=1

λjχj + S− = θxo

n∑
j=1

λj = 1, λj ≥ 0

j = 1, 2, . . . , n, θ

(1)

where, θ is the efficiency value of the rural grid in the jth sample area, ε is a non-Archimedean
infinitesimal, often taken as infinitesimal in engineering applications, e.g., 10−6; eT is a unit row vector,
n is the number of decision variables, χj is the input variable, yj is the output variable, λj is the weight
vector of input and output indicators, S− and S+ are slack variables for input redundancy and output
deficiency, respectively.

(2) Second stage: stochastic frontier model SFA

With the help of the SFA model to eliminate the influence of random errors and environmental
factors on efficiency estimation, the adjusted optimal input values are finally derived, and the specific
SFA regression model is shown as follows:

Sin = f (Zi; βn) + ψ (2)

ψ = vni + uni (3)

where, Zi is the environmental variable; βn is the coefficient of the environmental variable; uni is the
management inefficiency, u ∼ N+ (

0, σ 2
u

)
; vni is the random disturbance term, v ∼ N

(
0, σ 2

v

)
.

The results obtained from the regression model, in order to adjust the inputs of each decision unit,
corresponding to the following formula:

X A
ni = Xni + [max(f (Zi + βn) − f (Zi + βn)] + [max (vni) − vni]

i = 1, 2, . . . , I ; n = 1, 2, . . . , N (4)

where, Xni is the initial input; X A
ni is the adjusted input; max(f (Zi + βn) − f (Zi + βn) is adjusted for

environmental factors; max (vni)−vni is to place all decision units at the same probability level; referring
to the separation method of Jondrow et al. [40], the estimates can be derived.

E
[

vni

vni + uni

]
= Sni − f (Zi; βn) − E

[
uni

vni + uni

]

i = 1, 2, . . . , I ; n = 1, 2, . . . , N
(5)
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By excluding the effects of random errors and environmental factors on the efficiency estimation
of the decision unit, the rural grids in the sample areas are all placed in the same external environment
to obtain the input redundancy caused by management inefficiency only.

(3) Stage 3: Adjusted DEA model with inputs

The DEA-BCC model is used to calculate the comprehensive efficiency of the rural power grid in
the sample area again, with the new input variable adjusted by the SFA model in the second stage and
the original output variable, to obtain an accurate and objective value of rural power grid investment
efficiency.

In summary, the process of using a three-stage DEA to carry out a comprehensive rural grid
efficiency assessment is shown in Fig. 1.

Figure 1: Integrated rural grid efficiency assessment process

4 Empirical Analysis and Discussion
4.1 Analysis of Empirical Objects

Considering the availability of raw data, this paper compiles raw input, output, and external
environment variable data for rural power grids in 30 prefecture-level cities in China from 2019 to
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2021. The external environment data of each decision unit are shown in the Appendix A. Referring
to the World Bank’s definition of developed and developing countries, this paper divides the decision
units into two categories, developed and developing regions, by whether the GDP per capita of the
region reaches the average level, as shown in Table 2. The descriptive statistics of the input-output
variable data are shown in Table 3.

Table 2: Classification of the development level of the decision-making unit

Development level DMU

Developed regions 2, 13, 14, 15, 16, 19, 20, 22, 24, 25, 26, 27, 30
Developing regions 1, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 17, 18, 21, 23, 28, 29

Table 3: Descriptive statistics of input-output variables

Index Average value Standard deviation Maximum Minimum N

C1 6069.79 130.52 6375.55 5848.60 90
C2 267.93 82.39 490.59 126.59 90
C3 952.15 83.61 1181.58 739.51 90
C4 0.9883 0.50 0.9986 0.9810 90
C5 0.18 0.01 0.1802 0.1787 90
C6 0.12 0.16 0.77 0.05 90
C7 0.919 0.75 0.1088 0.728 90
C8 18838.94 151.82 19129.00 18573.00 90
C9 262.32 50.03 394.50 133.84 90
C10 7227.44 167.27 7532.00 6953.00 90

4.2 Stage 1
Use DEAP2.1 software to calculate the investment efficiency of the rural power grid and DEA

calculations for the first stage of 30 DMUs, as shown in Table 4.

Table 4: First stage DEA efficiency

DMU 2019 2020 2021

TE PTE SE TE PTE SE TE PTE SE

1 0.781 1 0.781 1 1 1 0.758 0.783 0.969
2 0.913 0.951 0.959 1 1 1 0.89 0.89 1
3 0.828 0.828 1 0.792 1 0.792 0.718 0.793 0.906
4 0.726 1 0.726 1 1 1 1 1 1
5 0.886 1 0.886 0.649 1 0.649 1 1 1
6 0.7 1 0.7 0.681 0.727 0.936 0.781 1 0.781

(Continued)
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Table 4 (continued)

DMU 2019 2020 2021

TE PTE SE TE PTE SE TE PTE SE

7 0.655 1 0.655 1 1 1 1 1 1
8 0.949 1 0.949 0.953 1 0.953 1 1 1
9 0.649 1 0.649 0.8 1 0.8 0.825 0.931 0.886
10 1 1 1 1 1 1 0.935 1 0.935
11 0.805 1 0.805 0.634 1 0.634 0.844 1 0.844
12 0.999 1 0.999 0.609 1 0.609 0.677 0.687 0.985
13 1 1 1 1 1 1 1 1 1
14 0.974 1 0.974 0.897 1 0.897 0.798 1 0.798
15 1 1 1 1 1 1 1 1 1
16 0.915 1 0.915 1 1 1 1 1 1
17 0.621 0.635 0.977 0.528 0.565 0.933 0.847 0.889 0.953
18 1 1 1 0.865 0.901 0.96 0.898 0.979 0.917
19 0.98 1 0.98 1 1 1 1 1 1
20 0.77 0.771 0.998 0.842 0.848 0.992 0.832 0.836 0.995
21 0.65 0.684 0.95 1 1 1 1 1 1
22 0.794 0.877 0.905 0.985 0.987 0.998 1 1 1
23 0.887 0.892 0.995 0.825 0.826 0.998 0.595 0.673 0.885
24 0.973 0.977 0.997 1 1 1 1 1 1
25 1 1 1 1 1 1 1 1 1
26 0.879 0.879 0.999 1 1 1 1 1 1
27 0.728 0.734 0.993 0.866 1 0.866 0.954 1 0.954
28 0.622 0.716 0.869 0.757 1 0.757 0.666 0.67 0.995
29 1 1 1 1 1 1 0.928 1 0.928
30 1 1 1 0.973 0.979 0.994 1 1 1
Mean 0.856 0.931 0.922 0.889 0.961 0.926 0.898 0.938 0.958

The first stage of DEA results preliminarily shows the investment efficiency of rural power grids
in 30 prefecture-level cities from 2019 to 2021. Without stripping off the influence of environmental
factors and random disturbances, the average investment efficiency of rural power grids in these three
years is 0.856, 0.889, and 0.898, respectively, indicating that under the existing investment conditions,
the investment efficiency of rural power grids still has some room for improvement.

Through the effectiveness of DEA, 7, 14, and 14 municipalities remained on the efficiency frontier
surface in 2019–2021. Three municipalities are on the efficiency frontier surface in all three years,
namely DMU13, DMU15, and DMU25, and the investment efficiency of rural grids in these three
municipalities has been on the frontier surface with the best efficiency in all aspects; the pure technical
efficiency of rural grids in some municipalities is 1. For example, the pure technical efficiency of
DMU11 is 1 for three consecutive years, but its scale efficiency is lower than the overall average level,
resulting in its inability to be at the frontier of production; in some developing regions represented by
DMU17, its rural grid investment efficiency, and pure technical efficiency are lower than the sample
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regions, indicating that the efficiency of all aspects of the rural grid in these regions still needs to be
improved.

In general, the investment efficiency of Rural Grid is improving. However, this measurement
does not exclude the influence of environmental and stochastic perturbations. It needs to accurately
show the investment efficiency of the Rural Grid in each municipality, so further adjustment and
measurement are needed.

4.3 Stage 2
The input slack variables (explanatory variables) isolated in the previous stage are regressed using

a stochastic frontier (SFA) model, in which the slack variables include three input variables selected
in this paper, such as annual investment operation and maintenance fees, transformer capacity and
line length and three external environmental variables, such as per capita disposable income of rural
residents, the gross output value of agriculture, forestry, animal husbandry, and fishery, and per capita
consumption expenditure of rural residents in the selected localities, are used as explanatory variables.
The specific SFA regression results are shown in Table 5.

Table 5: Second-stage SFA regression results

Relaxation
variables

Constants Rural
residents
disposable
income

Agriculture,
forestry, and
fishery GDP

Consumption
expenditure of
rural residents

σ 2 γ LR test

Annual
investment
in O&M

−463.31 −0.12 0.13 0.04 1719738.57 1.00 15.44∗

Transformer
capacity

−17.21 −0.05 −0.02 0.03 97422.90 1.00 17.12∗

Line length −35.49 −0.02 −0.09 0.02 90144.31 1.00 20.67∗
Note: ∗ represents significance at the 1% level.

As shown in Table 4, the one-sided tests of the SFA model corresponding to the three input
slack variables all pass the 1% significance test, indicating that the SFA regression is valid and the
regression model is correctly defined. The value for all input variables is 1, which further indicates that
management inefficiency is the main factor causing the investment inefficiency of the decision unit.
The coefficients of each input variable are significant at the 1% level, indicating that the environmental
variables significantly affect the overall efficiency of the rural grid in the sample municipalities.

Due to the differences in the coefficients of the slack variables for each year, the analysis is
conducted here with 2019 as an example. From the analysis of the regression results, it can be seen that:
the impact of rural residents’ per capita disposable income on the slack variables of annual investment
operation and maintenance fee and line length is significantly both negative, indicating that the per
capita disposable income of rural residents is conducive to the optimization of resource allocation in
the rural grid and the improvement of the comprehensive efficiency of the rural Power Grid; the impact
of rural residents’ per capita consumption expenditure on the slack variables of annual investment
operation and maintenance fee and line length is significantly positive, indicating that the per capita
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consumption expenditure of rural residents increases will lead to redundancy of rural grid inputs with
a low degree of impact.

4.4 Stage 3
Eliminating the effects of environmental factors and random disturbances on the efficiency

measurement of rural grids, adjusting the original input variables, and then using the DEA model
for efficiency assessment can more reasonably reflect the investment efficiency of rural grids, and the
results are shown in Table 6.

Table 6: Stage 3 DEA efficiency

DMU 2019 2020 2021

TE PTE SE TE PTE SE TE PTE SE

1 0.956 1 0.956 1 1 1 0.764 0.803 0.952
2 0.892 0.932 0.957 1 1 1 1 1 1
3 0.857 0.857 1 0.796 1 0.796 0.748 0.815 0.918
4 0.797 1 0.797 1 1 1 1 1 1
5 0.919 0.983 0.935 0.661 1 0.661 1 1 1
6 0.874 1 0.874 0.750024 0.792 0.947 1 1 1
7 0.832 1 0.832 1 1 1 1 1 1
8 1 1 1 1 1 1 1 1 1
9 0.735 1 0.735 0.823 1 0.823 0.837 0.959 0.873
10 1 1 1 1 1 1 1 1 1
11 0.863 1 0.863 0.688 1 0.688 0.856 1 0.856
12 1 1 1 0.629 1 0.629 0.675 0.692 0.976
13 1 1 1 1 1 1 1 1 1
14 1 1 1 0.923 1 0.923 0.822 1 0.822
15 0.905 0.948 0.955 1 1 1 1 1 1
16 1 1 1 1 1 1 0.968 1 0.968
17 0.847 0.847 1 0.570288 0.654 0.872 0.841 0.896 0.939
18 1 1 1 0.865758 0.939 0.922 1 1 1
19 1 1 1 1 1 1 1 1 1
20 0.644 0.654 0.984 0.865 0.865 1 0.834 0.834 1
21 0.754 0.754 1 1 1 1 1 1 1
22 0.736 0.845 0.871 0.949 0.949 1 1 1 1
23 0.908 0.913 0.995 1 1 1 0.593 0.683 0.868
24 0.981 0.986 0.995 1 1 1 1 1 1
25 1 1 1 1 1 1 1 1 1
26 1 1 1 1 1 1 1 1 1
27 0.764 0.764 1 1 1 1 0.963 1 0.963
28 0.859 0.859 1 0.788 1 0.788 0.685 0.689 0.994
29 1 1 1 1 1 1 1 1 1
30 1 1 1 0.917 0.917 1 1 1 1
Mean 0.904 0.947 0.952 0.908 0.971 0.935 0.920 0.946 0.971
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The analysis results comparing the first and third stages are shown in Table 7. It is found that
after excluding the influence of external environmental factors and random disturbance terms, the
investment efficiency of rural power grids in each city improved between 2019 and 2021, and the
mean value of investment efficiency increased from 0.856, 0.889, and 0.898 to 0.904, 0.908, and
0.920 respectively in these three years; the standard deviation of investment efficiency in each year
increases from 0.134, 0.143, and 0.121 to 0.102, 0.13, and 0.12, respectively, i.e., after the third stage of
adjustment, the comprehensive efficiency of rural Power Grid investment improves, and the difference
decreases. 12, 17, and 18 municipalities remain at the forefront of efficiency in 2019–2021, respectively,
and the investment efficiency values in most regions improve significantly compared with the first
stage. The adjusted mean values of pure technical efficiency of the rural grid are at [0.945, 0.971],
and the mean values of scale efficiency are at [0.935, 0.971], and both of their efficiency means have
increased. The results indicate that the traditional DEA model needs to accurately show the investment
efficiency of the rural grid in each municipality. Its calculation underestimates the investment efficiency
of rural grids without considering environmental factors and random disturbances.

Table 7: First and third-stage comparative analysis results

Year Contrast items Stage 1 Stage 3

2019 Mean value of integrated efficiency 0.856 0.904
Integrated efficiency standard deviation 0.134 0.102
Number of DMUs on the frontier surface 7 12

2020 Mean value of integrated efficiency 0.889 0.908
Integrated efficiency standard deviation 0.143 0.13
Number of DMUs on the frontier surface 14 17

2021 Mean value of integrated efficiency 0.898 0.92
Integrated efficiency standard deviation 0.121 0.12
Number of DMUs on the frontier surface 14 18

Since the changes in efficiency values are more evident in 2019, the year 2019 is used as an example
here for specific analysis. Analysis of Table 6 shows that: in the first stage of assessment, the efficiency
values of rural grids in developing regions such as DMU8 and DMU12 are underestimated, and
they all reach the frontier level after excluding the development differences between municipalities;
on the contrary, DMU15 in developed cities does not reach the frontier level in the third stage, and
the technical efficiency of DMU2 and DMU20 in developed cities is overestimated in the first stage,
indicating that the three-stage DEA can take into account to the development differences between
local cities, thus deriving a more realistic investment efficiency. In the third stage, the pure technical
efficiency value of six municipalities, such as DMU1 and DMU4 is 1. The reason for not reaching the
comprehensive efficiency frontier is the low scale efficiency, among which the scale efficiency value of
DMU9 is 0.793, and the scale efficiency can be improved by increasing the investment amount and
strengthening infrastructure construction; in addition, the scale efficiency values of two municipalities
such as DMU3 and DMU21 are 1, and these municipalities The main reason why these municipalities
are not at the forefront of investment efficiency is their low pure technical efficiency, which indicates
that the technology and management level of the local rural grid is low. Investing in the rural grid can
be made efficient by upgrading technology and improving management.
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The mean values of the third-stage efficiency results from 2019–2021 are shown in Fig. 2. From
the time dimension, the average comprehensive efficiency value increases from 0.904 to 0.920, showing
an upward trend. The analysis of the reasons shows that the government attaches importance to
developing rural power grids, continuously increases the financial investment in rural power grids,
and promotes the construction of rural power grid infrastructure, and the construction of rural power
grids has achieved positive results. The average pure technical efficiency rises and then falls, and is at
the maximum value of 0.971 in 2020, and then falls to 0.945; while the average scale efficiency falls
and then rises, and is 0.935 in 2020, and then rises to the maximum value of 0.971. The reason for
this is that in 2020, the investment in the rural grid focused on upgrading the internal technology and
improving the management level, neglecting the development of the rural grid construction scale; in
2021, on the contrary, it paid attention to the improvement of rural grid construction scale, but neglects
the simultaneous improvement of technical management level. The infrastructure construction and
technical management level of the rural grid needs to be upgraded simultaneously to improve the
overall efficiency of the rural grid effectively.

Figure 2: Histogram of average efficiency results for phase 3, 2019–2021

In summary, the average value of comprehensive efficiency in 2021 is 0.920. Only 8% of the inputs
have yet to produce benefits. However, in the three years 2019–2021, there are Seven municipalities
with a comprehensive efficiency of 1, accounting for about 13% of the presidential measurement; that
is, the overall comprehensive efficiency of the selected decision-making unit has not reached DEA
effective, and if we want to achieve high efficiency and high quality in Rural power grid investment,
we should improve the technology and management level the same time appropriately expand the scale
of investment.

4.5 Model Adaptability Analysis
In order to verify the applicability of the three-stage DEA method in rural power grid efficiency

evaluation, this paper makes Spearman and Pearson correlation calculation and ttest on the efficiency
terms obtained from the first and third-stage DEA models, and the results are shown in Table 8.

Analysis of Table 8 reveals that: according to Spearman and Pearson correlation coefficient
analysis, it can be seen that the three-stage DEA model is derived from the traditional DEA model,
and the two are highly correlated; according to the t-test results, the differences between rural grid
investment efficiency, pure technical efficiency, and scale efficiency are significant, indicating that after
considering the development differences between municipalities, the data of the third stage and the first
stage are still independent, reflecting This shows that the data of the third stage are still independent
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of the first stage after considering the development differences among municipalities, which reflects
the effectiveness of the three-stage DEA model.

Table 8: Adaptation analysis results

Year Efficiency items Comprehensive
efficiency

Pure technical
efficiency

Scale efficiency

2019 Spearman correlation coefficient 0.934 0.956 0.934
Pearson correlation coefficient 0.942 0.975 0.942
t-p value 0.000 0.000 0.000

2020 Spearman correlation coefficient 0.982 0.999 0.982
Pearson correlation coefficient 0.998 0.999 0.998
t-p value 0.000 0.000 0.000

2021 Spearman correlation coefficient 0.975 0.999 0.975
Pearson correlation coefficient 0.963 0.998 0.963
t-p value 0.000 0.000 0.000

In summary, compared with the traditional DEA model, the three-stage DEA model can fully
consider the influence of external environmental factors and has better applicability and validity for
assessing the investment efficiency of rural power grids. The assessment results are more objective and
accurate.

5 Conclusions and Policy Suggestions

The rural power grid renovation and upgrading projects are essential for people’s livelihood, which
is of great significance for China to continuously promote the rural revitalization strategy and build a
new rural power grid to meet the “double carbon goal”. In this context, as an essential infrastructure,
conducting an in-depth study on the investment efficiency of rural power grids is especially necessary.
Based on the requirements of “double carbon” and rural revitalization strategy for rural power grids,
this paper constructs an input-output index system for the investment efficiency of rural power grids
in China under the new situation. It measures the investment efficiency of rural power grids in 30
prefecture-level cities in China from 2019 to 2021 through a three-stage DEA model.

The research results show that (1) after the third stage of adjustment, the comprehensive invest-
ment efficiency of the rural power grid is improved. The difference is reduced, the number of
municipalities in the efficiency frontier surface has increased, and the investment efficiency value in
most areas is significantly improved compared with the first stage, that is, based on the input-output
index system constructed in this paper to reflect the investment efficiency of China’s rural power
grid under the new situation, the three-stage DEA method can be used to evaluate rural power grid
investment efficiency more objectively. In the context of continuous promotion of rural revitalization
strategy, to improve rural power grid investment efficiency, the technical level of the rural power grid
should be further improved, and the investment scale of the rural power grid should be appropriately
expanded. (2) Under the government’s policy measures to promote rural revitalization, the overall
investment efficiency of China’s rural power grid has been improved, and the construction of the rural
power grid has achieved positive results. The correlation coefficient analysis and t-test results show that
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the three-stage DEA model and the traditional DEA model are highly correlated and independent
of each other. The three-stage DEA model has better applicability and validity for assessing the
investment efficiency of rural power grids, and the assessment results are more objective and accurate.
(3) Increasing the per capita disposable income of rural residents is conducive to optimizing the
allocation of rural power grid resources and promoting the comprehensive efficiency of the rural power
grid; the improvement of the development level of agriculture, forestry, animal husbandry, and fishery
helps optimize the efficiency of rural power grid operation and equipment use.

Based on the above conclusions, combined with the characteristics of China’s rural power
grid and the problems generally faced by power grid enterprises, we propose the following policy
recommendations to improve the efficiency of investment in agricultural power grids:

(1) Increase the investment in the rural power grid. In recent years, the construction and renovation
of rural power grids in China have achieved significant results, with continuous improvement in power
supply reliability and significant enhancement of grid structure. However, rural power grids still need
more power supply capacity, poor power supply quality, reliability, and other problems compared to
urban distribution networks. Therefore, the government must increase the financial investment and
policy support for rural power grids, solve some of the weaknesses of rural power grids, appropriately
expand the scale of rural power grids, and improve the level of technology and intelligence of rural
power grids, to effectively improve the reliability, adaptability, and economy of rural power grids and
provide strong support for the “rural revitalization strategy”.

(2) Establish a long-term mechanism for rural grid development. Because of the high investment
demand and low income of rural power grid, the high cost of power grid renovation seriously restricts
the development of power grid enterprises, so it is necessary to continue to play the role of the main
channel of national investment and establish and improve the sustainable development mechanism of
the rural power grid by the state. On the one hand, financial investment, loans, taxation, and other
aspects increase the policy support for rural grid development; on the other hand, a timely introduction
of a new electricity price policy should ease the contradiction of rural grid renovation and upgrading
project investment repayment.

(3) The implementation of rural power grid differentiated development. Considering the regional
differences and development characteristics of rural areas, rural power grids’ construction and
transformation requirements are different. For the rural grid infrastructure in relatively backward
areas to build a safe and reliable modern rural grid, the investment direction is to improve the network
structure, enhance the power supply guarantee capacity, and improve the level of power supply services;
for the rural grid infrastructure is better areas to build a green low-carbon modern rural grid, the
investment direction is to improve the level of grid intelligence, improve the power supply service
capacity, improve the level of electrification, promote clean The investment direction is to improve
the intelligence level of the power grid, improve the power supply service capacity, enhance the
electrification level and promote clean energy consumption.

Although the model in this paper is applicable for assessing the investment efficiency of rural
power grids, it still has some limitations. In the future, we can further consider regional differences
and select environmental variables more scientifically and reasonably to improve the reliability of the
conclusions. At the same time, the traditional DEA can be extended by considering the uncertainty
factors in the assessment of investment efficiency of rural Power Grid to improve the generalizability
and robustness of the model.
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Appendix A: External environment data from 2019 to 2021

2019

DMU Per capita disposable
income of rural
residents

GDP of agriculture,
forestry, animal
husbandry, and fishery

Per capita consumption
expenditure of rural
residents

1 14767 343.53 9484
2 17866 321.01 11352
3 14482 313.40 11078
4 16510 97.85 12098
5 16145 90.79 12171
6 13346 406.46 9479
7 14975 454.68 11413
8 17993 97.01 12704
9 10782 545.80 9127
10 18012 95.25 12622
11 13820 382.80 10455
12 13193 290.26 9709

(Continued)
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Appendix A (continued)

13 21652 156.13 15105
14 27478 223.73 19568
15 33193 466.1 24203
16 33633 473.81 21248
17 13637 266.08 10745
18 13298 171.34 7699
19 34279 195.49 21708
20 31767 216.42 20718
DMU Per capita disposable

income of rural
residents

GDP of agriculture,
forestry, animal
husbandry, and fishery

Per capita consumption
expenditure of rural
residents

21 12745 108.26 7845
22 20389 474.82 16245
23 12756 384.31 8567
24 15144 348.28 11847
25 14886 103.50 11479
26 15773 102.38 12858
27 14831 122.32 11580
28 11487 99.11 82859
29 11941 499.69 6845
30 15400 134.91 12958

2020

1 16081 371.11 10879
2 19498 360.53 13088
3 15772 351.60 12446
4 17985 105.17 14010
5 17668 104.83 13948
6 14670 440.28 11043
7 16362 505.93 13114
8 19481 108.81 14464
9 11941 608.06 12079
10 19536 108.99 14291
11 15227 415.99 12079
12 14473 329.35 11134
13 23536 148.18 16864
14 30211 239.61 21301
15 36255 501.15 26296
16 36632 507.05 22797
17 14973 269.72 11889
18 14587 181.43 10138
19 37413 201.71 23824
20 34803 226.63 22613

(Continued)
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Appendix A (continued)

21 14052 120.34 10245
22 22462 494.50 18567
23 14102 429.65 11567
24 16666 388.86 12234
25 16116 117.58 12378
26 17023 113.82 14827
27 16070 137.04 12672
28 12693 110.59 9367
DMU Per capita disposable

income of rural
residents

GDP of agriculture,
forestry, animal
husbandry, and fishery

Per capita consumption
expenditure of rural
residents

29 13213 555.06 10876
30 16601 150.51 13455

2021

1 17385 343.53 11860
2 20921 321.01 14323
3 17051 313.40 13642
4 19297 97.86 14952
5 18873 90.79 14951
6 15888 406.46 11993
7 17588 454.68 14190
8 20747 97.01 15546
9 13036 545.80 11676
10 20831 95.25 15233
11 16491 382.80 13249
12 15370 375.51 11579
13 24783 164.71 17518
14 32428 254.06 21544
15 38700 500.65 25664
16 39132 534.08 23481
17 15902 279.95 12110
18 15550 213.11 11598
19 39801 211.46 24482
20 37244 238.94 22984
21 15218 133.84 12645
22 24282 524.56 20345
23 15293 472.43 12534
24 18016 427.03 15234
25 17405 126.35 14789
26 18389 119.35 15251
27 17316 146.51 13589
28 13804 126.61 10474

(Continued)
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Appendix A (continued)

29 14369 607.01 10245
30 17905 164.49 13472
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