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Abstract: With the proposed target of carbon peak and carbon neutralization, the development and
utilization of renewable energy with the goal of carbon emission reduction is becoming increasingly
important in China. We used the analytic hierarchy process (ANP) and a variety of MCDM methods
to quantitatively evaluate renewable energy indicators. This study measured the sequence and
differences of the development and utilization of renewable energy in different regions from the
point of view of carbon emission reduction, which provides a new analytical perspective for the
utilization and distribution of renewable energy in China and a solution based on renewable energy
for achieving the goal of carbon emission reduction as soon as possible. The reliability of the
evaluation system was further enhanced by confirmation through a variety of methods. The results
show that the environment and carbon dimensions are the primary criteria to evaluate the priority
of renewable energy under carbon emission reduction. In the overall choice of renewable energy,
photovoltaic energy is the best solution. After dividing regions according to carbon emission intensity
and resource endowment, areas with serious carbon emissions are suitable for the development of
hydropower; areas with sub-serious carbon emissions should give priority to the development of
photovoltaic or wind power; high-carbon intensity area I should vigorously develop wind power;
high-carbon intensity area II should focus on developing photovoltaic power; second high-carbon
intensity areas I and II are suitable for the development of wind power and photovoltaic power;
and second high-carbon intensity areas III and IV are the most suitable for hydropower.

Keywords: ranking of renewable energy sources; carbon emission; carbon emission reduction;
multi-criteria decision-making (MCDM) method; analytic hierarchy process

1. Introduction

The imbalance between fossil energy and renewable energy in the energy structure
not only causes countries to face difficult problems in dealing with the relationship among
energy, the economy, and the environment, but, more importantly, a large number of
carbon emissions aggravate the climate problem. Carbon dioxide emissions caused by
coal consumption have exceeded 10 billion tons per year. In order to reduce a large
amount of carbon emissions caused by fossil energy and to meet the energy needs of
economic development, it is a general trend to vigorously promote the green and low-
carbon development of renewable energy. Due to the heavy use of fossil energy and high
carbon emission intensity in developing countries, the development of renewable energy is
an effective way to alleviate carbon emissions [1]. In the face of the strong pressure to reduce
carbon emissions, the Chinese government attaches importance to energy conservation and
emission reduction, promising to reduce carbon emissions per unit of GDP by 60–65% by
2030 compared with 2005 [2] and proposing to achieve a carbon peak by 2030 and carbon
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neutralization by 2060. In order to alleviate the pressure of carbon emissions and meet the
green and sustainable development of the economy, all countries are exploring the effective
combination of different energy systems to make their energy systems continue to change
to the direction of green and low carbon [3].

Due to the regional differences in resource endowment, economic development level,
energy technology, and energy consumption structure, there are great differences in the
development and utilization of renewable energy in different regions. In order to improve
the utilization efficiency of renewable energy, it is necessary to evaluate the performance
of renewable energy utilization from the perspectives of the economy, energy, technology,
the environment, society, etc. In addition, due to the great differences in economic devel-
opment and industrial layout in different regions, there are great regional differences in
carbon emissions, so the characteristics of different regions need to be taken into account
when formulating carbon emission reduction policies. In particular, when using carbon
emission reduction as the standard to evaluate the performance of the development and
utilization of renewable energy, it should be considered comprehensively according to the
characteristics of regional renewable resources and carbon emissions.

The purpose of this study was to provide a comprehensive evaluation and decision-
making framework for evaluating the current situation of renewable energy development
planning in China. First, a renewable energy evaluation system with the goal of carbon
emission reduction was established from the five dimensions of energy, economy, tech-
nology, environment and carbon, and society. Then, the carbon reduction performance
of each renewable energy was calculated by the MCDM method, and the best renewable
energy scheme was ranked. The rest of this article is structured as follows: the relevant
literature is reviewed and summarized in Section 2; the method description and data
sources are provided in Section 3; the results are discussed in Section 4; and the conclusions
and recommendations are discussed in Section 5.

2. Literature Review

The practice of evaluating the comprehensive utilization of energy originated in the
late 20th century and initially focused on a single goal [4]. With the improvement of the
complexity of the energy system, the evaluation dimension is no longer limited to a single
aspect. For different research focuses, scholars have evaluated the utilization of renew-
able energy from many dimensions. These dimensions include the energy dimension [5],
the technical dimension [6], the economic dimension [7], the environmental dimension [8],
and the cost–benefit and risk dimensions [1]. Matsumoto et al. (2017) evaluated the devel-
opment and utilization efficiency of renewable energy in Japan from the point of view of
energy, the economy, technology, etc. [9]. Atmaca and Basar (2012) evaluated the power
plants of different energy types in Turkey from the technical, economic, and social points
of view and found that renewable energy is the best choice [10]. Al-Sharafi et al. (2017)
evaluated the overall sustainable performance of photovoltaic arrays, wind turbines, bat-
tery packs, and diesel engines in Saudi Arabia from economic, energy, and environmental
perspectives [11].

The existing research on the evaluation of renewable energy is mostly based on the
principle of the sustainable use of energy to establish an index system, but there are
few studies on the establishment of an index system based on the principle of reducing
carbon emissions. The importance of carbon emission reduction has become increasingly
prominent. Through the synergistic mechanism of renewable energy and carbon emission
reduction, we can further accelerate the speed of carbon emission reduction, improve the
efficiency of carbon emission reduction, and help achieve carbon neutralization as soon as
possible. Zhang et al. (2021) found that investment in renewable energy can reduce carbon
emissions, and the effect varies with different stages of investment [12]. In the early stage
of investment, renewable energy investment will increase carbon emissions; in the middle
stage of investment, the emission reduction effect of renewable energy appears; in the
later stage of investment, the carbon reduction effect of renewable energy investment may
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be weakened. Wang et al. (2021) also found that the higher the use of renewable energy,
the better the carbon reduction achieved through renewable energy [13]. In the study of the
mechanism of action, He et al. (2021) found that renewable energy technology innovation is
an important method to reduce carbon emissions and achieve sustainable development [14].
Existing studies have found that renewable energy can reduce carbon emissions. Therefore,
the construction of a set of evaluation systems for the development and utilization of
renewable energy based on carbon emission reduction is an important step in the pursuit
of low-carbon goals. Adams and Acheampong (2019) believe that, when considering the
assessment of renewable energy for carbon reduction, the level of economic development
and investment in renewable energy should be given priority on Africa’s agenda to improve
climate change [15]. Hanif et al. (2019) highlighted that the depletion of natural resources
and increasing population pressure are important factors in evaluating renewable energy
in developing countries in terms of carbon emission reduction [16]. Duan et al. (2020) and
Zhao et al. (2020) show that when evaluating regional renewable energy based on reducing
carbon emissions, the environment and carbon emission dimensions are the basic criteria,
and economic and technological impacts need to be taken into account [17,18].

In the selection of evaluation methods, the multi-criteria decision-making (MCDM)
method is the most widely used method in many fields, such as energy planning, resource
allocation and policy making, and it is also the most suitable method in the rapidly de-
veloping energy field [19]. MCDM methods include the weighted product model (WPM),
the weighted sum model (WSM), the analytic hierarchy process (AHP), the technique for
order of preference by similarity to ideal solution (TOPSIS), the preference ranking orga-
nization method for enrichment evaluation (PROMETHEE), and elimination and choice
translating reality (ELECTRE and visekriterijumsko kompromisno rangiranje (VIKOR).
These methods have a common goal in solving the problem, but due to the differences
in their implementation processes, the final results of different methods will not be iden-
tical [20]. Existing studies generally use AHP or ANP alone to carry out evaluation or
combine it with an MCDM method to implement evaluation, but there are few research
methods combined with a variety of MCDM methods. Li et al. (2020) combine a variety
of MCDM methods to achieve the mutual verification and comparison of the evaluation
results and enhance their reliability and adaptability [21]. The combination of a variety of
MCDM methods is not repetitive work but gives full play to the different characteristics of
different methods in the evaluation of renewable energy, so that the evaluation method
of the target is more comprehensive, and the evaluation results of each method support
and corroborate each other, making them more convincing. The research framework of this
article is shown in Figure 1.
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3. Methods and Data
3.1. Determine the Evaluation Index System

In order to establish an appropriate index system, this study collected expert opinions
on carbon emissions and renewable energy, combined with existing research and the related
literature. Twenty indicators related to carbon emission reduction and renewable energy
were selected from the five dimensions of energy, the economy, technology, environment
and carbon, and society, and the comprehensive performance of carbon emission reduction
of renewable energy in China was evaluated.

3.1.1. Energy Dimension

Green energy utilization efficiency (B11) is the proportion of renewable energy genera-
tion capacity to the total installed capacity in the region. The core of the environmental
problem is to improve energy efficiency to reduce carbon emissions. The improvement of
green energy efficiency can produce less carbon emissions with the same input, which in
turn promotes a reduction in carbon emissions. This indicator can reflect the development
benefits of renewable energy.

The growth rate of green power (B12) is a future-oriented benefit index to measure the
future development potential and scale of renewable energy, which reflects the develop-
ment rate of renewable energy in the past, which is continuous; that is, renewable energy
will continue to grow at this rate or faster in the future. The increase in the growth rate of
green power means that the utilization rate of fossil energy has been or is about to enter a
downward trend, which plays an important role in alleviating carbon emissions.

Green energy reserves (B13) reflect the amount of renewable energy that is expected
to be developed in the future if natural and technological conditions permit, measuring
the development potential of renewable energy. It can also reflect whether this energy can
continuously replace fossil fuels and reduce carbon emissions.

The grid connection rate of renewable energy (B14) reflects the utilization benefits of
renewable energy and is an important aspect of whether renewable energy can effectively
replace regional fossil energy and reduce carbon emissions; it can also reflect the quality of
renewable energy utilization in this region.

3.1.2. Economic Dimension

Green investment allocation (B21) refers to the proportion of investment in the renew-
able energy industry to regional GDP. The investment in the renewable energy industry
involves the upstream and downstream enterprises of the renewable energy industry,
including the total investment of the industry chain. This index reflects the efficiency
of different renewable energy investment allocations in a country or region and is the
economic basis for reducing carbon emissions.

The power generation cost (B22) consists of operating expenses and maintenance
costs; the operating expenses include the capital costs of energy, products and services,
and related personnel costs for the operation of the energy system, and the maintenance
costs include the daily maintenance costs of the power generation equipment. The cost of
power generation affects the popularity and efficiency of renewable energy. Lower power
generation costs can attract more renewable energy distribution, thus reducing regional
carbon emissions. The cost of power generation is a reverse indicator.

The investment cost (B23) consists of the cost of purchasing equipment and tech-
nology. Investors must consider cost and income when investing in renewable energy.
The investment efficiency of renewable energy depends on the investment cost, and it
also has a profound impact on the possible future power generation and carbon emission
reduction of renewable energy. Investment cost is an economic index that is commonly
used to evaluate the energy system, and it is a reverse index.

The carbon emission cost (B24) refers to the outflow of various economic benefits
measured by the available currency in order to prevent and control carbon emissions in
order to achieve the expected environmental effects and environmental benefits during the
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product life cycle. The use of renewable energy will reduce the cost of carbon emissions,
which in turn will cause less to be spent on maintaining environmental benefits.

The installed scale and investment quota of the low-carbon equipment (B25) index
consists of the investment of a supercritical unit, a circulating fluidized bed unit, an inte-
grated gasification combined cycle (IGCC), and other equipment. As the grid connection of
renewable energy will have a certain impact on the stability of the power grid, coal power
is still an indispensable power generation mode to support the stable and effective oper-
ation of large power grids. Low-carbon investment in the existing coal power system is
not only conducive to the realization of carbon emission reduction targets but also lays
the foundation for the absorption of renewable energy. Therefore, the low-carbon equip-
ment investment of coal-fired power generation enterprises is conducive to promoting the
construction and development of renewable energy in China.

3.1.3. Technical Dimension

Technology maturity (B31) reflects the application of renewable energy power gen-
eration technology. The higher the technology maturity, the easier the renewable energy
is to use on a large scale, the lower the difficulty of operation and maintenance, and the
lower the difficulty to reduce carbon emissions. At present, the technological maturity of
wind and photovoltaic power is high, while the development of hydropower and biomass
energy technology is also more mature, and the application scale of these renewable ener-
gies is large; the power generation technology of geothermal energy is not fully mature,
and the application scale is small. We used the 10-digit scale method to evaluate technology
maturity, ranging from 1 with very low maturity (that is, the technology is only tested in
the laboratory) to 10 with high maturity (that is, commercially mature technologies with a
strong market position).

Energy processing and conversion efficiency (B32) reflect the efficiency of renewable
energy power generation, and the efficiency of different renewable energy is different due
to the different level of equipment and technology.

3.1.4. Environment and Carbon Dimensions

Pollutant emission reduction (B41) is the use of renewable energy to replace traditional
fossil energy for power generation, which can reduce the emission of CO2, SO2, NOx,
and other pollutants. It is the most direct contribution indicator in terms of improving
environmental benefits and reducing carbon emissions.

The impact on the ecosystem (B42): although the construction and operation process of
renewable energy will reduce the emission of pollutants, it still has certain impacts on the
ecosystem, such as noise pollution, visual pollution, land occupation, and water pollution.

Carbon emission intensity (B43) refers to the carbon dioxide emitted per kilowatt-hour
of electricity generated by renewable energy. This index reflects the environmental impact
of renewable energy in the process of power generation. Although this carbon emission
is relatively small compared with traditional energy, it will still offset the reduced carbon
emissions caused by renewable energy as an alternative to fossil energy to some extent.
Therefore, it should be measured. For example, carbon dioxide emissions from photovoltaic
power generation are 33–50 g per kilowatt-hour, while coal-fired power generation is
796.7 g per kilowatt-hour. Carbon dioxide emissions from photovoltaic power generation
are only 1/10 to 1/20 of those from fossil fuels.

Indirect carbon emissions (B44) reflect the carbon emissions caused by renewable
energy in the whole life cycle, including carbon emissions in the production process.
In the life cycle of more than 20 years, most of the energy consumption and carbon
emissions of renewable energy occur in the production of components and fans at the time
of deployment.

Direct carbon emission reduction (B45) reflects the direct reduction in carbon emissions
due to the installation of renewable energy instead of traditional fossil fuels. Renewable
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energy can replace the demand for traditional fossil energy, so as to reduce the supply of
traditional fossil energy, and can play a direct role in carbon emission reduction.

Climatic condition (B46): renewable energy uses environmental resources to gener-
ate electricity, but it emits less pollution, and due to the substitute effect of renewable
energy on thermal power, it can indirectly reduce the emissions of all kinds of pollutants,
thus greatly alleviating environmental pollution and improving climate conditions and
indirectly reducing carbon emissions.

3.1.5. Social Dimension

Employment post (B51): the increase in jobs is the main embodiment of the social
effectiveness of renewable energy. Having more people employed in the field of renewable
energy can indirectly reduce the carbon emissions caused by people engaged in other
occupations and can raise the awareness of social carbon emission reduction.

Green management (B52) refers to the investment in environmental protection training
and the promotion of carbon emission management systems, which can improve the carbon
reduction potential of enterprises and human resources.

Environmental regulation (B53) refers to the promotion of the application of renewable
energy to the formulation of local environmental regulation policies, which can improve
the intensity of carbon emission reduction at the policy level.

The performance evaluation index system of renewable energy based on carbon
emission reduction is shown in Table 1.

Table 1. Renewable energy performance evaluation index system based on carbon emission reduction.

Dimension Criteria Description

Energy
B1

Green energy utilization efficiency (B11) The proportion of renewable energy generation capacity to the total
installed capacity.

Growth rate of green power (B12) Growth rate of renewable energy generation capacity.

Green energy reserve (B13) The amount of renewable energy that can be developed by
technology.

Grid connection rate of renewable energy (B14) Renewable power is connected to the power grid to reflect the
efficiency of energy utilization.

Economics
B2

Green investment allocation (B21) The ratio of green investment allocation of renewable energy; that is,
the proportion of investment in renewable energy industry to GDP.

Power generation cost (B22) Operating expenses and maintenance costs.

Investment cost (B23) The cost of purchasing equipment, technology, etc.

Carbon emission cost (B24) The degree to which different renewable energy sources reduce the
cost of carbon emissions.

Installed scale and investment quota of low-carbon
equipment (B25)

The grid connection of renewable energy will have a certain impact
on the stability of the power grid, so coal power is still an
indispensable power generation mode to support the effective
operation of large power grids.

Technical
B3

Technology maturity (B31) The reliability and availability of the technology.

Energy processing and conversion efficiency (B32) The technical level and power generation efficiency of
energy technology.

Environment and carbon
B4

Pollutant emission reduction (B41) Reduction in CO2, SO2, and NOx emissions.

Impact on ecosystem (B42) Ecosystem problems such as land occupation, sound pollution,
and light pollution.

Carbon emission intensity (B43) Carbon dioxide emissions per kilowatt-hour of electricity generated
by renewable energy.

Indirect carbon emission (B44) Carbon emissions in the whole life cycle of renewable energy.

Direct carbon emission reduction (B45)

The installation of renewable energy directly alleviates carbon
emissions, produces clean and renewable energy, allows large-scale
replacement of traditional fossil energy, and produces thermal power
to reduce carbon emissions.

Climatic condition (B46)
The installation of renewable energy has greatly alleviated
environmental pollution, improved climate conditions, and indirectly
reduced carbon emissions.
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Table 1. Cont.

Dimension Criteria Description

Social
B5

Employment post (B51) The social effects and social welfare produced by the application
of energy.

Green management (B52) Investment in environmental protection training and carbon emission
management systems.

Environmental regulation (B53) The promoting effect of the application of renewable energy on local
environmental regulation.

3.2. Performance Evaluation Method Based on ANP and MCDM

After determining the renewable energy index system and alternative schemes with
the goal of carbon emission reduction, the renewable energy in China was comprehensively
evaluated and prioritized by means of network analysis and MCDM. First, the weight of
each criterion was calculated by ANP, and the alternatives were sorted. Then, the weights
of the criteria, except the alternatives, were calculated by ANP, and the renewable energy
options were ranked by five MCDM methods; finally, the results were compared with those
of ANP ranking, so as to make suggestions for the planning and development of renewable
energy in China.

3.2.1. Calculation of Criterion Weight Based on ANP

In the selection of renewable energy with the goal of carbon emission reduction, there
are often associations or conflicts among the criteria, which do not meet the requirements
of the independence of decision-making criteria of the analytic hierarchy process (AHP).
However, the network analysis method (ANP) has the characteristic of building a network
among the indicators, which can make up for the defects in this aspect and provide weights
when the indicators are related to each other. The main idea of ANP is to obtain the
comprehensive influence of all decision-making criteria [22]. Additionally, as the network
is used instead of the layers in AHP, ANP can deal with complex problems within and
between clusters [23]. The calculation process of ANP is as follows:

Step 1: After constructing the index system, the correlation between indicators is
obtained by expert investigation, the correlation among indicators is assigned by a 9-bit
scaling method, and a pairwise comparison matrix is constructed.

Step 2: An unweighted supermatrix is constructed.
Step 3: A weighted supermatrix is constructed.
Step 4: A limit supermatrix is constructed.
Step 5: Comprehensive weights are generated.
In this study, YAANP (https://www.metadecsn.com/, accessed on 1 August 2021)

was used to calculate the comprehensive weight of ANP. On this basis, the index correlation
constructed in this study is shown in Figure 2.

In this study, two operations were carried out using ANP. First, the alternative schemes
and the indicators were entered into the same system for operation, so that the comprehen-
sive weights of the alternatives were obtained while the indicators were weighted; that is,
the alternatives were sorted directly by ANP. Second, the weight of the index without
alternatives was calculated, the weight of each index was substituted into the MCDM
method, and the alternatives were sorted accordingly. In this way, we could make a more
accurate judgment on the performance of the comprehensive utilization of renewable
energy with the goal of reducing carbon emissions.

3.2.2. Ranking of Alternatives Based on the MCDM Method

The five MCDM methods that were used in this study are described below: WSM,
TOPSIS, PROMETHEE, ELECTRE, and VIKOR.

https://www.metadecsn.com/
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WSM

The weighted sum method (WSM) is one of the most basic multi-attribute decision-
making methods. In the process of WSM calculation, all indicators need to be transformed
into benefit indicators, and each index is divided by the sum of all indicators to obtain
a standardized matrix. Then, the indicators in each alternative are multiplied by their
weights, and the product is the final score of each scheme.

TOPSIS

The TOPSIS method first finds the ideal solution and the negative ideal solution of
each alternative and then compares them with the alternative. When a scheme is closest
to the ideal solution and farthest from the negative ideal solution, the priority of this
alternative is the highest [21]. The calculation process of TOPSIS is as follows:

Step 1: Establish a standardized decision matrix.

rij =
xij√
m
∑

k=1
x2

kj

, i = 1, · · · , m; j = 1, · · · , n (1)

Step 2: Calculate the weighted standardized decision matrix. Wj is the weight of index j.

vij = wjrij,
n

∑
j=1

wj = 1 (2)

Step 3: Determine the ideal solution A+ and the negative ideal solution A−.

A+ =
{

v+1 , . . . , v+n
}

A− =
{

v−1 , . . . , v−n
} (3)

When index j is the benefit index:

v+j = max
{

vij, i = 1, · · · , m
}

, v−j = min
(
vij, i = 1, · · · , m

)
(4)

When index j is a cost indicator:

v−j = max
{

vij, i = 1, · · · , m
}

, v+j = min
(
vij, i = 1, · · · , m

)
(5)
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Step 4: The distance Di
+ of each alternative to the ideal solution and the distance Di

−

of the negative ideal solution are calculated.

D+
i =

√
n
∑

j=1

(
vij − v+j

)2
, i = 1, . . . , m

D−i =

√
n
∑

j=1

(
vij − v−j

)2
, i = 1, . . . , m

(6)

Step 5: Calculate the scheme that is closest to the ideal solution.

Ci =
D−i

D+
i + D−i

(7)

PROMETHEE

PROMETHEE determines the priority of the scheme by building a function based on
the preference of the decision maker, formulating the criteria and their weights, and then
using the priority relationship. PROMETHEE’s calculation process is as follows:

Step 1: Place n schemes into A (a1, a2, . . . , an), which is evaluated by m criteria Ck,
and the decision matrix X = (xik) (i = 1, 2, . . . , n; k = 1, 2, . . . , m) is obtained. The priority
order strength Gk(dij) of scheme ai and aj under the criterion Ck is the priority function
value of the criterion value difference. When Gk(dij) = 0, there is no difference between
scheme ai and scheme aj. When Gk(dij) = 1, scheme ai has strict priority over scheme aj.

Gk
(
dij
)
= Pk

(
ai, aj

)
∈ [0, 1] (8)

Step 2: According to the weight W, the multi-criteria preference priority index H
is obtained.

H
(
ai, aj

)
=

m

∑
k=1

WkPk
(
ai, aj

)
(9)

Step 3: ai’s preference for positive direction Φ+(ai) and negative direction Φ−(ai) indicates
the degree to which the scheme ai is better or worse than other schemes. The comprehensive
priority level value Φ(ai) determines the priority between alternatives.

Φ+(ai) =
n
∑

j=1
H
(
ai, aj

)
Φ−(ai) =

n
∑

j=1
H
(
aj, ai

) (10)

Φ(ai) = Φ+(ai)−Φ−(ai) (11)

Step 4: The final complete sort is obtained according to the comprehensive priority
level value Φ(ai).

ELECTRE

The ELECTRE method eliminates the inferior scheme by constructing several weak
dominant relations, so as to gradually reduce the size of the scheme set and gradually
select the optimal scheme. The calculation process of ELECTRE is as follows:

Step 1: Construct a standardized decision matrix.

rij =
xij√
m
∑

i=1
x2

ij

(12)
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Step 2: The weighted canonical matrix is constructed.

V =
[
vij
]
=
[
ωjrij

]
(13)

Step 3: Construct a consistent set Ckl and an inconsistent set Dkl. The consistency set is
composed of indicators that Ak is not inferior to Al, and the inconsistency set is composed
of indicators that Ak is worse than Al.

Ckl =
{

j
∣∣∣xkj ≥ xij

}
; Dkl =

{
j
∣∣∣xkj < xij

}
= J − Ckl (14)

Step 4: Construct the consistency matrix C. The consistency index Ckl represents the
relative importance between schemes. The range of values is between 0 and 1. The larger
the Ckl, the greater the degree to which Ak is superior to Al. Weight normalization, when

n

∑
j=1

ωj = 1, ckl = ∑
j∈Ckj

ωj.C = [ckl ], k 6= l (15)

ckl =

∑
j∈ckl

ωj

n
∑

j=1
ωj

(16)

Step 5: Construct the inconsistency matrix D. The inconsistent index dki indicates the
relative unimportance between schemes. The range of values is between 0 and 1. The larger
the dki is, the worse the Ak is compared to the Al.

D = [dkl ], k 6= l (17)

dkl =

max
j∈Dki

∣∣∣vkj − vij

∣∣∣
max

j∈J

∣∣∣vkj − vij

∣∣∣ (18)

Step 6: Construct the consistent domination matrix F = fkl. α is the threshold of the
consistency index, and when Ckl ≥ α, scheme Ak may dominate Al.

α =
n

∑
k = 1
k 6= l

n

∑
l = 1
l 6= k

ckl
n(n− 1)

(19)

fkl =

{
1 ckl ≥ α
0 ckl < α

(20)

Step 7: Construct the non-consistent dominating matrix G = gkl and the threshold β of
the consistency index.

β =
n

∑
k = 1
k 6= l

n

∑
l = 1
l 6= k

dkl
n(n− 1)

(21)

gkl =

{
1 dkl ≤ β
0 dkl > β

(22)

Step 8: The comprehensive domination matrix E is constructed.

ekl = fkl ∗ gkl (23)
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Step 9: Remove the bad plan. The comprehensive domination matrix E represents
the partial order relationship between schemes, and ekl = 1 indicates that from the point of
view of consistency or inconsistency scheme Ak is ranked before Al. However, the scheme
Ak may be exceeded by other alternatives, so if the alternative is to be optimal, there is at
least one scheme Al, so that ekl = 1 and all other schemes Ai have eik = 0, k 6= l 6= i.

VIKOR

VIKOR is the optimal compromise solution. By building a compromise scheme, individ-
ual regrets can be minimized while meeting the interests of the group [24]. The calculation
process is as follows:

Step 1: Calculate the positive ideal solution fi* and the negative ideal solution fi− of
the index. I1 is the benefit index, and I2 is the cost index.

f ∗i =
[(

maxj fij
∣∣i ∈ I1

)
,
(
minj fij

∣∣i ∈ I2
)]

, ∀i

f−i =
[(

minj fij
∣∣i ∈ I1

)
,
(
maxj fij

∣∣i ∈ I2
)]

, ∀i
(24)

Step 2: Calculate the Sj and Rj values of the scheme. Wi is the weight of index i.

Sj =
n

∑
i

wi
(

f ∗i − fij
)
/
(

f ∗i − f−i
)
, ∀j (25)

Rj = maxi
[
wi
(

f ∗i − fij
)
/
(

f ∗i − f−i
)]

, ∀j (26)

Step 3: Calculate the Q value of each scheme.

Qj = v
(
Sj − S∗

)
/
(
S− − S∗

)
+ (1− v)

(
Rj − R∗

)
/
(

R− − R∗
)
, ∀j (27)

S∗ = minjSj; S− = maxjSj; R∗ = minjRj; R− = maxjRj (28)

S* represents the solution when the group utility is the maximum, and R* represents
the solution when the personal regret is minimized. In order to maximize the coefficient of
the group utility decision-making mechanism, the larger v is, the higher the attention to
group interests is, and the less attention is paid to individual interests. We set v to 0.5 to
maximize the balance between group utility and individual regret.

Step 4: The Q value of the descending arrangement scheme is finally sorted.

3.3. Data

The source of energy index data in this study was the China Energy Statistical
Yearbook and the 2020 China Renewable Energy Development report. The data of eco-
nomic indicators were derived from the China Renewable Energy Development report,
the 13th Five-Year Plan for Renewable Energy Development, the Energy Technology
Roadmap—China Wind Power Development Roadmap 2050, and the 2020 Renewable En-
ergy Generation cost report released by the International Renewable Energy Agency (IREA).
The technical index data were derived from the research results of “China’s Energy Science
and Technology Development Roadmap to 2050”, the China Energy Statistical Yearbook,
and the research results of Kara et al. (2021) [25] compiled by the Energy Strategy Research
Group of the Chinese Academy of Sciences. The environmental data and carbon indicators
were derived from the China Environmental Statistical Yearbook and the China Energy
Statistical Yearbook and combined the practices of Li et al. (2020), Osmani et al. (2013),
Shen et al. (2010), and Troldborg et al. (2014) [21,26–28]. The data of social indicators were
derived from the China Statistical Yearbook and other provincial statistical yearbooks.



Sustainability 2021, 13, 9822 12 of 20

4. Results and Discussion
4.1. MCDM Results
4.1.1. ANP Weight Calculation Result

Table 2 shows the weights of the dimensions and indicators calculated by the ANP.
When using a carbon emission reduction index system to evaluate renewable energy,
the weight of environment and carbon dimensions was the highest, followed by economic
and energy dimensions, and the weight of technology and social dimensions was the lowest.
After calculating the weight of the index, direct carbon emission reduction is the most
important, followed by the carbon emission cost, technology maturity, green investment
allocation, and pollutant reduction, which was followed by green energy reserve, indirect
carbon emissions, carbon emission intensity, the installed scale and investment quota of
low-carbon equipment, and the power generation cost.

Table 2. Weights calculated by ANP.

Dimension Weight Rank Criteria Weight Rank

Energy (B1) 0.165 3

Green energy utilization efficiency (B11) 0.059 7

Growth rate of green power (B12) 0.040 11

Green energy reserve (B13) 0.008 20

Grid connection rate of renewable energy (B14) 0.058 8

Economics (B2) 0.278 2

Green investment allocation (B21) 0.083 4

Power generation cost (B22) 0.028 16

Investment cost (B23) 0.043 9

Carbon emission cost (B24) 0.096 2

Installed scale and investment quota of low-carbon
equipment (B25)

0.028 17

Technical (B3) 0.155 4
Technology maturity (B31) 0.084 3

Energy processing and conversion efficiency (B32) 0.070 6

Environment and
carbon (B4) 0.290 1

Pollutant emission reduction (B41) 0.073 5

Impact on ecosystem (B42) 0.031 14

Carbon emission intensity (B43) 0.023 18

Indirect carbon emission (B44) 0.020 19

Direct carbon emission reduction (B45) 0.114 1

Climatic condition (B46) 0.029 15

Social (B5) 0.112 5
Employment post (B51) 0.042 10

Green management (B52) 0.033 13

Environmental regulation (B53) 0.037 12

4.1.2. Calculation Results of MCDM

The weights and ranking of each alternative calculated by ANP are listed in Table 3.
The results show that after comprehensively considering carbon emission reduction as the
index of the evaluation system, photovoltaic ranks first, with a weight of 0.337, followed by
wind power and hydropower, with weights of 0.267 and 0.191, respectively, and geothermal
and biomass ranked fourth and fifth, with weights of 0.104 and 0.100, respectively.
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Table 3. Comprehensive weight ranking of ANP.

Rank Name Weight

1 Solar 0.337
2 Wind 0.267
3 Hydro 0.191
4 Geothermal 0.104
5 Biomass 0.100

Table 4 shows the results of ranking the development and utilization of renewable
energy in China according to the standard of carbon reduction under different MCDM
methods. The overall results are highly consistent, and there are only slight differences in
individual methods. Among the six MCDM methods, photovoltaic ranks first, indicating
that photovoltaic is the most potential and effective renewable energy for carbon reduction
in China after comprehensive evaluation from the perspectives of energy, the economy,
environment and carbon, technology, and society. In second place, except for the ELECTRE
method, which focuses on hydropower, all the other methods showed a preference for
wind power. In third place, except for the ELECTRE method, all the other methods focused
on hydropower. This shows that, when evaluating renewable energy through ELECTRE,
there may be different results from other methods, and a more accurate ranking can be
obtained after comprehensive consideration with other methods. The order of the fourth
and fifth places was reversed except for PROMETHEE and VIKOR, and other methods
showed that geothermal energy is better than biomass energy. The results generally show
that there are three echelons of renewable energy in China with the goal of reducing carbon
emissions: the first echelon is photovoltaic energy, the second echelon is wind power and
hydropower, and the third echelon is geothermal and biomass energy.

Table 4. Sorting results under different methods.

Rank ANP WSM TOPSIS PROMETHEE ELECTRE VIKOR

1 Solar Solar Solar Solar Solar Solar
2 Wind Wind Wind Wind Hydro Wind
3 Hydro Hydro Hydro Hydro Wind Hydro
4 Geothermal Geothermal Geothermal Biomass Geothermal Biomass
5 Biomass Biomass Biomass Geothermal Biomass Geothermal

4.1.3. Regional Calculation Results

In the following, we divide the options according to the region, so that we can analyze
the utilization sequence of renewable energy more deeply. At present, there are three main
types of carbon emission regions in China. First, they are divided according to the eastern,
central, and western regions. Second, the eight economic regions are divided according to
the Strategy and Policy of Regional-coordinated Development proposed by the Develop-
ment Research Center of the State Council. Through this method, the region is divided into
the northeast comprehensive economic zone, the northern coastal comprehensive economic
zone, the eastern coastal comprehensive economic zone, the southern coastal economic
zone, middle reaches of the Yellow River comprehensive economic zone, middle reaches of
the Yangtze River comprehensive economic zone, the southwest comprehensive economic
zone, and the northwest comprehensive economic zone. Third, according to the eight
major economic regions in the Interregional Input–Output Table of China, they are divided
into the northeast region, the Beijing–Tianjin area, the northern coastal area, the eastern
coastal area, the southern coastal region, the central region, the northwest region, and the
southwest region. Tu and Chen (2012) found that the above three classification methods
are not scientifically reasonable for the analysis of regional carbon emission reduction [29].
Therefore, we divided the carbon emission regions of our country through two steps.
First, we refer to the research conclusion of Tu and Chen (2012) [29]. According to energy
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intensity, carbon emission regions in China are divided into heavy-energy areas (Zhejiang,
Guangdong, and Guangxi), relatively heavy-energy areas (Jiangsu, Fujian, and Hainan),
and high-energy intensity areas (Tianjin, Shanxi, Inner Mongolia, Liaoning, Gansu, Qing-
hai, and Ningxia). Areas with relatively higher energy intensity are Beijing, Hebei, Jilin,
Heilongjiang, Shanghai, Anhui, Jiangxi, Shandong, Henan, Hubei, Hunan, Chongqing,
Sichuan, Guizhou, Yunnan, Shaanxi, and Xinjiang. Second, due to the great differences
in the conditions of renewable energy in different regions, we subdivided them again
according to the energy potential of different regions on the basis of the above divisions.
Finally, the carbon emission regions in China were divided into areas with serious carbon
emissions (Guangdong, Guangxi, and Hainan), areas with sub-serious carbon emissions
(Zhejiang, Jiangsu, and Fujian), high-carbon intensity areas I (Tianjin, Shanxi, Inner Mon-
golia, and Liaoning), high-carbon intensity areas II (Gansu, Qinghai, Ningxia, Shaanxi,
and Xinjiang), second high-carbon intensity areas I (Beijing, Hebei, Jilin, and Heilongjiang),
second high-carbon intensity areas II (Shanghai, Anhui, Jiangxi, and Shandong), second
high-carbon intensity areas III (Henan, Hubei, and Hunan) and second high-carbon in-
tensity areas IV (Chongqing, Sichuan, Guizhou, and Yunnan). The regional division map
of China’s carbon emissions is shown in Figure 3. The darker the color is, the higher the
carbon emissions are, and the data of Taiwan Province and the Tibet Autonomous Region
are not listed due to lack of data.
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The sequence of renewable energy use in eight carbon emission regions according
to energy intensity and resource characteristics is shown in Table 5. Generally speaking,
the areas with serious carbon emissions and with sub-serious carbon emissions are lo-
cated in the eastern and southern coastal areas of China, and the high-intensity areas of
carbon emissions are located in the north, northeast, and northwest of China. The sub-high-
intensity areas of carbon emissions are located in the central, south-central, and south-
west of China. In areas with serious carbon emissions, other MCDM methods, except
PROMETHEE, showed that hydropower is the best choice to alleviate carbon emissions,
and there is a relatively chaotic sequence from the second to the fifth, indicating that the role
of other renewable energy in carbon emission reduction is limited due to the characteristics
of resources and carbon emissions in this region. In the areas with the second most serious
carbon emissions, the top two are photovoltaic and wind power, of which photovoltaic is
better, which mainly depends on the promotion of local excellent photovoltaic resources
and policies. In high-carbon emission area I, except for ELECTRE, which places photo-
voltaic energy in first place, the other methods place wind power in first place, followed
by photovoltaic power, which is mainly due to the rich wind resources in North China.
In high-carbon emission area II, all the methods place photovoltaic in first place, and wind
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power is mainly in second place, which is due to the fact that the provinces in this region
are located in the northwest of China and are rich in solar energy resources. The second
highest carbon emission area I shows a preference for wind power in all four methods,
except PROMETHEE, followed by biomass energy. Carbon emission sub-high-intensity
area II tends to favor photovoltaic and wind power; carbon emission sub-high-intensity
area III takes hydropower as the main carbon reduction renewable energy; carbon emission
sub-high-intensity area IV is located in the southwest, where there are many mountains
and rivers, but is also dominated by hydropower.

Table 5. Subregional renewable energy priority.

Areas with
Serious
Carbon

Emissions

Areas with
Sub-Serious

Carbon
Emissions

High Carbon
Intensity

Area I

High Carbon
Intensity
Area II

Second High
Carbon

Intensity
Area I

Second High
Carbon

Intensity
Area II

Second High
Carbon

Intensity
Area III

Second High
Carbon

Intensity
Area IV

1

WSM Hydro Solar Wind Solar Wind Solar Hydro Hydro
TOPSIS Hydro Solar Wind Solar Wind Solar Hydro Hydro

PROMETHEE Solar Solar Wind Solar Bio Solar Hydro Hydro
ELECTRE Hydro Wind Solar Solar Wind Solar Hydro Hydro

VIKOR Hydro Wind Wind Solar Wind Wind Solar Hydro

2

WSM Bio Wind Solar Wind Bio Wind Bio Goe
TOPSIS Goe Wind Solar Hydro Bio Wind Goe Goe

PROMETHEE Hydro Wind Solar Wind Wind Wind Solar Solar
ELECTRE Wind Solar Wind Wind Bio Wind Wind Wind

VIKOR Wind Solar Solar Wind Bio Solar Hydro Wind

3

WSM Goe Bio Bio Hydro Goe Bio Goe Wind
TOPSIS Bio Hydro Goe Wind Goe Hydro Bio Wind

PROMETHEE Bio Bio Goe Hydro Goe Hydro Bio Bio
ELECTRE Solar Bio Goe Hydro Goe Bio Solar Solar

VIKOR Solar Hydro Goe Hydro Hydro Hydro Wind Goe

4

WSM Wind Hydro Hydro Bio Hydro Hydro Solar Solar
TOPSIS Wind Bio Bio Bio Hydro Bio Wind Solar

PROMETHEE Wind Hydro Bio Goe Solar Bio Wind Wind
ELECTRE Goe Goe Bio Bio Solar Goe Bio Goe

VIKOR Bio Bio Bio Bio Solar Bio Bio Solar

5

WSM Solar Goe Goe Goe Solar Goe Wind Bio
TOPSIS Solar Goe Hydro Goe Solar Goe Solar Bio

PROMETHEE Goe Goe Hydro Bio Hydro Goe Goe Goe
ELECTRE Bio Hydro Hydro Goe Hydro Hydro Goe Bio

VIKOR Goe Goe Hydro Goe Goe Goe Goe Bio

4.2. Sensitivity Analysis

When sorting the alternatives, we found that there is a strong correlation between the
weights and the order of the alternatives, so the change in weights may have a profound
impact on the ranking of renewable energy. This study conducted a sensitivity analysis of
the weight in order to find out the influence of the change in the weight on the order of
the alternatives.

In the sensitivity analysis of the weight by dimension, we set up five situations to
adjust the weight according to the five dimensions of energy, the economy, technology,
environment, carbon, and society, and analyzed the changes in the priority of renewable
energy in various situations. Figure 4 shows the results of the sensitivity analysis of
weights in five situations. In the change in the weight of the energy dimension from 0 to 1,
the proportion of photovoltaic gradually increased from 0.3 to close to 0.5, and the pro-
portion of the other four renewable energy sources in this process showed a downward
trend. Each alternative showed a divergent trend with the increase in the weight of the
energy dimension. In the process of changing the weight of the economic dimension from
0 to 1, the weight of photovoltaic energy gradually decreased, and when the weight of
the economic dimension increased to 0.7, it was exceeded by wind power. The weights
of photovoltaic energy, wind power, and hydropower all decreased with an increase in
the weight of the economic dimension, while the weights of biomass and geothermal
energy increased with an increase in the weight of the economic dimension. Although the
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weight of the current economic dimension was 0.278, which is small, it can still be seen
that photovoltaic energy and wind power are more sensitive to the economic dimension.
Each alternative showed a trend of convergence with the increase in the weight of the
economic dimension. In the process of the change in the weight of the technology dimen-
sion from 0 to 1, the change in each alternative was relatively smooth; photovoltaic energy
always ranked first, but the weight decreased slightly; and the weight of wind power
was almost parallel to that of photovoltaic power. The weight of hydropower increased
obviously with the increase in the weight of the technology dimension and surpassed the
wind power in second place when the weight of the technology dimension increased to 0.67.
The weight of biomass and geothermal energy decreased slightly in this process. In the
process of changing the weight of the environment and carbon dimensions from 0 to 1,
the weight of photovoltaic power decreased slightly, while the weight of wind power and
hydropower increased approximately, and with the increase in the weight of environment
and carbon dimensions, the gap between photovoltaic and wind power and hydropower nar-
rowed, and photovoltaic power and hydropower showed a convergence trend. The changing
trend of the weight of biomass and geothermal energy with the change in the weight of the
environment and carbon dimensions was highly similar to that of the weight of the energy
and technology dimensions. In the process of changing the weight of the social dimension
from 0 to 1, the weight of photovoltaic energy and wind power showed an upward trend,
while the weight of hydropower, geothermal, and biomass energy showed a downward trend.
The difference between the options increased with the increase in the weight of the social
dimension. When taking the weight calculated above as the starting point, the weight gap
between the options increased, but the order did not change.

In general, the weight of photovoltaic energy increases when the weights of the
energy and social dimensions change and decreases when the weights of economic, tech-
nological, and environmental and carbon dimensions change. The weight of wind power
decreases when the weights of the energy, economic, and technological dimensions change
and increases when the weights of the environmental and carbon and social dimensions
change. The weight of hydropower decreases when the weights of the energy, economic,
and social dimensions change and increases when the weights of the technology, environ-
ment, and carbon dimensions change. Biomass and geothermal energy decrease when the
weights of the energy, technology, environment and carbon, and social dimensions change
and increase when the weight of the economic dimension changes.

In the process of the change in the weight of each dimension, the change in the weight
of the energy and the environment and carbon dimensions did not change the order of the
alternatives, and the change in the weight of the social dimension changed the order of the
alternatives once. The change in the weight of the technical dimension changed the order
of the options twice, and the change in the weight of the economic dimension changed the
order of the options four times.
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5. Conclusions and Policy Recommendations

This study measured the sequence and differences of the development and utilization
of renewable energy in different regions from the perspective of carbon emission reduction
and provided a new analytical perspective for the utilization and distribution of renewable
energy in China. It provided a solution based on renewable energy for achieving the
carbon emission reduction target as soon as possible, confirmed by a variety of methods,
further enhancing the reliability of the evaluation system. Through the integration of
network analysis and a variety of MCDM methods, the system can deal with complex
evaluation indicators with interactions between indicators, and each MCDM evaluation
method selects alternatives from different angles based on their respective preferences for
indicators; the results can support and verify each other, making the comprehensive results
more comprehensive and reliable.

The results show that the environment and carbon dimensions are the most important
criteria to evaluate the priority of renewable energy under carbon emission reduction,
followed by the economic, energy, technological, and social dimensions. The weight order
of each index included direct carbon emission reduction, the carbon emission cost, tech-
nological maturity, green investment allocation, pollutant reduction, energy processing
and conversion efficiency, green energy utilization efficiency, the renewable energy grid
connection rate, the investment cost, employment, the green power growth rate, envi-
ronmental regulation, green management, the impact on the ecosystem, climate status,
the power generation cost, the installed scale and investment quota of low-carbon equip-
ment, the carbon emission intensity, indirect carbon emissions, and the green energy
reserves. Environment and carbon dimensions are the most important part of renewable
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energy assessment dominated by carbon emission reduction, which should focus on direct
carbon emission reduction and pollutant emission reduction. The economic dimension
is the second important part of the renewable energy evaluation dominated by carbon
emission reduction, and the carbon emission cost and green investment allocation need
to be considered in the renewable energy evaluation. In the energy dimension, we need
to pay attention to the green energy efficiency and grid connection rate, in order to pro-
mote carbon emission reduction from the energy aspect. In the technology dimension,
technological maturity and energy processing and conversion efficiency play an important
role in whether renewable energy can promote carbon emission reduction. Although
the social dimension has the lowest weight among all dimensions, employment, green
management, and environmental regulation still play an important role in the renewable
energy evaluation system based on carbon emission reduction, and the social dimension is
the foundation, which must be further considered.

When evaluating the priority of renewable energy aiming to reduce carbon emissions
as a whole, all methods showed that photovoltaic energy is the best choice. In the top
three, the choices of ANP, WSM, TOPSIS, PROMETHEE, and VIKOR were the same;
the second and third places were held by wind power and hydropower, respectively.
ELECTRE ranked hydropower in second place and wind power in third place. After
dividing regions according to carbon emission intensity, it was found that areas with
serious carbon emissions are suitable for the development of hydropower; areas with
sub-serious carbon emissions should give priority to photovoltaic or wind power; areas
with high carbon emissions should vigorously develop wind power; areas with high carbon
emissions intensity (II) should focus on photovoltaic power; areas with sub-high carbon
emissions are suitable for the development of wind and photovoltaic power; and areas III
and IV with sub-high carbon emissions are the most suitable for hydropower. After the
sensitivity analysis of the weight, the importance of photovoltaic energy increased with
the increase in the weight of the energy and social dimensions, and the importance of wind
power increased with the increase in the weight of the environmental and carbon and social
dimensions. The importance of hydropower increases with the increase in the weight of
the technology and environment and carbon dimensions. The importance of biomass and
geothermal energy improved with the increase in the weight of the economic dimension.
In the sensitivity analysis, photovoltaic power was still the best choice, followed by wind
power and hydropower, and finally geothermal and biomass energy, which is basically
consistent with the results of the MCDM calculation.

From the point of view of carbon emission reduction, this study further confirms
the effectiveness of the MCDM method in renewable energy evaluation on the basis
of existing research, and through the sensitivity analysis of the impact of index weight
changes on the priority of alternatives, it provides a basis for the selection of the MCDM
method in the evaluation of renewable energy under different weight distribution and
application scenarios. There are differences in carbon emission intensity in different
regions, so it is difficult to generalize when choosing renewable energy based on carbon
emission reduction. By considering the different preferences of the energy, economy,
technology, environment and carbon, and social dimensions in different regions, choosing
more targeted evaluation methods can further improve the efficiency of renewable energy
development and utilization.

Based on the above analysis, we propose the following relevant policy recommenda-
tions for renewable energy with the goal of carbon emission reduction:

(1) Increase investment in renewable energy: we will increase support for new energy
enterprises with strong innovation ability and great potential for carbon emission reduction
and improve the coverage of renewable energy subsidy policies in line with local conditions
and increase the R & D funding of private renewable energy companies, so that they can
maximize the replacement of coal energy consumption, effectively improve the proportion
of energy consumption, and achieve the double carbon goal as soon as possible in the
process of continuously improving a clean, efficient, and safe energy system.
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(2) Improve the utilization efficiency of renewable energy: China is rich in renewable
resources, so it is necessary to continuously develop advanced technology, increase the
utilization efficiency of renewable energy, and, at the same time, maintain a reasonable
range of installed scale and investment quota of low-carbon equipment, in order to ensure
the stable development of renewable energy. Thus, while the installed scale of renewable
energy continues to expand, its utilization efficiency can also be continuously improved.

(3) Adjust measures to local conditions and produce a rational layout: combined
with the differences in renewable resources conditions and carbon emission intensity in
different regions, the development plan of renewable energy in different regions should
be formulated reasonably. In addition, the development of renewable energy needs low-
carbon, clean, and efficient coal in the foreseeable future. For a relatively long time,
the absorption of clean power into the grid and the stable operation of the power grid
require the peak regulation matching of thermal power generation, so it is necessary to
distribute coal and renewable energy as a whole and allocate them reasonably.
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