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INTRODUCTION

Power grid investment is a crucial part of power grid operation and management, which has the
characteristics of a high investment amount and a long payback period (Li et al., 2021). Under the
intricate internal and external investment environment, investment efficiency becomes the key
orientation and basic criterion for power grid investment decision-making. However, the investment
profit is gradually declining under the massive power grid investment demand and scale (Lv and
Yang, 2020; Sha et al., 2021). And, the operation pressure on the power grid is increasingly severe.
Therefore, the improvement of investment efficiency has become the focus of power grid planning.

With the acceleration of global energy transition, renewable energy is an extremely crucial stage in
the energy development process. Considering the long-distance electricity interconnection of
centralized generation, distributed renewable energy generation, which reduces the transmission
line construction costs, decreases carbon dioxide emissions, and enhances the benefits to society, has
become the focus of modern power systems (Olujobi, 2020; Wu et al., 2021). However, the inherent
intermittency and volatility of renewable energy increase the uncontrollability of the power grid,
which can affect the safety and stability of the power system and improve the system maintenance
costs. In addition, the investment costs increase due to the massive renewable energy equipment
(Olujobi, 2020; Zhong et al., 2020; Zhang et al., 2022). Consequently, considering the uncertainty of
the benefits brought about by the grid connection of distributed renewable energy sources, it is
extremely vital to construct a scientific evaluation model for the investment efficiency of the
distribution network, which improves the quality of power grid investment.

THE EVALUATION INDICATOR SYSTEMOF INVESTMENT BENEFIT

Accurately evaluating the changes in the investment benefit of the power grid after the integration of
distributed renewable energy is the basis for calculating investment efficiency. The traditional
investment benefit refers to the achievement of investment activities, that is, the economic benefit
obtained through investment (Wang et al., 2019; Erdiwansyah et al., 2021; Wu et al., 2021). Based on
the clean, low-carbon, and sustainable characteristics of renewable energy, investing in it will
produce not only economic benefits but also environmental and social benefits. The social benefits of
investment refer to the impact of the construction and operation of investment projects on social
development, employment, and technological innovation, which have a positive effect on improving
the social image of the power grid. The environmental benefits of investment refer to the
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improvement of resources and ecology through the construction
and operation of investment projects (Lv and Yang, 2020; Wang,
2020; Padhy and Panda, 2021).

To comprehensively evaluate the changes of the benefits
brought about by the grid connection of distributed renewable
energy sources, an investment benefit evaluation indicator
system including economic benefits, environmental benefits,
and social benefits is established in this paper. Due to the
cheap price of renewable energy electricity, electricity
consumption is increased. Furthermore, the line
construction costs are reduced due to the characteristic of
nearby users. Thus, the economic benefits are reflected by net
present value (NPV), internal rate of return (IRR), new
electricity sold per unit investment, and savings in line
construction costs. The damage to the environment is
greatly reduced by using clean energy. Therefore, the
environmental benefits are reflected by pollutant emission
reductions, renewable energy generation quantity, standard
coal savings, and renewable energy substitution rates. The
social benefits are reflected by the amount of land saved, the
employment improvement rate, the service satisfaction rate,
the average household income, the load increments of unit
assets, and the reduction rate of power outage time. Based on
the above analysis, a comprehensive evaluation indicator
system of investment benefit is formed.

THE HYPERPLANE-
PROJECTION-TRANSFORMATION-BASED
EVALUATION METHOD
A combination weight calculation method based on the analytic
network process and dynamic gray relational analysis is proposed
in this paper. The subjective weight is obtained by establishing the
network relationship model and constructing the super-matrix.
The objective weight is calculated by determining the resolution
coefficient under different smoothnesses of sequence. The
combination weight is calculated based on the maximum
entropy principle. The Technique for Order Preference by
Similarity to an Ideal Solution is the most widespread
evaluation method but comes with a serious drawback, that is,
the balance between investment benefits cannot be identified
(Alhabo and Zhang, 2018; Li and Zhao, 2020). Therefore, the
investment evaluation method based on the hyperplane
projection transformation is used to consider the quality and
balance of investment in this paper. The origin is transformed
into a global optimal solution by the normalization method. The
investment benefit dbenefit is expressed as the distance from the
origin to the project point. The equilibrium of the benefits dbalance
is expressed as the distance that is projected on the hyperplane.
The distance weight is determined based on investment
preferences. The final comprehensive distance dfinally is
calculated by the normalized investment benefit d

benefit

′ and the

normalized benefit equilibrium d
balance

′ (Chen et al., 2020; Zhou

et al., 2020).

INVESTMENT EFFICIENCY EVALUATION
MODEL BASED ON DATA ENVELOPMENT
ANALYSIS
Data envelopment analysis (DEA) is a technical efficiency
method based on relative comparisons between evaluated
subjects (Olfati et al., 2020; Zhong et al., 2020). The core
idea of the model is to determine the effective production
frontier which is formed by mathematical programming and
statistical data. The relative effectiveness is evaluated by
comparing the degree of deviation of the unit from the
frontier. This method has special advantages in analyzing
the research objects with multiple inputs and outputs.
Specifically, the simultaneous performance is effectively
improved while evaluating the relative efficiency of
multiple inputs and outputs. Fewer parameter estimation
and preset functions are required. In addition, a uniform
dimension is not required due to its own characteristics.

The investment efficiency of renewable energy power systems is a
complicated problem with multiple inputs, multiple outputs, and
complex coupling relationships, which has a certain impact on the
efficient and stable development of the power grid. Based on the
above research, DEA is an effective method to evaluate the
input–output efficiency. Thus, this paper proposes an investment
efficiency evaluationmodel based on data envelopment analysis. The
indicators selected when evaluating the input–output efficiency of
the power grid are comprehensive, comparable, and important.
Considering the intuitive feedback of investing in renewable
energy projects, installed capacity and comprehensive investment
efficiency are selected as output indicators. The scale of investment,
the amount of solar curtailment, and the amount of wind
curtailment are determined as input indicators. The model for
constant returns to scale (CRS) is as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

max
]1Genergy,j0 + ]2dfinally,j0

μ1Ttotal,j0 + μ2Cwind,j0 + μ3Csolar,j0

s.t.
]1Genergy,j + ]2dfinally,j

μ1Ttotal,j + μ2Cwind,j + μ3Csolar,j
≤ 1,

]1, ]2, μ1, μ2, μ3 ≥ 0,

(1)

where Genergy,j is the new installed capacity at project j, Ttotal,j is the
investment scale at project j, Cwind,j and Csolar,j are the wind
curtailment volume and solar curtailment volume at project j, ]1
and ]2 are the weights of new installed capacity and comprehensive
investment efficiency, and μ1, μ2, and μ3 represent the weights of the
scale of investment, wind curtailment volume, and solar curtailment
volume.

Considering the difficulty of fractional optimization, the
model constructed above is converted to linear based on
Charnes–Cooper transformation. Furthermore, the non-
Archimedean infinitesimal ε and slack variables s are
introduced to convert the inequality constraints into equations
and identify the effectiveness of the model. Based on duality
theorem, a computable and concise model is established, as
follows:
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

min θ − ε(s−T + s−c1 + s−c2 + s+G + s+d)
∑
n

j�1
λjGenergy,j − s+G � Genergy,j0,

∑
n

j�1
λjdfinally,j − s+d � dfinally,j0,

s.t. ∑
n

j�1
λjTtotal,j + s−T � θTtotal,j0,

∑
n

j�1
λjCwind,j + s−c1 � θCwind,j0,

∑
n

j�1
λjCsolar,j + s−c2 � θCsolar,j0,

λj, s
−
T, s

−
c1
, s−c2 , s

+
G, s

+
d ≥ 0,

(2)

where θ is the relative efficiency at project j0, λj is the elastic
coefficient at project j, ε is the non-Archimedean infinitesimal, s
represents the slack variable, and n is the number of investment
projects.

As shown in Figure 1, an investment efficiency evaluation
framework for distribution networks considering the integration
of distributed renewable energy sources is formed. A renewable
energy investment benefit evaluation indicator system is
established around economic, societal, and environmental
factors. The analytic network process and dynamic gray
relational analysis are used to calculate the subjective and
objective weights of indicators, respectively, and the combined
weights are obtained based on the maximum entropy principle.
The investment benefit is comprehensively evaluated by
hyperplane projection transformation. Considering the
uncertainty of distributed renewable energy, an investment
efficiency evaluation model based on DEA is constructed,

which lays the foundation for improving the quality of power
grid investment.

DISCUSSION AND CONCLUSION

Under the trend of renewable energy generation, investment
efficiency is increasingly valued due to the emergence of a
large number of renewable energy projects. The investment
efficiency of the power grid with distributed renewable energy
is scientifically and reasonably calculated through the investment
efficiency evaluation model constructed in this paper, which has a
guiding significance for the subsequent distribution network
planning and construction. Based on the changes in
investment efficiency, it is the key to formulate the investment
strategy in subsequent research. Also, it is a research direction to
enrich the indicator system from other aspects and improve the
scientificity of the weight calculation method.
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FIGURE 1 | An investment efficiency evaluation framework.
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