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Abstract: The unique resources and environmental advantages of renewable energy make it an
essential component of energy strategies and a meaningful way to achieve “carbon neutrality”.
However, due to limitations relating to ecological factors and geographical locations, renewable
energy power generation faces many problems, including instability, resulting in unsustainable
development. Few studies have been conducted on the sustainability of renewable energy. Therefore,
a multi-criteria decision-making (MCDM) framework for evaluating renewable energy sustainability
is put forward. Based on a 2-tuple linguistic grey relation model and the prospect theory, the
MCDM framework can comprehensively analyze the factors that may influence renewable energy
sustainability in terms of resources, the environment, society, technology, and the economy. The
combination of the 2-tuple linguistic model and the prospect theory can improve the objectivity of
decision making. Taking China as the research object, this study finds that the profit–loss ratios for the
four alternatives considered are {0.969, 0.432, 0.395, 0.369} for solar photovoltaic power, wind power,
hydropower, and biomass power, respectively, ranked from best to worst. Based on the sensitivity
analysis, the MCDM framework can change its parameters based on the relevant psychological
characteristics and then establish a suitable system for decision making. The MCDM framework
proposed in this study can provide investors with decision-making references and help governmental
agencies formulate renewable energy policies.

Keywords: renewable energy; sustainability; multi-criteria framework; 2-tuple linguistic grey relation
model prospect theory

1. Introduction

Greenhouse gas emissions are increasing and further driving global climate change [1];
in response, the Intergovernmental Panel on Climate Change (IPCC) has proposed that
the goal of “carbon neutrality” be achieved by limiting the global temperature increase to
less than 1.5 ◦C by the end of this century. CO2 emissions mainly come from fossil fuel
consumption, and developing renewable energy can reduce fossil fuel energy consump-
tion. In a word, building a low-carbon energy system is essential for achieving “carbon
neutrality” [2]. In addition, the sharp increase in electricity demand has triggered a short-
age of fossil fuel energy [3], making renewable energy a necessary option for alleviating
energy shortages [4].

Moreover, renewable energy can be leveraged to formulate poverty-alleviating projects
in some countries [5]. While improving energy sustainability, renewable energy can also
enhance the sustainability of social and financial development [6]. Therefore, the develop-
ment of renewable energy has been favored by various countries. Nevertheless, although
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renewable energy is more abundant than fossil fuel energy, there are still some issues with it.
On the one hand, the development of renewable energy is often limited by environmental
conditions and geographical locations, so power generation faces significant issues related
to intermittency and instability [7]. On the other hand, the construction of renewable energy
projects impacts the ecosystem, so the question of how to mitigate its environmental impact
is also a key consideration [8]. In addition, due to the instability of renewable energy, its
connection to the grid affects the stable operation of whole power systems, which have to be
re-designed accordingly for greater flexibility [7]. Currently, renewable energy technologies
do not solve the above problems well enough to ensure the sustainability of renewable
energy systems. Compared with fossil fuel energy projects, renewable energy projects
entail a heavier upfront investment; the wasting of money and resources is a certain result if
the sustainability of renewable energy itself is not carefully considered [9]. However, most
attention is currently paid to the question of whether the energy industry is sustainable and
what roles renewable energy can play in the energy industry, with little research on whether
renewable energy itself is sustainable. Therefore, there is an urgent need for a multi-criteria
decision-making (MCDM) framework to evaluate the sustainability of renewable energy.

1.1. Literature Review

There have been many studies evaluating energy systems, especially renewable energy,
from different aspects. Santoyo-Castelazo and Azapagic [10] used MCDM to determine
the most sustainable energy choices throughout the life cycle, including an analysis of
the economic, social, and environmental costs and benefits. Chachi et al. [11] provided a
systematic analysis of renewable energy performance using data envelopment analysis
(DEA) to understand the diverging paths of renewable energy development for different
countries. Fang et al. [12] focused on the potential approaches to evaluating and promoting
the international competitiveness of the renewable energy industry of the Group of 20.
Katre et al. [13] developed a framework for individually assessing the sustainability of
specific models of energy access; it combines a multi-dimensional analysis of five sustain-
ability dimensions with the Multi-Tier Framework (MTF) to assess technical sustainability.
Wang et al. [14] presented a hybrid methodology that combines the data envelopment anal-
ysis (DEA) Window model and the fuzzy technique for order of preference by similarity
to ideal solution (FTOPSIS) to evaluate the capabilities of 42 countries in terms of their
renewable energy production potential. Wang et al. [15] proposed an approach to offshore
wind power station site selection using a two-stage MCDM-based spherical fuzzy set
approach. The above studies mainly focus on the MCDM framework of renewable energy
performance, production capacity, competitiveness, and site optimization. However, there
is no assessment of the sustainability of renewable energy itself.

Only a few scholars have evaluated renewable energy sustainability. A comprehensive
“Renewable Energy Sustainability Index” was proposed for renewable energy sustainability
evaluation and related development stages [16]. By enhancing the indexes of positive
impacts and mitigating the indexes of negative impacts, some solutions for developing
renewable energy sustainability were proposed. By combining the pursuit algorithm
projection and the genetic algorithm, which is real-coded accelerated, Wang and Zhan
quantitatively evaluated the sustainable development of renewable energy [17]. However,
the above studies did not consider the characteristics of different renewable energy sources.
In addition, the construction of indicators under the goal of “carbon neutrality” needs to
be improved. To sum up, it is necessary to establish a hybrid MCDM framework for an
evaluation of the sustainability of renewable energy itself.

At present, the standard decision-making methods are mainly AHP (Analytic Hierar-
chy Process), TOPSIS (Technique for Order Performance by Similarity to Ideal Solution),
and VIKOR (VIsekriterijumska Optimizacija I Kompromisno Resenie), etc. Many scholars
have combined one or more methods with other models and proposed various hybrid
MCDM methods. Solangi et al. [18] proposed an integrated framework to assess sustainable
energy planning based on fuzzy TOPSIS and AHP. Zhao et al. [19] proposed an integrated
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MCDM model combining the entropy weight method, the superior language rating, and
extended fuzzy-GRA to assess renewable energy. Çelikbilek and Tüysüz [20] proposed
a grey MCDM framework to evaluate renewable energy; it integrates three methods, in-
cluding DMATEL (Decision Making Trial and Evaluation Laboratory), VIKOR, and ANP
(Analytic Network Process).

Some studies introduced novel and innovative theories, such as cloud models, 2-dimension
certain linguistic variables (2DULVs), and spherical fuzzy sets. A hybrid approach was
proposed to mix 2DULVs, the cloud model, and the extended TODIM to evaluate renewable
energy performance [6]. Wu et al. [21] presented an MCDM technique based on a fuzzy
theory and the cumulative prospect theory for determining the most suitable form of
renewable energy power in China. Mahmood et al. [22] introduced the concept of the
spherical fuzzy set (SFS) and the T-spherical fuzzy set (T-SFS) as generalizations of the
conventional fuzzy set (FS), the intuitionistic fuzzy set (IFS), and the PFS. Neutrosophic
statistics extend classical statistics and are applied when the data come from a complex
process or an uncertain environment [23]. Aslam [24] used neutrosophic statistics to analyze
wind power data using analysis of means, then made an evaluation. Currently, MCDM
framework methods for renewable energy are mostly traditional or single models that need
to be improved and innovated on using a new theory. Therefore, in this paper, we propose
an MCDM framework suitable for assessing the sustainability of renewable energy and
based on the 2-tuple linguistic model and the prospect theory.

1.2. Contributions

In this study, a grey relation of the 2-tuple linguistic MCDM system is developed, in
combination with the prospect theory, to explore the sustainability of renewable energy. Its
contributions and innovations include:

(1) An MCDM framework for assessing the sustainability of renewable energy itself is
established. Few existing studies have paid attention to renewable energy’s sustain-
ability. In this study, an evaluation system is designed with five dimensions: resources,
the environment, society, technology, and the economy.

(2) A 2-tuple linguistic model is introduced to the MCDM framework. The transformation
2-tuple linguistic model aims to process heterogeneous information; it effectively
deals with the issues regarding multi-dimensional and non-normal data. Compared
to general linguistic information, this 2-tuple linguistic model can effectively preserve
information integrity and avoid the loss or distortion of information.

(3) The grey relational analysis and the prospect theory are implemented in the MCDM
framework. The prospect theory can take into consideration the psychological charac-
teristics of decision makers and, when combined with the grey relational analysis, can
boost the objectivity of the decision results.

1.3. The Structure of the Paper

The paper is structured as follows. Section 2 discusses an MCDM framework that
evaluates the sustainability of renewable energy. A 2-tuple linguistic grey relation model
based on the prospect theory is introduced in Section 3. Section 4 talks about a case study,
and Section 5 presents our conclusions.

2. MCDM System

The key to MDCM is to establish an evaluation system. To assess the sustainability
of renewable energy itself, the paper demonstrates an MCDM model with five aspects, as
shown in Figure 1.
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Figure 1. An MCDM framework for evaluating the sustainability of renewable energy.

2.1. Resources

The “resources” dimension mainly considers the impact of the availability, renewable
capacity, and utilization on the sustainable development of renewable energy itself.

• Resource availability (kWh/m2/year). Resource availability reflects the natural character
of each form of renewable energy, such as solar radiation, water flow speed, and wind
speed. Availability is an essential criterion for renewable energy generation capacity.

• Share of energy installed capacity (%) [25]. The percentage of energy installed capacity
represents the proportion of the renewable energy capacity installation compared to the
total power installation capacity, reflecting the level of renewable energy utilization
in terms of power generation equipment. The data are from “The China Energy
Statistics Yearbook.”

• Energy accommodation level [26]. The energy accommodation level represents the
accommodation of electricity generated from renewable energy sources on the demand
side, especially whether there is the abandonment of wind and solar.

• Energy renewability [26]. Energy renewability represents the ability of renewable
energy sources to re-attain their original level after they have been consumed; for
example, with hydropower, this represents the ability to restore the power supply
after the water flow has dried up.
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2.2. The Environment

The “environment” dimension mainly considers renewable energy’s positive and
negative influences on the ecological environment, including carbon emissions and land
use, and conducts a life-cycle assessment. Our study assesses the sustainability of other
renewable energy sources’ development based on environmental carrying capacity.

• CO2 emissions (tCO2 equivalent/MKW) [27,28]. CO2 emissions represent the emitted
CO2 per MKW of renewable energy generation during the life cycle. For example, solar
photovoltaic power involves the production, installation, maintenance, and recovery
of solar panels.

• Land requirements (km2/GW) [29,30]. Land resources are required to build power
plants. This is not only a cost that must be paid; it also affects the landscape.

• Impacts on the ecosystem [6,27,31]. The impact on the ecosystem represents the
impact of renewable energy projects on the surroundings and the interactions with
the ecosystem during the life cycle.

• Environmental pressure relief [32]. In contrast with fossil fuel resources, renewable
energy contributes to alleviating environmental pressure and encouraging environ-
mental friendliness.

2.3. Society

The “society” dimension involves two aspects. First, the contribution of renewable
energy power to social development is considered. Second, social support for renewable
energy is considered.

• Electricity pressure relief (%). Electricity pressure relief represents the share of renew-
able energy power in society’s total consumption of electricity.

• Employment creation (Jobs/MW) [33,34]. Whether fossil-fuel-based or renewable,
an energy supply system needs to hire many employees for functions including
construction, operations, and shutting down.

• Ease of decentralization [27]. A key advantage of renewable energy is the development
of energy supply distribution. Various renewable energy sources offer easy decen-
tralization, which builds more distributed electricity near users, thereby supporting
flexible and long-term adaptation to the grid with lower energy losses.

• Policy support [6,27,35]. Policy support represents the government’s support for each
form of RE, which influences the long-term development of RE.

2.4. Technology

The “technology” dimension mainly represents the efficiency, cost, and reliability of
renewable energy generation and the maturity of the technology.

• Efficiency (%) [34,36,37]. Efficiency represents the useful energy that can be converted
into electricity as a percentage of the total energy generated from renewable sources.

• Levelized cost (USD/kWh) [38]. Levelized cost refers to the value of the unit cost of
electricity over the lifetime of an energy-generating asset.

• Electricity supply stability [27,39]. RE is greatly affected by natural conditions. The
stability of the power supply is a significant technical criterion for evaluating the
long-term development of RE.

• Technological maturity [27,28]. Technological maturity refers to the popularity of key
renewable energy technologies and whether there is still room for improvement. It is
an important element in assessing risk.

2.5. The Economy

The “Economy“ dimension evaluates the economic feasibility and sustainability of
renewable energy from the point of view of investors, including the investment proportion,
the payback period, on-grid tariffs, and market developments.
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• Share of energy investment (%) [38]. The share of energy investment is the proportion
of various renewable energy investments as compared to total investment in power.
The data are from “The China Energy Statistics Yearbook”.

• Payback period (Years) [36,40–42]. The payback period refers to the time required for
the total income obtained from the project to be equal to the entire original project in-
vestment.

• Feed-in Tariff (yuan/kWh). The feed-in tariff refers to the metered price paid by the
grid company when sources of renewable energy generation are connected to the
power grid. It reflects the degree of policy support for renewable energy projects.

• Market maturity [34,43]. Market maturity refers to whether the market mechanisms
related to renewable energy generation, transmission, and sales are complete and
whether the market can coordinate with renewable energy development.

3. Methodology
3.1. Basic Concept and Theory
3.1.1. The Method of 2-Tuple Fuzzy Linguistic Representation

2-tuple fuzzy linguistic information is a kind of linguistic information that has emerged
in recent years. Different types of linguistic information are transformed into 2-tuple
linguistic information through mathematical models. It preserves the integrity of the
original information to the greatest extent, avoids the distortion and loss of information,
and can effectively solve multi-dimensional and non-normal data. Therefore, it is applied
to unify heterogeneous information in this paper.

Definition 1 [44]. The 2-tuple linguistic model refers to the transfer of symbols and (sd, αd) is used
to replace the natural language evaluation information given by DMs. si ∈ S = {s0, s1, · · · , st}
represents a kind of symbol transfer value in the symbolic interpretation of the linguistic term S.
αd ∈ [−0.5, 0.5) refers to the error between the evaluation result and sd. Let sd ∈ S be a linguistic
term, and the function can obtain the equivalent 2-tuple representation:

o : S→ S× [−0.5, 0.5)
o(sd) = (sd, αd), sd ∈ S

(1)

Definition 2 [44]. Let S = {s0, s1, · · · , st} be a linguistic term set and φ ∈ [0, t] be a value
representing the outcome of the operation of a symbolic aggregation. It can be obtained with function
∆ and ∆−1:

∆ : [0, t]→ S× [−0.5, 0.5)

∆(φ) = (sd, αd) =

{
sd, d = round(φ)
αd = β− i, αd ∈ [−0.5, 0.5)

}
(2)

∆−1(sd, αd) = i + αd = φ (3)

3.1.2. Prospect Theory

Traditional decision-making methods are based on the assumption of a “completely
rational person”, but the results may differ from the actual situation. The prospect theory is
a decision-making theory based on “Limited Psychology”. The prospect theory considers
the psychological characteristics of decision makers. According to the prospect theory, the
prospect value V consists of the value function v(∆x) and the weight function w(p), as
shown in Figure 2. The value function refers to the risk preference. After many experiments,
Tversky and Kahneman proposed a value function based on a power function [45]. They
are obtained with the following function:

V =
n

∑
i=1

w(pi)v(∆xi) (4)
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v(∆x) =
{

(∆x)α, ∆x ≥ 0
−θ(−∆x)β, ∆x < 0

(5)

where x denotes the losses or gains. x < 0 refers to the losses, and x ≥ 0 stands for the
gains. 0 ≤ α ≤ β ≤ 1, θ > 1.
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The weight functions w(p) for gains and losses, respectively, are:

w+(p) =
pϕ(

pϕ + (1− p)ϕ)1/ϕ
, ∆x > 0 (6)

w−(p) =
pδ(

pδ + (1− p)δ
)1/δ

, ∆x 6 0 (7)

3.1.3. The Grey Relation Analysis

The grey correlation analysis analyzes the correlation between reference sequences
R∗ =

[
r∗1 , r∗2 · · · r∗m

]T and comparison sequences Rj =
[
r1j, r2j · · · rmj

]T [46]. The grey
correlation coefficient is calculated as follows:

ζ
j
i =

minjmini
∣∣r∗i − rij

∣∣+ ρmaxjmaxi
∣∣r∗i − rij

∣∣∣∣r∗i − rij
∣∣+ ρmaxjmaxi

∣∣r∗i − rij
∣∣ (8)

where ρ is the resolution coefficient, ρ ∈ (0, 1).

3.2. Decision Framework

There are two critical issues in the evaluation of the sustainability of renewable energy.
(1) How to unify all kinds of information. Due to the many factors influencing renewable
energy, the question of how to unify heterogeneous information is a problem that must
be solved. This study introduces the method of 2-tuple fuzzy linguistic representation to
address the nonlinearity of multi-dimensional data. (2) How to increase the objectivity
of the results of decision making. For one thing, the abilities of experts have a significant
impact on the results, and the question of how to improve the objectivity of qualitative
indicators is an issue. 2-tuple fuzzy linguistic information includes multiple levels that
can retain the original information to the greatest extent. Additionally, many evaluation
studies are based on the hypothesis of “completely rational people.” How to consider the
psychological characteristics of decision makers (DMs) is another issue. Therefore, this
study applies the prospect theory to consider DMs’ risk preferences. This study proposes
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a 2-tuple linguistic grey relation model combined with the prospect theory, as shown in
Figure 3.
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Phase 1. Unify the heterogenous information.
Step 1. Convert the heterogenous information into F(ST).
This step uses a basic linguistic term set ST = {s0, s1 · · · st}, shown in Figure 4, denoted

as F(ST). ST = {s0, s1, s2, s3, s4, s5, s6, s7, s8, s9, s10, s11, s12, s13, s14} is selected as the basic
linguistic term, with 15 terms symmetrically arranged.
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1. Transform numerical value ς ∈ [0, 1] into F(ST) [47].
The function τN converts a numerical value ς into F(ST) in,

τN : ς ∈ [0, 1]→ F(ST)τN(ς) = {(s0, γ0), (s1, γ1), · · · (st, γt)},
sd ∈ ST , d ∈ {0, 1, · · · , t} (9)

γd = µsd(ς) =


0 , if ς /∈ support (µsd(x))
(ς−md)/(nd −md) , if md ≤ ς ≤ nd
1 , if nd ≤ ς ≤ pd
(pd − ς)/(pd − qd) , if pd ≤ ς ≤ qd

(10)

2. Transform interval value I =
[

i, i
]

in [0, 1] into F(ST) [47].

The function τI transforms an interval value I =
[
i, i
]

into F(ST) in,

τI : I ∈ [0, 1]→ F(ST)
τI(I) = {(s0, γ0), (s1, γ1), · · · (st, γt)},

sd ∈ ST , d ∈ {0, 1, · · · , t}
(11)

µI(ε) =


0 , if ε < i
1 , if i ≤ ε ≤ i
0 , if i < ε

(12)

γi = maxmin{µI(y), µsd(y)} (13)

3. Transform linguistic terms S =
{

l0, l1 · · · lp
}

into F(ST) [47].
The function τL transforms linguistic terms S =

{
l0, l1 · · · lp

}
into F(ST) in,

τL : ld ∈ S→ F(ST)
τL(ld) = {(s0, γ0), (s1, γ1), · · · (st, γt)},

sd ∈ ST , i ∈ {0, 1, · · · , t}
(14)

γi = maxmin{µld(y), µsd(y)} (15)

This paper selects S = {l0, l1, l2, l3, l4} as expert evaluation linguistic terms that are
denoted in linguistic terms as {very low, low, fair, high, very high}, as shown in Figure 5.
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Step 2. Transform F(ST) into 2-tuple linguistic value [47].

χ : F(ST)→ [0, t]

χ(F(ST)) = χ({(sd, γd), d = 0, 1, . . . ., t}) =

t
∑

d=0
iγd

t
∑

d=0
γd

= φ
(16)

Therefore, using the function ∆, we can obtain a collective preference relation, and
then it can be expressed with linguistic 2-tuples:

∆(χ(F(ST))) = ∆(φ) = (sd, α), sd ∈ ST (17)

Phase 2. Calculate criteria and sub-criteria weight.
Step 3. Calculate the weight of criteria based on AHP [48].
Experts judge the significance of one criterion relative to another. The weights λk can

be obtained, where k = 1, 2, 3, 4, 5.
Step 4. Calculate the weight of sub-criteria based on the method of maximizing deviation.
Maximizing deviation was proposed by Qu et al. [49] to determine criteria weights.

The more the criteria Cj significantly differ between the evaluation values of alternatives,
the greater the weight. The optimization model is as follows:

maxD(ω) =
p
∑

q=1

m
∑

i=1

m
∑

l=1
ωj

∣∣∣Siq − Slq

∣∣∣
s.t.

n
∑

j=1

(
ωj
)2

= 1, ωj > 0, q = 1, 2, · · · p
(18)

where Siq − Slq = ∆−1(d((sd, αd)iq, (sd, αd)lq)) represents the total deviation of all alterna-
tives from other alternatives.

The Lagrange function is used to solve the optimization model, as follows:

ωj =
m

∑
i=1

m

∑
l=1

∣∣∣Siq − Slq

∣∣∣/
√√√√ p

∑
q=1

[
m

∑
i=1

m

∑
l=1

∣∣∣Siq − Slq

∣∣∣]2

(19)

(
ωq
)∗

= ωq/
p

∑
q=1

ωq, q = 1, 2, · · · p (20)

Finally, the comprehensive weight of sub-criteria vj based on AHP and maximizing
deviation method is calculated as follows:

vj =
(
ωq
)∗

λk, j = 1, 2, · · · , n, q = 1, 2, · · · , p, k = 1, 2, 3, 4, 5 (21)

Phase 3. The 2-tuple linguistic grey relational degree.
Step 5. Determine the positive and negative ideal solutions.
According to the prospect theory, measuring losses or gains requires a decision refer-

ence point, so the gains or losses obtained at different reference points are different.
The paper takes the ideal solutions, including the positive and negative ones, as the

reference point for decision making. The principle for selecting such solutions is as follows:

(sd
+, αd

+)j =

{
maxi(sd, αd)ij, beni f it criteria Cj

mini(sd, αd)ij, cos t criteria Cj
(22)

(sd
−, αd

−)j =

{
mini(sd, αd)ij, beni f it criteria Cj

maxi(sd, αd)ij, cos t criteria Cj
(23)

where i = 1, 2, · · · , m, j = 1, 2, · · · , n.
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Step 6. Calculate the 2-tuple linguistic grey relational degree.

(ξd
+, ηd

+)ij = ∆

(
miniminjD+

ij + ρmaximaxjD+
ij

D+
ij + ρmaximaxjD+

ij

)
(24)

(ξd
−, ηd

−)ij = ∆

(
miniminjD−ij + ρmaximaxjD−ij

D−ijt + ρmaximaxjD−ij

)
(25)

where D+
ij =

∣∣∣∆−1(sd, αd)ij − ∆−1(sd
+, αd

+)ij

∣∣∣, D−ij =
∣∣∣∆−1(sd, αd)ij − ∆−1(sd

−, αd
−)ij

∣∣∣;
ρ ∈ [0, 1], ρ generally takes 0.5.

Phase 4. The 2-tuple linguistic prospect value.
Step 7. Calculate the positive and negative prospect values.
Firstly, a prospect value function is constructed, as follows:

v+ij =
(

1− ∆−1(ξd
−, ηd

−)ij

)α
represents the deviation of the substitute from the nega-

tive ideal solution, shown as a gain value function; v−ij = −θ ·
[
−∆−1

(
(ξd

+, ηd
+)ij − 1

)]β

represents the deviation of the replacement from the positive ideal solution, denoted as a
loss value function.

Then, calculate the positive and the negative prospect values, as follows:

Vi
+ =

n

∑
j=1

vij
+
(

∆−1(ξd
−, ηd

−)
ij

)
w+
(

pj
)
=

n

∑
j=1

[(
1− ∆−1(ξd

−, ηd
−)

ij

)]α

×
v

γ
j(

v
γ
j +

(
1−vj

)γ
)1/γ

(26)

Vi
− =

n

∑
j=1

vij
−
(

∆−1(ξd
+, ηd

+
)

ij

)
w−
(

pj
)
=

n

∑
j=1

(
−θ
(
−1− ∆−1(ξd

+, ηd
+
)

ij

)β
×

vδ
j(

vδ
j +

(
1−vj

)δ
)1/δ

(27)

Vi
+ and Vi

− represent the 2-tuple linguistic prospect value of the alternative; Vi
+

represents the positive prospect value, shown as benefits, and Vi
− represents the negative

prospect value, denoted as losses.
Step 8. Calculate the ratio of gains and losses.

Ri =
∣∣Vi

+/Vi
−∣∣, i = 1, 2, · · ·m (28)

Sort the alternatives according to the ratio of gains and losses Ri, and the optimal
alternative can be obtained.

4. Case Study
4.1. Background Information

As the largest country in Asia, China has a significant ability to develop renewable
energy. The year 2018 witnessed an installed renewable energy capacity in China that
reached 729.86 million kW, 38.4% [25]. This paper selects China as a case study. For one
thing, China is rich in solar, wind, and water resources. The installed capacity of various
forms of renewable energy is among the highest globally, so there is enough material to
study the sustainability of each form of renewable energy. In addition, natural resources
and electricity demand in China are inversely distributed. Developing renewable resources
sustainably while coordinating the relationship between supply and demand is a challenge.
The distribution of solar photovoltaic power, hydropower, wind power, and biomass power
in China is shown in Figure 6.
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Figure 6. The distribution of renewable energy in China.

4.2. Results and Discussions

Renewable energy in China is the research object of this paper. The quantitative data
mainly come from statistical data and the literature. Experts from three energy industries
are asked to rate the qualitative indicators, and the three experts all have equal weight.
Initial data are shown in Appendix A.

In Phase 1, heterogeneous information relating to twenty indicators is unified into the
2-tuple linguistic value. It is shown in Table 1.

4.2.1. Discussion of the Weights

Based on Phase 2, the final weights of the sub-criteria are obtained, as shown in
Figure 7. Out of the weights for the five criteria, the weight of “resources” is the largest at
30%, followed by “society”, “the environment”, “technology”, and “the economy”. This
shows that the resources criterion has the most significant influence on the sustainability of
renewable energy, and the impact of economics is small.

From the ranking of the sub-criteria weights (Figure 8), the order of the weights is
as follows: share of installed energy capacity (C11) > energy accommodation level (C12)
> ease of decentralization (C33) > policy support (C34). First, renewable energy is more
plentiful than fossil fuel energy, so renewable energy’s sustainability relies mainly on the
level of renewable energy development in terms of installed equipment and the electricity
accommodation level on the demand side. Second, a great advantage of renewable energy
is its capacity for building distributed power generation systems. The distances between the
power generation station and the user are significantly decreased, which is more convenient
and economical. Third, compared with traditional power, the profitability of renewable
energy projects is not advantageous. Encouraging investors to invest in renewable energy
projects is another issue that determines sustainability. In this process, the government’s
incentive policy plays a big role.
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Table 1. The decision matrix of the 2-tuple linguistic value.

Sub-Criteria Type Solar Photovoltaic
Power Wind Power Hydropower Biomass Power

Resource availability benefit (S14, 0) (S3,−0.340) (S7,−0.420) (S0, 0)
Share of installed energy

capacity benefit (S14, 0) (S4, 0.200) (S3,−0.060) (S0, 0)

Energy accommodation level benefit (S8,−0.020) (S0, 0) (S14, 0) (S14, 0)
Energy renewability benefit (S13, 0.200) (S13,−0.033) (S8,−0.275) (S6, 0.316)

CO2 emissions cost (S14, 0) (S3,−0.340) (S0, 0) (S6,−0.190)
Land requirements cost (S1,−0.402) (S2, 0.095) (S13, 0.064) (S9,−0.457)

Impacts on the ecosystem cost (S5,−0.092) (S9, 0.316) (S13,−0.033) (S11,−0.092)
Environmental stress relief benefit (S13,−0.500) (S11,−0.092) (S8,−0.275) (S9, 0.316)

Electrical pressure relief benefit (S11,−0.500) (S14, 0) (S1, 0.400) (S0, 0)
Employment creation benefit (S7, 0) (S1, 0.035) (S1, 0.441) (S8, 0.475)

Ease of decentralization benefit (S13, 0.200) (S8,−0.275) (S5,−0.092) (S13,−0.500)
Policy support benefit (S13, 0.200) (S13,−0.033) (S8,−0.275) (S13,−0.500)

Efficiency cost (S1, 0.225) (S2, 0.339) (S7, 0) (S12,−0.036)
Levelized cost cost (S13,−0.225) (S5,−0.331) (S1, 0.225) (S4, 0.116)

Electricity supply stability benefit (S13, 0.200) (S10,−0.450) (S11, 0.142) (S13,−0.500)
Technological maturity benefit (S13, 0.200) (S10,−0.450) (S11, 0.142) (S13,−0.500)

Share of energy investment benefit (S4, 0.340) (S14, 0) (S13,−0.40) (S0, 0)
Payback period cost (S6, 0.366) (S12, 0.092) (S3, 0.164) (S3, 0.260)

Feed-in tariff benefit (S10,−0.182) (S6,−0.114) (S3,−0.182) (S8,−0.406)
Market maturity benefit (S13,−0.500) (S9, 0.316) (S13,−0.033) (S4, 0.142)
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4.2.2. Discussion of the Ideal Solutions

Based on Phase 3, the ideal solutions for the prospect theory are obtained. The positive
ideal solution is as follows:

(sd
+, αd

+) =


(s14, 0) (s14, 0) (s14, 0) (s13, 0.2)
(s0, 0) (s1,−0.402) (s5,−0.092) (s13,−0.5)
(s14, 0) (s8, 0.475) (s13, 0.2) (s13, 0.2)

(s14,−0.451) (s1, 0.225) (s13,−0.5) (s13, 0.2)
(s14, 0) (s3, 0.164) (s10,−0.182) (s13,−0.033)


The negative ideal solution is as follows:

(sd
−, αd

−) =


(s0, 0) (s0, 0) (s0, 0) (s6, 0.316)
(s14, 0) (s13, 0.062) (s13,−0.033) (s8,−0.275)
(s0, 0) (s1, 0.035) (s5,−0.092) (s8,−0.275)

(s3, 0.115) (s13,−0.225) (s10,−0.450) (s5,−0.092)
(s0, 0) (s12, 0.092) (s3,−0.182) (s4, 0.142)


We compare the four alternatives with the ideal solution, as shown in Figure 9, where

the dots represent the benefit-type indicators and the asterisks denote the cost-type indica-
tors. For the positive ideal solution, the φ of the benefit-type indicators is at a relatively
high level, while the φ of the cost-type indicators is at a relatively low level. The negative
ideal solution is just the opposite. By comparing the alternatives with the positive and
negative ideal solutions, each alternative’s strengths and weaknesses can be obtained.



Sustainability 2022, 14, 4419 15 of 24

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 26 
 

4.2.2. Discussion of the Ideal Solutions 

Based on Phase 3, the ideal solutions for the prospect theory are obtained. The posi-

tive ideal solution is as follows: 

14 14 14 13

0 1 5 13

14 8 13 13

14 1 13 13

14 3 10 13

0.402 0.092 0.5

0.475 0

( ,0) ( ,0) ( ,0) ( ,0.2)

( ,0) ( , ) ( , ) ( , )

( , )= ( ,0) ( , ) ( , ) ( , )

( ,

.2 0.2

0.451 0.225 0.5 0.2

0.164 0.182 0

) ( , ) ( , ) ( , )

( ,0) ( , ) ( , ) ( , ).033

d d

s s s s

s s s s

s s s s s

s s s s

s s s s

 

  

 

 













 
 
 
 

  

 

The negative ideal solution is as follows: 

0 0 0 6

14 13 13 8

0 1 5 8

3 13 10 5

0 12 3 4

( ,0) ( ,0) ( ,0) ( ,0.316)

( ,0) ( , ) ( , ) ( , )

( , )= ( ,0) ( ,0.035) ( , 0.092) ( , )

( , ) ( , ) (

0.062 0.033 0.275

0.275

0.115 0.225 0., ) ( , )

( ,

450 0.092

0) ( ,0.092) ( , ) ( ,0.182 0.142)

d d

s s s s

s s s s

s s s s s

s s s s

s s s s

 

 













 
 
 
 
 
 
 
 
   

 

We compare the four alternatives with the ideal solution, as shown in Figure 9, where 

the dots represent the benefit-type indicators and the asterisks denote the cost-type indi-

cators. For the positive ideal solution, the   of the benefit-type indicators is at a rela-

tively high level, while the   of the cost-type indicators is at a relatively low level. The 

negative ideal solution is just the opposite. By comparing the alternatives with the positive 

and negative ideal solutions, each alternative’s strengths and weaknesses can be obtained. 

Negative ideal solution

Positive ideal solution

Solar photovoltaic

Wind power

Hydropower

Biomass power

 

Figure 9. The comparison of alternatives with the positive ideal solution and the negative ideal so-

lution. 

Taking biomass power as an example, we see that when compared to other forms of 

power generation, the popularity of biomass power in China is low; therefore, the in-

stalled capacity, the proportion of investment, and the power generation capacity of bio-

mass power generation are low. However, biomass power is at a high level in terms of 

stability and employment creation. Compared with methods that generate intermittent 
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Taking biomass power as an example, we see that when compared to other forms of
power generation, the popularity of biomass power in China is low; therefore, the installed
capacity, the proportion of investment, and the power generation capacity of biomass
power generation are low. However, biomass power is at a high level in terms of stability
and employment creation. Compared with methods that generate intermittent power, such
as small-scale hydropower, solar photovoltaic power, and wind power, it has a superior
power quality and high reliability. It can also provide a large amount of stable employment.

4.2.3. Discussion of the Rankings

Based on Phase 4, this study obtains the profit–loss ratio of each alternative
Ri =

{
0.96863567, 0.431756841, 0.39474594, 0.368916558

}
, as shown in Figure 10. The

final ranking is solar photovoltaic power � wind power � hydropower � biomass power.
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In addition, each alternative’s positive and negative prospect values for each criterion
are obtained, as shown in Figure 11. Taking hydropower as an example, the “resources”
criterion displays the best performance. On the one hand, China has abundant water
resources and development potential; on the other hand, hydropower developed earlier
and therefore has a large installed capacity. It is worth mentioning that hydropower also
performs well under the “technology” criterion because its technological maturity and
efficiency are high. Additionally, its levelized cost is low. Hydropower performed the
worst in the “society” criterion. Hydropower depends on geographical conditions, and
the distribution of suitable sites is concentrated. Hydropower is mainly distributed in
the southwestern region of China, so it is not suitable for distributed power generation.
As a result, the distance to users is relatively long. Secondly, as a mature form of power
generation, the government’s support is relatively small, which is also a primary reason
affecting hydropower sustainability. In response to these problems, the state should en-
courage the development of small hydropower generation projects, accelerate hydropower
development in various places, and improve the price mechanism and incentive policies.
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4.3. Sensitive Analysis
4.3.1. Change in Psychological Characteristics

α, β are the risk attitude parameters in the prospect theory and represent the un-
evenness of the gain and loss in the value function, respectively. The larger the value of
α, the greater the likelihood that DMs pursue risk when facing gains; the larger the value
of β, the greater the possibility that DMs pursue risk when facing losses. Conversely, as α
and β decrease, DMs are more conservative in the face of risk. According to Kahneman
and Tversky, when α = β = 0.88, the behavior of DMs is more consistent with the actual
situation. The study set α, β ε [0.2, 1] for sensitivity analysis, as shown in Figures 12 and 13.

For α, as α increases, the gain–loss ratio of each alternative decreases, which shows that
the more likely DMs are to pursue risk, the less likely they are to invest in the alternative.
From the choice of alternatives, the difference in the investment probability of DMs for
each scheme is reduced. However, the ranking is the same as when α = 0.88. For β, the
changing trend is precisely the opposite of α. Compared with the ranking of the various
schemes when β = 0.88, solar photovoltaic power is still the optimal selection for DMs,
followed by wind power, hydropower, and biomass power.
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Figure 12. The sensitivity analysis of α.
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Figure 13. The sensitivity analysis of β.

θ is the loss aversion parameter of the prospect theory and indicates the sensitivity to
loss. The larger the value of θ, the higher the sensitivity to loss. According to Kahneman
and Tversky, when θ = 0.88, the behavior of DMs is more consistent with the actual
situation. The study set θ ε[1.5, 3.5] for the sensitivity analysis is shown in Figure 14. As θ
increases, the gain–loss ratio of each alternative decreases. When DMs are more sensitive to
losses, they are less likely to invest in each alternative. From the choice of alternatives, the
difference in the investment probability of DMs for each scheme is reduced. In addition,
the ranking is not changed.

A change in the parameters affects the gain–loss ratio, but the ranking of the four al-
ternatives does not change. The psychological characteristics of DMs affect their evaluation
value of each alternative to a certain extent. Still, fluctuations within a certain range do
not affect the results, proving the evaluation framework’s stability. Based on the prospect
theory, the MCDM framework can adjust the parameters according to the psychological
characteristics of different DMs and then establish a suitable system to refer to decisions.
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Figure 14. The sensitivity analysis of θ.

4.3.2. Change in Development Goals

Sustainable development refers to both current growth and long-term future devel-
opment and the goal of meeting human needs without exceeding the carrying capacity of
society or the environment. Therefore, when considering the sustainability of renewable
energy, environmental capacity and social needs are the two most important factors besides
renewable energy itself. This section aims to analyze different development goals. Based
on the baseline scenario, we establish the following three sets: matching criteria, higher
environment criterion, and higher society criterion (as shown in Table 2).

Table 2. The weight of criteria in different scenarios.

Baseline Scenario Scenario 1 Scenario 2 Scenario 3

Resources 0.30 0.2 0.1 0.1
Environment 0.20 0.2 0.6 0.1

Society 0.24 0.2 0.1 0.6
Technology 0.15 0.2 0.1 0.1
Economy 0.10 0.2 0.1 0.1

Scenario 1. It is assumed that the four criteria are equally important, as shown in
Figure 15. It is also found that the ranking is not changed. The difference between the
profit and loss ratios for the four scenarios under Scenario 1 is smaller than under the
baseline scenario, which indicates that the gap in renewable energy sustainability can be
reduced when the four standard weights are equal. In addition, the gain–loss ratios of
solar photovoltaic power and wind power are smaller than in the baseline scenario, which
indicates that when the weights of the resources, environmental, and social criteria decrease,
it is not conducive to the sustainability of solar photovoltaic power and wind power.

Scenario 2. It is assumed that more emphasis is placed on the various renewable
energy influences on the environment, increasing the weight of the environmental criterion,
as shown in Figure 16. It is found that the ranking does not change. However, the gain–loss
ratio of wind power increases, and the gain–loss ratios of solar photovoltaic power and
hydropower decrease; of the two, wind power is the most sensitive. When the weight of
the environmental criterion increases, it helps facilitate the sustainability of wind power.
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Figure 16. The gain–loss ratio of alternatives under various criteria in scenario 2.

Scenario 3. It is assumed that more attention is paid to whether renewable energy can
develop in harmony with society, that is, to increase the weight of the social criterion, as
shown in Figure 17.

It is found that the ranking of the four alternatives becomes solar photovoltaic power
� wind power � biomass power � hydropower, but the ranking under each criterion
has not changed. Therefore, to facilitate social sustainability, biomass power is better
than hydropower. The policy support for biomass power is more significant, and more
job opportunities are created. Additionally, biomass power is less affected by natural
conditions and is more suitable for developing distributed power networks. Similarly, if
it is desirable to facilitate hydropower sustainability, DMs should pay more attention to
social acceptance, such as developing more small hydropower projects according to local
conditions to adapt in harmony with the sustainable development of society.

The ranking comparison of the four scenarios is shown in Figure 18. Solar photovoltaic
power is the best choice in all four scenarios, and wind power is second. Under the baseline
scenario, Scenario 1, and Scenario 2, hydropower is better than biomass power, but biomass
power is better than hydropower in Scenario 3. DMs can adjust the weights of the criteria
according to different sustainable development goals to obtain renewable energy rankings.
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4.4. Comparative Analysis

To verify the results, two traditional methods (TOPSIS [42] and VIKOR [50]) are
compared with our proposed model, as shown in Table 3. The outcomes of TOPSIS and
VIKOR are the same as this paper’s ranking; this shows the practicality of the 2-tuple
linguistic value grey relation MCDM framework following the prospect theory. Moreover,
both TOPSIS and VIKOR assume that the DMs are “completely rational people”, without
considering the psychological characteristics of the DMs. Our model uses the grey relation
method to associate the 2-tuple linguistic value with the prospect theory. DMs can adjust
parameters in the prospect theory to reflect their risk preference, so it is innovative.

Table 3. The decision results of TOPSIS and VIKOR.

Alternatives
TOPSIS VIKTOR

Close Degree Ranking Orders Si Ri Qi Ranking Orders

Solar photovoltaic 0.6473 1 0.271125 0.06859 0.5 1
Wind power 0.4972 2 0.581539 0.083053 0.784317 2
Hydropower 0.4397 3 0.517528 0.102118 0.396893 3

Biomass power 0.4227 4 0.527107 0.085474 0.660537 4

5. Conclusions and Future Work

The question of the sustainability of renewable energy is often overlooked due to
its adequacy and renewability. Different regional development levels lead to different
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sustainable development capabilities related to renewable energy. The question of how
to make renewable energy sustainable is worth exploring. This study proposes a 2-tuple
linguistic grey relation MCDM model based on the prospect theory, selecting China as the
research object.

Specifically, the profit–loss ratios of each alternative are
{

0.969, 0.432, 0.395, 0.369
}

for solar photovoltaic power, wind power, hydropower, and biomass power, respectively,
ranked from best to worst. Sensitivity analyses show that changes in the parameters affect
the gain–loss ratios. Still, the ranking of the four alternatives shows no change, thus
proving the MCDM framework’s stability. On the one hand, DMs such as governments and
investors can facilitate the sustainability of renewable energy according to the weights and
the performance under different criteria; on the other hand, DMs can highlight different
risk preferences and development goals by adjusting the parameters in the model. Finally,
a comparison of the MCDM model with TOPSIS and VIKOR verifies the accuracy and
innovativeness of the model.

This study proposes a ranking of different forms of renewable energy, but does not
offer more specific planning recommendations. In the future, the structure of renewable
energy can be designed and optimized based on deeper analyses for different development
goals, and further practical suggestions can be put forward. In addition, new MCDM
theories could potentially be applied, such as spherical fuzzy sets [22].
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Nomenclature

(sd, αd) A 2-tuple
φ Result of a symbolic aggregation operation
α Exponential parameters related to gains
β Exponential parameters related to losses
θ The risk aversion parameter
ϕ Attitude coefficient of risk gains
δ Attitude coefficient of risk losses
ρ The resolution coefficient in grey theory
ζi

j The grey correlation coefficient
ς The numerical value
I The interval value
F(ST) The fuzzy sets define in Sr
µI(•) The membership functions associated with I
γ Membership function
λk The weights obtained by AHP
ωj The initial weights of sub-criteria(

ωj

)∗
The normalized weights of sub-criteria

vj The final weights of sub-criteria(
sd

+, αd
+
)

j The positive ideal solutions(
sd
−, αd

−)
j The negative ideal solutions
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(
ξd
−, ηd

−)
ij The 2-tuple linguistic grey relational degree

vij
+ The gain value function

vij
− The loss value function

Vij
+ The positive prospect value

Vij
− The negative prospect value

Ri The ratio of gains and losses
µsd(•) The membership functions associated with sd
τ Conversion function
χ Conversion function of 2-tuple linguistic value

Appendix A

Table A1. Basic data.

Sub-Criteria Type Solar Photovoltaic
Power Wind Power Hydropower Biomass Power

Resource availability benefit 2130 570 1100 200
Share of energy installed capacity benefit 41.02% 13.21% 9.89% 1.57%

Energy accommodation level benefit 97% 93% 100% 100%
CO2 emissions cost 0.46 0.12 0.04 0.18

Land requirements cost 30–65 65–75 70–750 533–1000
Electrical pressure relief benefit 12.80% 15.96% 4.67% 3.45%

Employment creation benefit 0.7–25 0.9–4.0 0.9–1.2 11.2–19.7
Efficiency cost 9.5–12 30–40 75–85 25–50

Levelized cost cost 0.13–0.15 0.06–0.08 0.03–0.05 0.05–0.08
Share of energy investment benefit 9.83% 23.48% 21.45% 3.62%

Payback period cost 7–13 13–16 5–10 6–9.5
Feed-in tariff benefit 0.55–0.75 0.44–0.58 0.3–0.5 0.70–0.80

Table A2. Expert 1.

Sub-Criteria Type Solar Photovoltaic
Power Wind Power Hydropower Biomass Power

Energy renewability benefit VH VH F L
Impact on ecosystem cost L F VH F

Environmental stress relief benefit H H F F
Ease of decentralization benefit VH F L H

Policy support benefit VH VH F H
Electricity supply stability benefit F F VH H

Technological maturity benefit H H VH F
Market maturity benefit H F H F

Table A3. Expert 2.

Sub-Criteria Type Solar Photovoltaic
Power Wind Power Hydropower Biomass Power

Energy renewability benefit VH H F F
Impact on ecosystem cost L F H H

Environmental stress relief benefit H H F H
Ease of decentralization benefit VH F L H

Policy support benefit VH VH F H
Electricity supply stability benefit F F H H

Technological maturity benefit H F VH L
Market maturity benefit H H LH L



Sustainability 2022, 14, 4419 23 of 24

Table A4. Expert 3.

Sub-Criteria Type Solar Photovoltaic
Power Wind Power Hydropower Biomass Power

Energy renewability benefit VH VH F F
Impact on ecosystem cost F H VH H

Environmenta stress relief benefit H F F F
Ease of decentralization benefit VH F F H

Policy support benefit VH H F H
Electricity supply stability benefit VH VH F H

Technological maturity benefit H H VH L
Market maturity benefit H F VH VL
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