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Abstract: Digital green innovation management activities are the core of low-carbon intelligent
development of prefabricated construction enterprises (PCEs) for sustainable urban development.
PCEs have to seek joint venture partners to avoid the financial risk of digital green innovation projects.
The purpose of this study is to develop a conceptual partner selection framework for the digital green
innovation management of prefabricated construction towards urban building 5.0. In this study,
first, symbiosis theory and six analysis methods were integrated to innovatively build a 3W1H-P
framework system for the joint venture capital partner selection of digital green innovation projects.
Second, the dual combination weighting method was innovatively proposed to avoid subjective and
objective deviation in attribute weight and time weight. Finally, empirical research was carried out
to verify the scientific nature, reliability, and practicability of the framework system and selection
model. The results of this study show that the framework system and selection model proposed can
be used to assist PCEs to select joint investment partners of digital green and innovative projects for
sustainable urban development.

Keywords: prefabricated construction; digital green innovation management; venture capital;
project partners

1. Introduction

In 2020, China announced at the UN Climate Conference that its carbon dioxide emis-
sions would peak by 2030 and become carbon neutral by 2060. The carbon emissions from
buildings account for more than 40% of the total carbon emissions in the whole cycle [1–3].
Housing is one of the top four sources of carbon emissions in Europe, accounting for a
significant share of the total carbon emissions in society [4]. Carbon emissions run through
all aspects of the construction industry. There is plenty of room to reduce carbon emissions
in building materials and construction [5,6]. In the context of carbon peak and carbon
neutral, it is very important to reduce the carbon emissions of the construction industry.
Prefabricated construction enterprises (PCEs) need to transfer a large number of operations
in traditional construction methods from the construction site to the construction factory.
These constructs and fittings are installed to construct the building through reliable con-
nections [7]. The goal of carbon peak and carbon neutrality promotes the development of
PCEs towards green digital innovation [8].

The construction industry can be developed by accelerating the transformation of
traditional construction methods. First, the traditional construction industry is based on on-
site manual work. This approach has problems, such as low resource utilization efficiency
and construction safety [9]. The parts of prefabricated buildings are made in a factory and
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assembled on site with reliable connections. As a result, this approach has the characteristics
of standardized design, factory production, construction and prefabricated, integration of
decoration, management information, intelligent application, and so on [10]. Second, in the
past few decades, the progress of the cast-in-place concrete building model has benefitted
from China’s abundant labor resources. However, with the gradual disappearance of the
demographic dividend and the rapid increase in labor costs, labor-intensive production
mode will be unsustainable. At the same time, it not only accelerated the upgrading of the
traditional construction industry to the industrialization of construction but also promoted
the overall progress of the construction industry [11,12]. Third, the traditional construction
industry has caused great damage to the ecology and environment, mainly reflected in the
carbon emissions [13]. The modular, industrial production of prefabricated components
can also minimize the discharge of construction waste, save consumables, and reduce air,
noise, and other pollution. Therefore, it can reduce carbon emissions over the life of the
building [14–18]. If prefabricated buildings can replace conventional buildings on a large
scale in the future, carbon emissions will be greatly reduced.

However, the development of PCEs in China is still facing great challenges. The first is
that PCEs are increasingly demanding carbon reduction [19]. At present, many developed
countries have decoupled carbon emissions from economic development, but China is
still in the stage of increasing carbon emissions and has not reached the peak [20]. As
one of the industries with high carbon emissions, carbon emission reduction means that
the production mode, technological level, material selection, and business model in the
industry will face innovation. The goal of carbon peak and carbon neutrality puts forward
new requirements for the traditional construction industry. It also means that PCEs have
higher requirements for carbon reduction [21,22]. The second is the low degree of intelligent
PCEs [23]. In the prefabricated building industry, chain technology, prefabricated shear
wall structure connection, site installation and construction and acceptance methods, and
other key technologies are not yet mature. In addition, related technical standards, norms,
and construction methods cannot keep up, resulting in varying degrees of constraints
on its development [24]. In the degree of standardization, the modular production and
standardization of building components are relatively low. General components are used
less. These conditions result in low construction efficiency and a high cost of prefabricated
buildings. It is difficult to give full play to the advantages of industrialization [25].

In the face of the above problems, PCEs solve them through green digital innovation
projects. In recent years, promoting the development of PCEs through research and de-
velopment projects has become a hot spot of scholars’ research [26–29]. Many companies
are also carrying out this activity. In April 2021, the Yunnan Kunming Steel Construction
Group Co., Ltd. Green Prefabricated Building Innovation Studio was established. The
green prefabricated building design research and development innovation group, green
and intelligent manufacturing innovation group, and green building construction and
installation method innovation group were set up. They promote advanced concepts and
technology to solve the technical bottleneck of production and operation. In May of the
same year, the Hubei Provincial Intelligent Construction Science and Technology Innova-
tion Consortium was established. In addition, in order to empower the transformation and
upgrading of the construction industry in Hubei Province, all the member units will jointly
summarize and form a list of key technologies of intelligent construction.

As the spillover effect of technological innovation becomes more and more prominent,
how to effectively conduct digital green innovation activities has become a very important
problem in the development of PCEs. In the process of promoting the development of
PCEs, they have to face huge financial and risk pressure. In addition, other PCEs are also
searching for methods. In the market, there is more cooperation between PCEs, which
provides a way to solve this dilemma. However, it also involves the issue of partner
selection [30]. At present, many systematic approaches provide ideas for choosing joint
investment partners, but there are still some shortcomings.
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In recent years, many scholars have studied partner selection in terms of the methods
and index system [31–39]. The research methods mainly include the partner evaluation
method, the attribute weighting method, and the weighting method. As for the partner
evaluation method, analytic hierarchy process (AHP) and data envelopment analysis
(DEA) methods were adopted before, while some new methods and combined methods
were adopted in recent years [31–35]. This research is mainly committed to considering
all kinds of complex factors. With respect to the attribute weighting method, there are
mainly linear programming models, methods for minimum and maximum entropy values,
membership, and non-membership methods. Regarding the weighting method, there are
mainly techniques for the order preference by similarity to an ideal solution (TOPSIS)
method, coefficient of variation method, and ideal point method [36–39]. In terms of the
index system, some scholars proposed that innovation has an important impact on partner
selection [31–33]. Some scholars believed that technology plays a non-negligible role in
partner selection [34–36]. Many scholars expressed their views in choosing methods and
systems, but there are still some shortcomings [37–39]. In the selection of methods, most
previous studies have focused on a single subjective or objective weight. However, there
are fewer studies of intuitive fuzzy weights and their combination with objective weights.
There is a lack of a certain degree of combing and summary in the construction of the
system, which cannot explain the level of digital green innovation projects carried out
by PCEs under the goal of double-carbon. It is not conducive to the evaluation of the
implementation and a full grasp of its situation.

To solve the above problems, the purpose of this research is to build a research system
to select joint investment partners and select scientific methods to promote the digital green
innovation development of PCEs. Firstly, a new fuzzy entropy comprehensive evaluation
formula is proposed based on the entropy method and TOPSIS method. Second, combined
with the existing research index system, this paper divides the joint venture capital partners
of PCEs into risk indicators and resource indicators under the dual-carbon goal. This study
builds a research system of PCEs choosing joint investment partners in the investment
activities of digital green innovation projects. This study expounds the relevant theory and
proposes the fusion method.

The rest of this paper is as follows. Section 2 is a literature review and frame system.
The methodology is elucidated in Section 3. Section 4 is the empirical study. Conclusions
and future prospects are presented in Section 5.

2. Literature Review and Theoretical Framework
2.1. Literature Review
2.1.1. Digital Green Innovative and Joint Venture Investment

(i) Digital green innovation. In recent years, some scholars have conducted in-depth
research on digital green innovative management. They thought that digital green inno-
vative management of enterprises is particularly important [40,41]. Khin & Ho (2018) put
forward that digital technology can significantly improve the sales revenue and reduce the
operating cost rate of enterprises [40]. Li et al. (2020) believed that, in the era of the digital
economy, the application of digital technology can significantly promote the improvement
of enterprises’ capabilities. The capability improvement effect of digital technology applica-
tion can be more fully reflected in enterprises with a poor resource base and high dynamic
capability [41]. Meanwhile, many scholars put forward their views on green innovation
management [42–44]. Kaluarachchi (2021) believed that ecological and green development
in the field of architectural design in China are promoted through the integration of digital
technology and green building design [42]. Jiang (2021) believed that it is necessary to
achieve high-quality fusion of digital economy and green economy development. The
research of the green economy sustainable paradigm shift must consider the digital tools in
environmental sustainability. Changing the thinking mode of environmental governance
should not only attach great importance to the use of digital solutions but also cannot
ignore the digital economy accountability of the carbon footprint [43]. Chaker et al. (2022)
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believed that the value of digital technology capability is beyond doubt, but its value
potential is conditional. Digital technology enterprises must make further use of business
model innovation to give full play to the potential value of digital technology [44].

(ii) Joint venture investment. Many scholars have discussed the motivations of joint
venture investment [45–57]. Pence [45] (1982) and Perez [46] (1986) argued that venture
capitalists are motivated to co-invest by obtaining a second opinion, which double-checks
their investments using the views of other investment partners. It can not only prevent
the deficiency of their own screening and management skills but also prevent the adverse
selection problem caused by information asymmetry. This is supported by the empiri-
cal study conducted by Lerner [47]. The empirical results of Altintig et al. (2013) also
supported both drivers [48]. Tykvova and Schertler (2014) examined the joint drivers of
multinational venture capital. They found that joint investment was more conducive to
obtain investment opportunities, improve risk allocation, and reduce information costs,
thus indirectly proving both drivers [49]. Manigart and Lockett (2006) argued that risk
diversification drivers and access to trade flow factors are more important than screening
and appreciation drivers. In the early investment stage, there will be a stronger value-added
motivation, and the motivation of joint investment with investors is to obtain the screening
and value-added skills of leaders [50]. Lockett and Wright (2001) formally classified previ-
ous studies into risk diversification and resource accumulation. Resource accumulation
motivation is more important for early-stage investment at least [51]. Brander et al. (2002)
summarized joint venture capital factors as risk dispersion hypotheses for diversification
of the portfolio, screening hypotheses for acquiring pre-investment screening skills, and
value-added assumptions for managing post hoc investments. The study found more
support for the value-added hypothesis [52]. Verwaal et al. (2010) tended to support access
to transaction flow factors [53]. Ferrary (2010) believed that the motivation of a joint venture
is the accumulation of resources [54]. Hopp and Rieder (2011) believed that the motive of
venture capital association is not to diversify the asset portfolio but to disperse risks [55].
Lerner (1991) believed that venture capital institutions would engage in window dressing.
Window dressing is the practice of quarterly performance reviews of fund managers in
which market performance is a noisy indicator and investors also look at portfolios at the
end of each quarter. As a result, fund managers are likely to buy shares in companies
with good quarterly results and sell shares in companies with poor quarterly results [56].
Admati and Pfleiderer (1994) believed that the lead investor may deliberately overestimate
the security price of the follow-up financing by using this information advantage to seek
the interests of the co-investor. To prevent this opportunistic behavior, co-investors often
invest together so that the lead investor must maintain a constant share [57].

(iii) Based on the above literature review, it is summarized as follows. Many scholars
only conducted research on digital innovation management or green innovation man-
agement. Few scholars put forward opinions on the integration of digital innovation
management and green innovation management. According to the existing literature, the
motivations of joint venture investment can be divided into risk dispersion motivation,
resource accumulation motivation, and collusion motivation. Venture capital institutions
have the need to reduce investment risk. Co-investing in one area can diversify a portfolio
away from systemic risk. More importantly, it possesses the specific nature of a syndicate
to improve the ability of investment against risk. Much of the literature supports the idea
of risk diversification drivers [45–50]. According to the research of resource accumula-
tion motivation, the main motivation of joint venture investment lies in the acquisition
of pre-investment screening resources and post-investment management resources, as
well as the acquisition and exchange of transaction flows [51–55]. The main motivation
of venture capitalists’ association is to prevent the opportunistic behavior and window
dressing behavior of leading investors [56,57]. It can be seen from the above literature that
the existing studies tend to support the motivation of resource accumulation.



Buildings 2022, 12, 721 5 of 27

2.1.2. Criteria for Venture Capital Partner Selection and Characteristics of Preference

(i) Criteria for venture capital partner selection. In much of the literature on partner
selection, different scholars have proposed different criteria for partner selection [58–63].
Zhu et al. (2010) built the green technology innovation of the enterprise environmental
evaluation index system from the two dimensions of the enterprise internal environment
and the external environment [58]. Bi et al. (2013) built an evaluation index system of green
process innovation performance from the three aspects of economic performance, social per-
formance, and ecological performance [59]. Ghisetti and Rennings (2014) measured green
innovation efficiency, selected 92 indicators of energy consumption and environmental
pollution, and made a distinction between energy efficiency innovation and environmental
beneficial innovation based on the two aspects [60]. Salamat et al. (2018) established
a partner selection index system for the international strategic alliance [61]. Dedehayir
et al. (2018) studied the role of innovation leadership, direct value creation, value creation
support, and the entrepreneurial ecosystem in the innovation ecosystem. They point out
that organizational culture, partners, and technological level are important factors for the
long-term development of the innovation ecosystem [62]. Yin et al. (2020) measured the
four dimensions of regional green innovation input capacity, green innovation output
capacity, green innovation environment capacity, and green diffusion input capacity [63].

(ii) Characteristics of preference. As for the characteristics of co-investment partners
that venture capital institutions should or prefer to choose, scholars have studied as
follows [64–67]. Du (2016) found that venture capital institutions are more inclined to unite
with investment partners with similar experience [64]. Gompers et al. (2016) examined the
impact of the individual-level characteristics of venture capitalists on the selection of joint
investment partners. The study found that venture capitalists preferred to choose partners
who had attended the same university and were of the same race and gender [65]. In terms
of experience level, Lerner (1994) believed that experienced venture capitalists in the first
round of investment tend to associate with investors with a similar experience level and
generally do not choose smaller or junior partners. Casamatta and Haritchabalet (2007)
theoretically believed that experienced venture capitalists would choose more experienced
partners to unite [66]. In terms of capital scale and heterogeneous resource endowment,
Hochberg et al. (2015) conducted a combined study and believed that risk diversification is
not the main driving force for joint investment partner selection. By selecting partners with
much resource endowment and specific heterogeneous resources, resource superposition
and complementarity can be realized [67].

(iii) Based on the above literature review, it is summarized as follows. Many scholars
expressed their opinions on the selection of evaluation indicators. However, the lack of
a certain degree of summary is not conducive to the evaluation and implementation and
a comprehensive grasp of the situation [58–63]. Based on the existing literature, there
are two views on what characteristics venture capital institutions prefer to select as co-
investment partners. The first view holds that venture capital institutions tend to form
syndicates with partners with similar characteristics or types. The reason is that this type of
syndicate also has lower agency costs and information asymmetry, making the investment
risk lower. There is much literature supporting the selection of similarity partners [64,65].
The second view holds that venture capital institutions tend to form syndicates with
partners with different characteristics or types and the same level of resource endowment.
The reason is that joint investment with venture capital institutions with the same level
of heterogeneity or resource endowment can obtain the heterogeneous resources of the
other side, which is conducive to resource superposition, complementarity, and exchange
to achieve cumulative advantages. There are two ways to combine venture capital to
accumulate resources. One is to select partners with the same level of resource endowment
for resource superposition. The other is to select partners with different characteristics or
types for resource complementarity and exchange. With regard to supporting the view
of selecting resource accumulation partners, the existing literature examines the effects of
experience level, capital size, and heterogeneous resource endowment [66,67].
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2.1.3. Approaches for Venture Capital Partner Selection

In terms of partner selection methods, Nikghadam et al. (2016) have proposed partner
selection methods based on fuzzy target optimization [68]. Chen and Han (2018) con-
structed linear planning models for the case of incomplete attribute information [69]. For
the case where the weight information is completely unknown, Gao et al. (2016) proposed
methods based on minimum and maximum entropy values [70]. Yin et al. (2018) proposed
methods that considered membership and non-membership [71]. Liang & Chong (2019)
proposed the gray model and the DEA method [72]. In terms of the weighting method,
Zhang et al. (2021) used the TOPSIS method to solve the optimal capacity configuration of
the system [73]. Zhao and Yu (2021) used the coefficient of variation method to compre-
hensively evaluate the indicators through the corresponding weight combination [74]. Liu
et al. (2021) used the ideal point method to construct the evaluation model [75]. Liu (2021)
used the ideal point method to optimize the hierarchical analysis method, entropy weight
method, and excessive weighting method [76]. Lin and Bai (2021) used the TOPSIS method
to construct a weighted standard matrix and evaluated the advantages and disadvantages
of each power plant [77]. Chen et al. (2021) established a combined weight optimization
method based on the Gini coefficient method and excessive weighting method [78]. Chou
et al. (2022) proposed a combined weight method based on MOEAD [79].

Numerous studies provide methods and ideas for partner selection. On the level of
partner selection and weighting, many opinions and ideas have been provided by predeces-
sors [68–79]. In terms of evaluation methods, there are methods such as the comprehensive
index method, grey correlation method, grey fuzzy comprehensive evaluation method,
AHP, combination weight, and so on. However, the combination evaluation and in-depth
analysis with other evaluation methods are rarely carried out, and there are some problems,
such as a lack of consistency in the evaluation results. Regarding the determination of
weights, the subjective weighting method may be highly subjective and arbitrary, influ-
enced by the decision-maker’s lack of knowledge or experience. Objective weighting
ignores the subjective information of decision-makers. The algorithm complexity of the
combination weighting method is generally high. Each of these methods has advantages
and disadvantages.

2.2. Theoretical Framework
2.2.1. Theoretical Model of Joint Investment Partner Selection

Digital green innovation projects usually occur in the process of enterprise change.
Digital green innovation plays an important role in improving the performance of PCEs.
It is regarded as one of the key factors affecting the green competitive advantage and
strategic selection of PCEs. However, PCEs have to face significant investment pressure
for innovative activities in many digital green R&D projects. More and more PCEs are
choosing joint partners to spread risks and share resources when conducting digital green
innovation activities. This practice has helped the construction industry to some extent.
Problems related to the selection of joint partners by prefabricated construction firms can
be solved by constructing joint venture capital networks. The specific theoretical model is
shown in Figure 1.

In the joint venture network, PCEs and joint venture partners are the two main
subjects of digital green innovation projects. The exchange of green knowledge and digital
innovation technologies between construction firms and joint venture partners helps to
promote business development and technological progress because this kind of cooperation
not only combines heterogeneous partners but also combines heterogeneous knowledge.
In the process of knowledge and technology exchange, PCEs and joint venture partners
gradually form a mutually beneficial symbiotic relationship. The two share more and
more complementary resources on digital green innovation. Whether PCEs can choose
appropriate joint venture partners is directly related to the development of mutualistic
symbiosis. In the joint venture capital network, it is particularly important to select one
or more joint venture partners for PCEs to carry out digital green innovation activities.
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However, this selection is a complex decision-making process. This paper addresses
this issue.
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2.2.2. Framework System of Joint Investment Partner Selection

By systematically sorting out and summarizing the five aspects of the knowledge of
alliance motivation (why), partner selection (who), situation influence on alliance (where),
alliance process (how), and alliance investment influence on the performance of PCEs, it
can be found that there is a certain logical relationship between them.

First, motivation affects partner selection, which, in turn, affects firm performance.
Namely, PCEs choose joint venture partners based on the risk diversification motivation to
carry out digital green innovation projects to promote the enterprise venture investment
performance. In this mechanism, PCEs are in different situations, leading to different joint
motivations and partner selection behaviors. The impact on performance will be different,
and the play of the mechanism will present heterogeneity.

Secondly, partner selection and the impact on the performance of PCEs is to analyze
the process of the black box of joint venture investment. PCEs carry out digital green
innovation projects to carry out joint venture investment, which is the process of joint
venture capital partners investing in PCEs. In this process, joint venture partners and PCEs
will play against each other based on the principle of maximizing their own interests.

Finally, it can be seen that PCEs’ selection of joint investment partners is a process
of investment behavior. The motivations of joint venture, partner selection, and game
behavior in the process of a joint venture are bound to be affected by the situation of joint
venture partners and PCEs.

Based on the above analysis and the idea of six analysis methods, this paper integrated
the above logical relations. The activity of PCEs choosing joint venture partners in digital
green innovation projects innovatively puts forward a research framework of joint venture
capital, 3W1H-P, as shown in Figure 2.

Many scholars have emphasized the importance of partner selection
criteria [58–63]. Partner selection should be based on the level of environmental pro-
tection [60,63]. Innovative leadership, direct value creation, and value creation support are
considered when selecting strategic alliance partners [62]. Scholars have put forward their
own views on the environmental, economic, social, and ecological aspects [59]. At the same
time, organizational culture, partners, and other factors cannot be ignored [62]. This paper
established a research system for PCEs to select joint venture partners when carrying out
digital green innovation projects, as shown in Figure 3.
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3. Methodology
3.1. Methodological Framework

In this study, a selection method was proposed. It is an integrated approach based on
fuzzy prospect theory and vise kriterijumska optimizacijai kompromisno resenje (VIKOR).
The running logic of this method is shown in Figure 4.
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Figure 4. Methodological framework of choosing digital green innovation partner for PCEs.

Figure 4 illustrates the process used by PCEs to dynamically select digital green
innovation partners. The main steps are as follows. Step 1: List the indicator evaluation
of alternative partners in different periods. Step 2: Calculate the discrete time weight and
criteria weight. Step 3: Calculate the comprehensive selection criteria information. Step 4:
Calculate cooperative enterprise prospect matrix. Step 5: Use VIKOR and attribute weight
method to calculate utility values, individual regret values, and values of each alternative
enterprise group.

3.2. Preliminary
3.2.1. Intuitional Fuzzy Set

The definitions regarding intuitive fuzzy set are shown in Appendix A [80–82].

3.2.2. AHP

AHP is a subjective weighting method with strong applicability and operability. This
method can better represent each factor and their correlation degree [83]. AHP method is
adopted in this study. First of all, each element under the same criterion layer is compared
in pairs with the expert consultation method and the relevant literature using 1–9 scale
method, and the judgment matrix is constructed. Secondly, the consistency of the judgment
matrix is tested. Finally, w, the weights of each factor layer and criterion layer, are calculated.
The specific decision-making process of AHP is shown in Appendix B.

3.2.3. Separation and Difference Maximization Method

The deviation maximization method is an objective method, which has the characteris-
tics of focusing on the relationship between the information while ignoring the relationship
between the information itself [84]. Appendix C shows the specific calculation steps.

3.2.4. Weight of Combined Attributes

Index weight wj under the comprehensive AHP method and index weight ωj under
the deviation maximization method are introduced to determine the comprehensive weight
of the index [85,86].
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The distance d between the two was determined by the Euclidean distance. The result
is as follows:

d =
(
wj, ωj

)
=

√√√√ q

∑
j=1

(
wj −ωj

)2 (1)

The actual weight w′ after correction is represented by two parameters. The result is
as follows:

wj′ = αwj + βωj (2)

In Formula (A2), α and β represent the weight preference coefficient of AHP method
and deviation maximization method, respectively, and the following constraints are satisfied:

d2(wj, ωj
)
= (α− β)2

α + β= 1

α ≥ 0,β ≥ 0

(3)

3.2.5. Prospect Theory

The prospect theory was proposed in 1979 and expanded by Tversky and Kahneman in
1992. Prospect theory is an effective tool to reflect the utility of intuitive perception and has
been widely used to solve various decision-making problems. In this study, fuzzy prospect
theory is introduced to help PCEs to avoid similar risks blindly and make the decision
more reasonable and effective. Based on the above analysis, the following definitions are
made in this paper. Definitions related to prospect theory are given in Appendix D.

3.3. Fusion Approaches
3.3.1. Combined Time Weights

In the process of PCEs choosing joint investment partners in the investment activities
of digital green innovation projects, the weight vector of time series reflects the preference
degree of PCEs to time, and time degree λ(t) =

(
ã(t1), ã(t2), . . . , ã

(
tp
))T is crucial to obtain

the weight of time and the selection result.
Subjective time weight based on time degree and ideal solution. Let

ϕ = ∑
p
k=1 λ(tk)(p− k)/(p− 1) be a time vector, where 0 ≤ ϕ ≤ 1. Time degree rep-

resents the attention degree and preference degree of decision-makers to different time
information. When ϕ = 0, λ(t)+ = (0, 0, . . . , 1)T is called the positive ideal time weight
vector, and the decision-maker only pays attention to the current information. As ϕ in-
creases, decision-makers shift from focusing only on current information to focusing on
past information. When ϕ = 1, then λ(t)− = (1, 0, . . . , 0)T is called the negative ideal time
weight vector, indicating that decision-makers only pay attention to the past information.
Let d

(
λ1(tk), λ2(tk)

)
be the Euclidean distance λ1(tk) and λ2(tk) between the time weight

vectors, and the distance can be expressed as:

d
(

λ1(tk), λ2(tk)
)
=

√√√√ p

∑
k=1
|λ1(tk)− λ2(tk)|

2 (4)

Therefore, the Euclidean distance between the time weight vector and the posi-
tive ideal time weight vector d

(
λ(tk), λ(tk)

+
)

and negative ideal time weight vector

d
(

λ(tk), λ(tk)
−
)

can be expressed as:

d
(

λ(tk), λ(tk)
+
)
=

√√√√p−1

∑
k=1

λ(tk)
2 +

(
1− λ

(
tp
))2 (5)
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d
(

λ(tk), λ(tk)
−
)
=

√√√√(1− λ(t1))
2 +

p

∑
k=2

λ(tk)
2 (6)

The ideal time weight vector C is expressed as:

C =
d
(

λ(tk), λ(tk)
−
)

d
(

λ(tk), λ(tk)
+
)
+ d
(

λ(tk), λ(tk)
−
) (7)

The model is then optimized based on the TOPSIS idea and the ideal solution. The
model (M-1) is expressed as:

maxC(λ) =

√
(1−λ(t1))

2+
p
∑

k=2
λ(tk)

2

√
p−1
∑

k=1
λ(tk)

2+(1−λ(tp))
2
+

√
(1−λ(t1))

2+
p
∑

k=2
λ(tk)

2

s.t. ϕ =
p
∑

k=1

p−k
p−1 λ(tk),

p
∑

k=1
λ(tk) = 1, λ(tk) ∈ [0, 1], k = 1, 2, . . . , p

(8)

Objective time weight F(λ(tk)) can be shown as follows:

F(λ(tk)) = −
p

∑
k=1

λ(tk) lnλ(tk), k = 1, 2, . . . , p (9)

Then, the maximum entropy principle was used to solve the time weight of the
information entropy to establish a nonlinear planning model. It is as follows:

maxF(λ(tk)) = −
p
∑

k=1
λ(tk) lnλ(tk)

s.t. ϕ =
p
∑

k=1

p−k
p−1 λ(tk),

p
∑

k=1
λ(tk) = 1, λ(tk) ∈ [0, 1], k = 1, 2, . . . , p

(10)

Based on subjective and objective comprehensive time weight. According to the prin-
ciple of enriching the present and thinning the past, the greater the degree of relationship,
the greater the degree of attention to the current decision information. It considers the
influence of subjective preference and objective criterion information of PCEs and can make
the results of joint investment partner selection more comprehensive, accurate, and reliable
when PCEs carry out digital green innovation project investment activities. The model can
be expressed as:

maxG = θ

√
(1−λ(t1))

2+
p
∑

k=2
λ(tk)

2

√
p−1
∑

k=1
λ(tk)

2+(1−λ(tp))
2
+

√
(1−λ(t1))

2+
p
∑

k=2
λ(tk)

2
+ (1− θ)

p
∑

k=1
λ(tk) lnλ(tk)

s.t. ϕ =
p
∑

k=1

p−k
p−1 λ(tk),

p
∑

k=1
λ(tk) = 1, λ(tk) ∈ [0, 1], k = 1, 2, . . . , p

(11)

where θ is the equilibrium coefficient, θ ∈ [0, 1].

3.3.2. Improved Intuitional Fuzzy Entropy

Let Ã =
{(

xi,µÃ(xi), υÃ(xi)
)∣∣xi ∈ X

}
be an intuitionistic fuzzy set on domain

X = {x, x2, · · · , xn}, and let

E
(

Ã
)
=

1
n

n

∑
i=1

(∣∣µÃ(x), vÃ(x)
∣∣− 1

)2

ln
[
e +

∣∣µÃ(xi)− vÃ(xi)
∣∣(1− µÃ(xi)− vÃ(xi)

)]
(12)
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be the entropy of intuitionistic fuzzy set Ã.

Theorem 1. E
(

Ã
)

is intuitional fuzzy entropy µÃ(xi) + υÃ(xi) ∈ [0, 1].

Proof. First prove E
(

Ã
)
∈ [0, 1] because E

(
Ã
)
∈ [0, 1], vÃ(xi) ∈ [0, 1], so 1− µÃ(xi)−

υÃ(xi) ∈ [0, 1]. Let g(αi, βi) = (αi − 1)2 ln(e + αiβi), where αi =
∣∣µÃ(xi)− vÃ(xi)

∣∣, βi =
1− µÃ(xi)− vÃ(xi) with respect to g(αi, Bi); take the partial derivative with respect to αi
and there is

gai (αi, Bi) = 2(αi − 1) ln(e + αiβi) + (αi − 1)2 βi
e+αi βi

= (αi − 1)
[
2 ln(e + αiβi) +

αi βi−βi
αi βi+e

]
≤ (αi − 1)

[
2 ln e + αi βi−βi

αi βi+e

]
= (αi − 1) 2αi βi+2e+αi βi−βi

αi βi+e ≤ 0

Equals if αi = 1. So, g(αi, βi) is decreasing with respect to αi. When
∣∣µÃ(xi)− vÃ(xi)

∣∣ = 1,

the minimum value is 0. E
(

Ã
)
∈ [0, 1] is true.

To illustrate the rationality and superiority of the entropy formula proposed in this
paper in measuring intuitive fuzzy information and fuzzy information, two classical intu-
itionistic fuzzy entropy formulas are selected as follows:

E1

(
Ã
)
=

1
n

n

∑
i=1

(
1− µÃ(xi)− vÃ(xi)

)
(13)

E2

(
Ã
)
=

1
n

n

∑
i=1

(
1−

(
µÃ(xi) + vÃ(xi)

)
e1−(µÃ(xi)+vÃ(xi))

)
(14)

�

Example 1. Suppose Ã1 = {(x, 0.1, 0.7)}, Ã2 = {(x, 0.4, 0.4)}, and Ã3 = {(x, 0.8, 0.2)} are
the three intuitionistic fuzzy sets in domain X = {x}and calculate intuitionistic fuzzy set by
entropy formula E, E1, and E2, respectively. The calculated results are shown in Table 1.

Table 1. Comparison of the calculation results.

~
A1

~
A2

~
A3

E
(

Ã
)

0.1669 1.0000 0.1600

E1

(
Ã
)

0.2000 0.2000 0.0000

E2

(
Ã
)

0.2290 0.2290 0.0000

The new intuitionistic fuzzy entropy shows that, when the hesitancy degree is the
same, the smaller the absolute deviation between membership degree and non-membership
degree, the larger the intuitionistic fuzzy entropy is E

(
Ã1

)
< E

(
Ã2

)
. When the absolute

deviation between membership degree and non-membership degree is the same, the greater
the hesitation degree, the greater the intuitive fuzzy entropy, such as E

(
Ã1

)
> E

(
Ã3

)
,

which is consistent with the actual situation. However, although the hesitancy of element x
belonging to Ã1 and Ã2 is the same, the absolute deviation between the membership degree
of x belonging to Ã1 and the non-membership degree is greater than that of x belonging to
Ã2, so the uncertainty of Ã1 should be less than that of Ã1. Using entropy formulas Ã1 and
Ã1, E1

(
Ã1

)
= E1

(
Ã2

)
, E2

(
Ã1

)
= E2

(
Ã2

)
can be obtained, which is not true.
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Example 1 shows that E1 and E2 cannot accurately capture the difference of intuitionis-
tic fuzzy entropy caused by absolute deviation of membership degree and non-membership
degree (fuzzy information) in intuitionistic fuzzy set with the same hesitation degree (intu-
itive information). The formula proposed in this paper considers intuitionistic information
and fuzzy information contained in intuitionistic fuzzy sets more comprehensively. There-
fore, when describing the entropy of intuitionistic fuzzy sets, formula E proposed in this
paper is more reasonable.

Set ωj(tk) as the target attribute weight of tk periods and establish the optimization
model of the target attribute weight of a sequence as follows:

min
n
∑

j=1
(ωj(tk))

2Ej(tk)

s.t
n
∑

j=1
ωj(tk)= 1

(15)

The Lagrangian function L
(
ωj(tk), λ

)
was constructed according to the above formula:

L
(
ωj(tk), λ

)
=

n

∑
j=1

(ωj(tk))
2Ej(tk) + 2λ(

n

∑
j=1

ωj(tk)− 1) (16)

Take the partial derivative of ωj(tk) and λ, respectively, and make the partial derivative
function equal to 0; then:

∂L(ωj(tk),λ)
∂ωj(tk)

= 2ωj(tk)Ej(tk) + 2λ = 0

∂L(ωj(tk),λ)
∂λ = 2(

n
∑

j=1
ωj(tk)− 1) = 0

(17)

Solving the above formula, the target attribute weight ωj(tk) is

ωj(tk) =
(Ej(tk))

−1

n
∑

j=1
(Ej(tk))

−1
(18)

3.3.3. VIKOR Method

The methodological steps for the VIKOR method are shown in Appendix E.

4. Empirical Study
4.1. Empirical Background

Tianfeng Green Prefabricated Group was founded in 1997. It has been committed
to the green intelligent prefabricated industry, building an industrial ecological chain of
steel structure prefabricated buildings, cluster intelligent prefabricated buildings, modu-
lar prefabricated houses, energy-saving plates, intelligent equipment, new energy, steel
logistics, and distribution. The company has undertaken a number of torch programs
of the Ministry of Science and Technology, major provincial and municipal science and
technology projects, and obtained more than 200 national patents. Therefore, how to reduce
the carbon emissions of building materials, improve green competitiveness, and profit are
important issues. Therefore, Tianfeng will be committed to the development and practice
of digital green and innovative projects to innovate green products and provide green
building materials as the development goal.

Tianfeng is about to launch a digital green innovation project. The main body of the
project is a cluster intelligent prefabricated building. A cluster intelligent prefabricated
building is a prefabricated steel structure with an ultra-low energy consumption building
system that adopts new construction technology and green building materials. Moreover,
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the cluster prefabricated building structure system has the characteristics of light weight,
manual handling, convenient installation, and strong and durable structure, which is
very suitable for application in mountainous areas and scenic spots. Tianfeng customized
the program design and housing construction and committed to close cooperation with
a number of enterprises, gathering wisdom development, creating a win–win situation.
At present, the enterprise needs to select a matching joint venture partner from some
enterprises to carry out the project.

In recent years, seven enterprises have carried out digital green and innovative activ-
ities. Prefab construction company Tianfeng needs to select one of them as a partner to
carry out digital green innovation activities, and these companies are willing to work with
them. Tianfeng has some experience in the selection of partners, but how to choose the best
digital green innovation partner from multiple enterprises is still a difficult problem.

4.2. Empirical Elements
4.2.1. Development of Evaluation Criteria

In different scenarios, enterprises choose different methods for partners. In view of
the current situation, PCEs need to develop in the direction of digitalization, greening,
and innovation. The current systems and methods cannot satisfy Tianfeng to choose the
best risk joint investment partner. In order to evaluate the suitability of joint investment
partners for PCEs to carry out digital green innovative project investment activities, this
paper innovatively proposes a research framework of joint venture investment 3W1H-P
in the evaluation index system. This theory has a solid theoretical basis, and the research
system of PCEs to choose joint investment partners in the investment activities of digital
green innovative projects is constructed. This system can meet the requirements of Tianfeng
to select joint investment partners. The evaluation criteria of the research system for enter-
prises to choose joint investment partners usually come from the green innovation ability,
resource accumulation, and degree of overlap of cooperation foundation. In the digital
green innovation system of enterprise cooperation and collaboration, green innovation ca-
pability is divided into compatible risk diversification and commitment risk diversification,
including compatible venture investment style, organizational culture, digital green inno-
vation management team, investment in digital green innovation resources, social network
capability, and risk investment willingness of senior managers. Resource accumulation can
be divided into complementary accumulation resources and superposition accumulation
resources, including technological complementarity, market complementarity, social net-
work resource complementarity, financial risk investment ability, past cooperation, and
good mutual trust between senior managers. The basis of cooperation is the mutual trust
degree of both parties, including whether the cooperative enterprise has the possibility
of long-term cooperation with the PCEs, the influence of the resources provided by the
cooperative enterprise on the value of the PCEs, and the reputation of the cooperative
enterprise in the prefabricated construction industry. The established evaluation system is
shown in Figure 3.

4.2.2. Data and Scenarios

Tianfeng is a construction enterprise with professional construction qualifications.
At present, the concept of green building is gradually being taken seriously, and the
government has set carbon emission reduction targets for PCEs. Construction companies
face hefty fines if their total carbon emissions exceed the limits set by the government. How
to reduce the carbon emissions of construction projects and improve green competitiveness
and profits is an important issue. In this case, Tianfeng needs to select the best joint
investment partner from a large number of alternative enterprises in the construction
project. The standards and methods proposed in this paper are suitable for PCEs to select
joint investment partners in the development of digital green innovative project investment
activities. The reason is that managers and participants understand that the weight of
partner selection criteria for digital green innovation is in a vague state. After preliminary
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screening, seven digital green innovation initiatives have been shortlisted by co-investment
partner Pi = {P1, P2, P3, P4, P5, P6, P7}.

4.3. Results and Discussion
4.3.1. Results

Step 1: List the indicator evaluation of alternative partners in different periods. Tian-
feng needs to select the best partner from the seven major co-investment partners according
to the suggested standards and methods. The potential co-investment partners mentioned
above are evaluated according to the compiled co-investment partner selection criteria, as
shown in Figure 3, including five main criteria and fifteen sub-criteria. In this process, this
paper selects time series set tk = (t1, t2, t3, t4,) of different periods in recent 4 years. For the
sake of simplicity, this paper only gives the calculation of five main criteria, denoted as
attribute set Ck = (C1, C2, C3, C4, C5). Tables 2–5 list the evaluation of indicators of seven
alternative partners in four different periods.

Table 2. Original evaluation criteria information matrix at the moment t1.

C1 C2 C3 C4 C5

P1 [0.5,0.3] [0.3,0.5] [0.5,0.3] [0.6,0.3] [0.1,0.7]
P2 [0.2,0.7] [0.2,0.5] [0.7,0.2] [0.5,0.3] [0.6,0.2]
P3 [0.2,0.4] [0.5,0.3] [0.6,0.4] [0.8,0.2] [0.6,0.3]
P4 [0.4,0.6] [0.8,0.2] [0.4,0.6] [0.3,0.6] [0.3,0.5]
P5 [0.7,0.2] [0.7,0.3] [0.6,0.4] [0.3,0.5] [0.5,0.2]
P6 [0.5,0.1] [0.3,0.1] [0.3,0.5] [0.5,0.2] [0.2,0.6]
P7 [0.3,0.6] [0.6,0.2] [0.7,0.2] [0.2,0.7] [0.5,0.4]

Table 3. Original evaluation criteria information matrix at the moment t2.

C1 C2 C3 C4 C5

P1 [0.3,0.2] [0.5,0.3] [0.1,0.5] [0.3,0.5] [0.2,0.4]
P2 [0.5,0.4] [0.5,0.1] [0.6,0.2] [0.1,0.3] [0.3,0.5]
P3 [0.4,0.5] [0.6,0.2] [0.5,0.4] [0.4,0.5] [0.6,0.2]
P4 [0.3,0.4] [0.5,0.2] [0.4,0.3] [0.3,0.7] [0.6,0.1]
P5 [0.5,0.2] [0.6,0.4] [0.3,0.6] [0.7,0.2] [0.6,0.2]
P6 [0.8,0.2] [0.3,0.7] [0.4,0.3] [0.6,0.4] [0.3,0.6]
P7 [0.4,0.3] [0.5,0.4] [0.5,0.4] [0.4,0.6] [0.3,0.5]

Table 4. Original evaluation criteria information matrix at the moment t3.

C1 C2 C3 C4 C5

P1 [0.2,0.3] [0.3,0.6] [0.4,0.5] [0.3,0.5] [0.3,0.5]
P2 [0.5,0.3] [0.6,0.2] [0.2,0.5] [0.6,0.4] [0.5,0.2]
P3 [0.6,0.2] [0.3,0.4] [0.3,0.4] [0.3,0.6] [0.4,0.5]
P4 [0.5,0.3] [0.5,0.4] [0.6,0.3] [0.3,0.5] [0.3,0.7]
P5 [0.4,0.5] [0.3,0.5] [0.4,0.5] [0.4,0.2] [0.6,0.3]
P6 [0.4,0.6] [0.4,0.5] [0.3,0.6] [0.2,0.5] [0.3,0.4]
P7 [0.6,0.3] [0.2,0.6] [0.6,0.2] [0.5,0.4] [0.6,0.4]

Step 2: Calculate the discrete time weight and criteria weight. It is according to the
original evaluation criteria information matrix of joint venture capital partner selection,
which contains only venture capital partner Pi = {P1, P2, P3, P4, P5, P6, P7}. Based on con-
sultation with relevant experts, we take θ = 0.5. ϕ is the time vector; ϕ = 0.3. According to
Equations (4)–(11), it can be known that the weight of comprehensive time degree based on
subjective and objective can be solved. According to Equation (12), the criterion weight
based on improved intuitionistic fuzzy entropy can be obtained. Specific values can be
seen from Table 6.
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Table 5. Original evaluation criteria information matrix at the moment t4.

C1 C2 C3 C4 C5

P1 [0.5,0.2] [0.6,0.4] [0.3,0.4] [0.3,0.5] [0.5,0.3]
P2 [0.3,0.6] [0.3,0.6] [0.3,0.6] [0.5,0.4] [0.4,0.5]
P3 [0.3,0.3] [0.6,0.2] [0.5,0.4] [0.1,0.6] [0.2,0.6]
P4 [0.2,0.5] [0.3,0.5] [0.3,0.6] [0.2,0.5] [0.3,0.6]
P5 [0.5,0.4] [0.5,0.2] [0.4,0.5] [0.3,0.5] [0.3,0.5]
P6 [0.3,0.5] [0.3,0.5] [0.6,0.3] [0.5,0.1] [0.5,0.2]
P7 [0.5,0.4] [0.4,0.5] [0.3,0.5] [0.3,0.6] [0.3,0.6]

Table 6. Discrete time weight and criteria weight.

λ(t) C(t1) C(t2) C(t3) C(t4) C(t5)

t1 0.1109 0.2036 0.2018 0.182 0.2114 0.2013
t2 0.1731 0.1698 0.2171 0.179 0.2006 0.2335
t3 0.2211 0.1961 0.2011 0.202 0.1974 0.2034
t4 0.4949 0.1761 0.2042 0.1839 0.2242 0.2117

Step 3: Calculate the comprehensive selection criteria information. According to
Appendix A, the weighted IFNs’ decision matrices of different periods are assembled by
using dynamic intuitionistic fuzzy weighted geometric operators. These five criteria are
combined into a set of criteria information of cooperative enterprise selection matrix of
four periods, as shown in Table 7.

Table 7. Comprehensive selection criteria information.

C1 C2 C3 C4 C5

P1 [0.0835,0.7664] [0.1222,0.8458] [0.0606,0.8541] [0.0805,0.8553] [0.0806,0.8293]
P2 [0.0768,0.8880] [0.0911,0.8373] [0.0772,0.8694] [0.1057,0.8104] [0.1096,0.8244]
P3 [0.0773,0.8164] [0.1370,0.7547] [0.1086,0.8428] [0.0500,0.8788] [0.0807,0.8573]
P4 [0.0599,0.8657] [0.1056,0.8262] [0.0865,0.8757] [0.0583,0.8811] [0.0849,0.8767]
P5 [0.1176,0.8326] [0.1276,0.7872] [0.0910,0.8812] [0.0958,0.8157] [0.1108,0.8111]
P6 [0.0928,0.8573] [0.0762,0.8663] [0.1064,0.8402] [0.1125,07410] [0.0946,0.8066]
P7 [0.1113,0.8405] [0.0932,0.8585] [0.0993,0.8368] [0.0847,0.8883] [0.0951,0.8707]

Step 4: Calculate cooperative enterprise prospect matrix. This study can make the
enterprise decision-making more reasonable and effective. It helps PCEs to blindly avoid
similar risks. Using the Appendix D of prospect value function, the prospect matrix is
obtained, as shown in Table 8.

Table 8. Cooperative enterprise prospect matrix.

C1 C2 C3 C4 C5

P1 −0.1989 −0.0813 −0.0998 0.0287 −0.0668
P2 0.0289 −0.0362 −0.0672 −0.1420 0.0000
P3 −0.1234 −0.1478 0.0057 0.0000 0.0308
P4 −0.0746 0.0000 0.0328 0.0113 0.0463
P5 0.0240 0.0357 0.0373 −0.1324 −0.0335
P6 0.0000 0.0366 0.0000 −0.2632 −0.0744
P7 0.3226 0.0302 −0.0272 0.0398 0.0416

Step 5: Use VIKOR and attribute weight method to calculate utility values, individual
regret values, and values. Based on Appendices B and C, Equations (1)–(3) and combi-
nation weight method jk = (0.2118, 0.1948, 0.1647, 0.1922, 0.2365), this paper obtains the
combination weight. VIKOR method and Equation (A18) were used to obtain positive ideal
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points and negative ideal points of attributes. By using Equation (A19), group utility value
Si and individual regret value Ri are calculated. Take the compromise coefficient θ = 0.5
and use Equation (A20) to calculate the value Qi. Specific values are shown in Table 9.

Table 9. Utility values, individual regret values, and values.

SI RI QI1 QI2 QI Ranking

P1 0.7297 0.2216 0.5000 0.4531 0.9531 1
P2 0.5279 0.1256 0.3414 0.1512 0.4925 4
P3 0.4695 0.1948 0.2955 0.3688 0.6642 3
P4 0.2234 0.1613 0.1021 0.2635 0.3656 6
P5 0.3878 0.1563 0.2313 0.2478 0.4791 5
P6 0.6045 0.2365 0.4016 0.5000 0.9016 2
P7 0.0935 0.0776 0.0000 0.0000 0.0000 7

Finally, the value of each potential partner in the construction project is determined
as follows:

Pi = (P1, P2, P3, P4, P5, P6, P7)

= (0.9531, 0.4925, 0.6642, 0.3656, 0.4791, 0.9016, 0.0000)

The seven potential partners were rated as worthy in order of priority P1 > P6 > P3 >
P2 > P5 > P4 > P7. Therefore, the joint venture investment partner of digital innovation
activities of Tianfeng is determined as P1. Based on the above evaluation and selection, the
joint venture partner P1 is the best joint venture partner of Tianfeng. In fact, P1 has become
a preferred co-venture partner. In addition, joint venture partner P6 is recommended as a
reserved venture partner.

Based on the case of Tianfeng’s selection of joint venture investment partners in
carrying out digital green and innovative activities, the above study indicates the selection
process of joint venture investment partners from the perspective of digital green innovation
customers. This process is also for the PCEs to carry out the digital green innovation process.
The above analysis further verifies that the key influencing factors for PCEs to choose joint
venture investment partners in digital green and innovative activities include compatible
risk diversification, commitment to risk diversification, complementary accumulation of
resources, overlapping accumulation of resources, and mutual trust degree. In addition,
the time preference of cooperative enterprises also has an important impact on the digital
green innovation activities of PCEs.

4.3.2. Discussion

(i) Managerial implications. This study has two important management implica-
tions for PCEs in the selection of joint investment partners. The practical management
significance of this study is as follows:

This paper constructs a theoretical model of a joint venture capital network. PCEs and
joint venture partners are two main bodies of digital green and innovative projects. The
exchange of green knowledge and digital innovation technologies between construction
firms and joint venture partners helps to promote business development and technological
progress. In the process of knowledge and technology exchange, PCEs and joint venture
partners gradually form a mutually beneficial symbiotic relationship. The two share more
and more complementary resources on digital green innovation. Whether PCEs can choose
appropriate joint venture partners is directly related to the development of mutualistic
symbiosis. The theoretical model based on the joint venture capital network can be applied
to the selection of partners in PCEs, which can make the decision more theoretical and
scientific.

In this study, the logical relationship is integrated with the idea of six analysis methods.
This study innovatively proposes a 3W1H-P research framework of joint venture capital.
First, motivation affects partner selection, which, in turn, affects firm performance. PCEs
choose joint venture partners based on risk diversification motivation to carry out digital
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green innovative projects to promote enterprise venture investment performance. Secondly,
this study comprehensively analyzes the motivations, partner selection, and the impact
on performance. The joint venture investment behavior of PCEs in carrying out digital
green innovation projects is the process of joint venture investment partners to invest in
PCEs under certain motivation. In this process, joint venture partners and PCEs will play
against each other based on the principle of maximizing their own interests. Finally, the
selection of joint venture partners by PCEs is a process of investment behavior, and its joint
motivation, partner selection, and game behavior in the process of joint venture partners
are bound to be affected by the situation of joint venture partners and PCEs. Based on the
research framework of 3W1H-P, the research system is constructed in this study, which
can meet the requirements of PCEs to select joint investment partners in the investment
activities of digital green innovation projects. The evaluation criteria of research systems for
enterprises to choose joint investment partners usually come from green innovation ability,
resource accumulation, and the degree of overlap of the cooperation foundation. Green
innovation capability is divided into compatible risk diversification and commitment
risk diversification, including the compatible venture investment style, organizational
culture, digital green innovation management team, investment in digital green innovation
resources, social network capability, and risk investment willingness of senior managers.
Resource accumulation can be divided into complementary accumulation resources and
superposition accumulation resources, including technological complementarity, market
complementarity, social network resource complementarity, financial risk investment ability,
past cooperation, and good mutual trust between senior managers. The basis of cooperation
is the mutual trust degree of both parties, including whether the cooperative enterprise
has the possibility of long-term cooperation with the PCEs, the influence of the resources
provided by the cooperative enterprise on the value of the PCEs, and the reputation of the
cooperative enterprise in the prefabricated construction industry. For managers, the use of
the 3W1H-P research framework and the newly built research system can enable PCEs to
select joint investment partners in the development of digital, green, and innovative project
investment activities, which is more efficient and accurate, thus reducing the management
costs and promoting the efficient operation of enterprises.

(ii) Theoretical implications. This study is based on the case of Tianfeng’s joint venture
investment partner in digital green and innovative activities. This study first listed the
time series set tk = (t1, t2, t3, t4,), attribute set Ck = (C1, C2, C3, C4, C5), alternative partner
set Pi = {P1, P2, P3, P4, P5, P6, P7} in different periods, and the evaluation of indicators of
seven alternative partners in four different periods. Secondly, this study used the combined
time weight to solve the subjective and objective comprehensive time weight and obtained
the criterion weight according to the improved intuitionistic fuzzy number entropy. Then,
this study used dynamic intuitionistic fuzzy weighted geometric operators to assemble
the weighted intuitionistic fuzzy decision matrices of different time periods and combined
these five criteria into a set of criteria information of a cooperative enterprise selection
matrix including four time periods. Furthermore, this study helps PCEs to blindly avoid
similar risks, making decision-making more reasonable and effective. Using the formula
of prospect value function, the prospect matrix is obtained. The combined weight set is
obtained by using the combined weight method. The VIKOR method was adopted to
obtain the positive ideal points and negative ideal points of attributes and calculate the
group utility value Si and individual regret value Ri and value Qi. Finally, the evaluation
value of partners is prioritized to obtain the best partner. The theoretical process can be
applied to other PCEs in the process of choosing joint venture capital partners. In this way,
enterprises have sufficient theoretical support when choosing partners and can produce
more realistic and effective selection results.
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5. Conclusions and Enlightenment
5.1. Conclusions

With the background of carbon peak and carbon neutrality, it is very necessary for the
construction industry to carry out digital green and innovative activities. It has gradually
become an inevitable trend for PCEs to adapt to the new era, create new models, and
develop healthily and long-term by choosing joint investment partners in the development
of digital green innovative project investment activities. First, in this study, a theoretical
model for PCEs to select joint investment partners in digital green innovative project
investment activities was constructed. Second, with the help of the idea of six analysis
methods, this study innovatively proposed a research framework of joint venture capital
3W1H-P by integrating logical relations. Third, on this basis, the research system of selecting
joint investment partners was constructed. Fourth, intuitionistic fuzzy set, intuitionistic
fuzzy number aggregation operator, and intuitionistic fuzzy entropy were expounded.
The combined theoretical knowledge of combined time weight, improved intuitionistic
fuzzy number entropy, and the VIKOR method is proposed. This practice brings positive
enlightenment to other PCEs when they choose joint investment partners to make decisions
in the investment activities of digital green innovative projects.

The results are drawn as follows. This study constructed a theoretical model of PCEs
selecting joint investment partners. This study proposed the research framework of 3W1H-
P. This study constructed a research system for the selection of joint investment partners.
The research system includes green innovation capacity indicators, cooperation basic
indicators, resource accumulation indicators, etc. This study indicates that the joint venture
investment network theoretical model, the joint venture investment 3W1H-P research
framework, research system, and applied theory can enable Tianfeng to select the optimal
partner. Further, this approach can be applied to the selection of joint investment partners
by global PCEs in the development of digital green innovative project investment activities.

5.2. Implications

This study has important management implications. This study not only constructed
a theoretical model in the joint venture investment network but also innovatively proposed
a 3W1H-P research framework of joint venture investment by integrating logical relations
with the idea of six analysis methods. On this basis, a research system for PCEs to select
joint investment partners in the investment activities of digital green innovative projects
was constructed. The theoretical model, research framework, and research system can
be used to assist PCEs to select joint investment partners in the investment activities
of digital green innovative projects. This study has important theoretical implications.
In this study, intuitionistic fuzzy set, intuitionistic fuzzy number aggregation operator,
intuitionistic fuzzy entropy, AHP, deviation maximization method, combinatorial attribute
weight, and prospect theory were theoretically expounded, and the theoretical knowledge
of combination time weight, improved intuitionistic fuzzy number entropy, and the VIKOR
method was proposed.

5.3. Deficiencies and Future Prospects

There are still some limitations in this study that deserve further attention. Artificial
intelligence (AI) technology is gradually applied to decision-making problems, and the
combination of resource complementarity and AI plays an important role in future enlight-
enment. In addition, only one case study was conducted in this study, and future studies
may include large sample sizes from many PCEs to verify the correctness of the theoretical
models, frameworks, systems, and use of theoretical knowledge. PCEs can be classified
according to the scale of R&D or enterprise size.
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Appendix A

Definition A1. Let X be a non-empty-theoretic domain, and the intuitive fuzzy set on X be
defined as Ã =

{(
x, µÃ(x), vÃ(x)

)∣∣x ∈ X
}

, where µÃ(x) is the membership function of the
element X for the set Ã. vÃ(x) is a non-membership function for the element x for the set Ã.
µÃ(x), vÃ(x)X → [0, 1] relative to ∀x ∈ X ,0 ≤ µÃ(x) + vÃ(x) ≤ 1. βÃ(x) = 1− µÃ(x)−
vÃ(x) is called the intuitionistic ambiguity of the set Ã, 0 ≤ βÃ(x) ≤ 1. Intuitionistic fuzzy sets
over a non-empty field X are collectively denoted as IFS(X). α̃ = (µ, v) is an intuitionistic fuzzy
number (IFN).

Definition A2. Set α̃j(j = 1, 2, · · · , n) as a group of IFNs; then:

IFWA(α̃1,α̃2, · · · , α̃n) = ω1α̃1 ⊕ ω2α̃2 ⊕ · · · ⊕ ωnα̃n =
n
⊕

j=1
ωjα̃j is called intuitionistic

fuzzy weighted average operator, and its calculation formula is

IFWA(α̃1,α̃2, · · · , α̃n) =

(
1−

n

∏
j=1

(
1− µj

)ωj

)
(A1)

Definition A3. Set α̃j(j = 1, 2, · · · , n) as a group of intuitionistic fuzzy numbers, and then

IFWG(α̃1,α̃2, · · · , α̃n) = α̃1
ω1 ⊗ α̃2

ω2 ⊗ · · · ⊗ α̃n
ωn =

n
⊗

j=1
α̃j

ωj is called intuitionistic fuzzy

weighted geometric operators, and its calculation formula is

IFWG(α̃1,α̃2, · · · , α̃n) =

(
n

∏
j=1

µj
wj , 1−

n

∏
j=1

(
1− vj

)ωj

)
(A2)

Definition A4. Let Ã =
{(

µÃ(xi), υÃ(xi)
)∣∣xi ∈ X

}
and B̃ =

{(
µB̃(xi), υB̃(xi)

)∣∣xi ∈ X
}

be
two intuitionistic fuzzy sets, and call function E : IFS(X)→ [0, 1] intuitionistic fuzzy entropy if
it satisfies the following criteria.

Criterion A1. E
(

Ã
)
= 0 if and only if E

(
Ã
)
= 0 is a clear set for ∀xi ∈ X; there is ∀xi ∈

XυÃ(xi) = 0 orµÃ(xi) = 0, υÃ(xi) = 1.
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Criterion A2. E
(

Ã
)
= 1 if and only if E

(
Ã
)
= 1; there is µÃ(xi) = υÃ(xi).

Criterion A3. E
(

Ã
)
= E

(
Ãc
)

.

Criterion A4. E
(

Ã
)
≤ E

(
B̃
)

for ∀xi ∈ X. When µB̃(xi) ≥ υB̃(xi), there are µÃ(xi) ≥ µB̃(xi)

and υÃ(xi) ≤ υB̃(xi) ; when µB̃(xi) ≤ υB̃(xi), there are µÃ(xi) ≤ µB̃(xi) and υÃ(xi) ≥ υB̃(xi)

Criterion A5. For ∀xi ∈ X, when
∣∣µÃ(xi)− vÃ(xi)

∣∣ = ∣∣µB̃(xi)− vB̃(xi)
∣∣ and βÃ(xi) < βB̃(xi),

there is E
(

Ã
)
< E

(
B̃
)

.

Appendix B

(i) Construct the comparative judgment matrix. Using AHP method, the comparative
judgment matrix of digital green innovation development level evaluation index of PCEs is
constructed as follows:

A =


a11 a12 a13 L a1n
a21 a22 a23 L a2n
a31 a32 a33 L a3n
M M M M M
an1 an2 an3 L ann

 =
{

aij
}

(A3)

In the evaluation index system of digital green innovation of PCEs, aij is the importance
of the i − th index relative to the j index. aij > 0, and, obviously, aii = 1; aij = aji

−1;
(i = 1, 2, · · · , n; j = 1, 2, · · · , n). As for the value of aij in the comparative judgment matrix,
saaty1–9 contrast scale is used in this paper to measure the comparison of importance
among indicators. The contrast scale is shown in Table A1.

Table A1. Saaty’s contrast ruler.

Contrast Scale Implication

1 The evaluation index Ci has the same importance as the evaluation index Cj
3 The evaluation index Ci is slightly more important than the evaluation index Cj
5 The evaluation index Ci is significantly more important than the evaluation index Cj
7 The evaluation index Ci is strongly more important than the evaluation index Cj
9 The evaluation index Ci is absolutely more important than the evaluation index Cj

2, 4, 6, 8 The results of evaluation index Ci and evaluation index Cj are in the middle position

Count backwards The importance comparison result of evaluation index Ci and evaluation index Cj is the
reciprocal of evaluation index Cj and evaluation index Ci

(ii) Calculate the weight set and conduct consistency test.
The weight set is calculated by the weight judgment matrix of the development level

evaluation index of digital green innovation of prefabricated building enterprises, and the
consistency test is carried out.

Multiply the elements in each row of the comparison judgment matrix, namely:

Mi =
n

∏
j=1

aij, i = 1, 2, · · · , n (A4)

Wi =
n
√

Mi, i = 1, 2, · · · , n (A5)

wi =
Wi

n
∑

i=1
Wi

, i = 1, 2, · · · , n (A6)
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where aij is the element in row i and column j of the weight comparison judgment matrix of
the development level evaluation index of digital green innovation of PCEs. Wi is the weight
of the first indicator to the upper indicator in the development level evaluation system of
digitalization, greening, and innovation of PCEs. It is concluded that W = (w1, w2, · · · , wn)
is the relative importance of the next layer to the upper layer, that is, the weight value of
the index of the next layer to the upper layer. Consistency check is as follows:

λmax =
n

∑
i=1

(AW)i
nWi

(A7)

CI =
(λmax − n)
(n− 1)

(A8)

CR =
CI
RI

(A9)

where λmax is the largest characteristic root of the judgment matrix of the development level
evaluation index of digital green innovation of PCEs. CI is the consistency index of the index
weight comparison and judgment matrix in the digital, green, and innovative development
level evaluation system of PCEs. In n, the larger the CI, the worse the consistency (and
vice versa). Since CI is an error of randomness, it is compared to the stochastic consistency
index RI. CR is the random consistency ratio of index weight comparison judgment matrix
in the evaluation system of digital green innovation development level of prefabricated
building enterprises. RI values are shown in Table A2.

Table A2. RI values table.

n 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.96 1.12 1.24 1.32 1.41 1.45 1.49

The basis of consistency test is that, when CR < 0.1, it means that the judgment
matrix of development level risk evaluation of digital green innovation of prefabricated
building enterprises is consistent. Otherwise, it is necessary to readjust the judgment matrix
to meet the requirements of CR < 0.1.

Appendix C

Under the condition that normalization and weight constraint principles are satisfied,
dev

(
bij, bkj

)
is set to represent the deviation between partner bi and other partners for

indicator bj. bij and bkj are the j-th index value of the i-th and k-th partner, respectively. ωj
is the weight of the first evaluation index of j. The deviation maximization method was
used to calculate its weight, and the objective function was calculated as follows:

dev
(
ωj
)
=

m

∑
i=1

n

∑
k=1

dev
(

bij, bkj

)
ωj (A10)

The determination of index weight is based on the principle of maximizing the total
deviation of all partner evaluation indexes, and the following linear programming model
is established T. The result is as follows:

T : lop


maxdev(ω) =

q
∑

j=1

m
∑

i=1

m
∑

k=1
dev

(
bij, bkj

)
ωj

s.t.
q
∑

j=1
ω2

j = 1,ωj ≥ 0
(A11)
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It is solved using the Lagrangian function T. The result is as follows:

L
(
ωj, ξ

)
=

n

∑
j=1

m

∑
i=1

m

∑
k=1

dev
(

bij, bkj

)
ωj +

1
2

ξ

(
n

∑
j=1

ω2 − 1

)
(A12)

The partial derivatives of ωj and ξ were taken, respectively, to obtain the optimal
solution ω∗ of the model. The result is as follows:

ω∗ =

m
∑

i=1

q
∑

j=1
dev

(
bij, bkj

)
√√√√ q

∑
j=1

[
m
∑

i=1

m
∑

k=1
dev

(
bij, bkj

)]2
(A13)

Norm-normalized ωj is as follows:

ωj =

m
∑

i=1

m
∑

k=1
dev

(
bij, bkj

)
q
∑

j=1

m
∑

i=1

m
∑

k=1
dev

(
bij, bkj

) (A14)

Appendix D

If the candidate partner is odd, the median is used as the reference point. If it is an
even number of alternative partners, the mean of the two middle fuzzy numbers is used
as the reference point. Assume that the reference point of the criterion value of S1 in the
state of criterion c1 is Yjh, and the prospect value function can be determined based on the
distance formula of the two fuzzy numbers and the comparison results:

v
(

yijh

)
=


[
d
(

yijh, Yjh

)]α
yijh ≥ Yjh

−λ
[
d
(

yijh, Yjh

)]β
yijh < Yjh

(A15)

Among them, α, β is the risk attitude coefficient. α, β ∈ [0, 1]. The higher the value,
the more likely it is to take risks. When α = β = 1, the decision-maker is regarded as risk
neutral. Here, define α = β = 0.88, λ as loss avoidance coefficient, and define λ = 2.25.
Since the decision weight is closely related to the objective probability, the ratio of the
weight of probability p to the deterministic weight is taken as the decision weight of gain
and loss, which are, respectively:

π
(

pj
) π+

(
pj
)
= pγ

j /
[

pγ
j +

(
1− pj

)γ
]1/γ

π−
(

pj
)
= pδ

j /
[

pδ
j +

(
1− pj

)δ
]1/δ (A16)

Among them, γ is the risk–return attitude coefficient; δ is the risk–loss attitude coeffi-
cient, and γ = 0.61 and δ = 0.69 are defined here. Then, the comprehensive prospect value
is as follows:

v
(
aij
)
=

l

∑
h=1,v(yijh)≥0

v
(

yijh

)
π+
(

pj
)
+

l

∑
h=1,v(yijh)<0

v
(

yijh

)
π−
(

pj
)

(A17)
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Appendix E

(i) Set f+ as the positive ideal point of the attribute, f− as the negative ideal point of
the attribute; then:

f+j =

{
max

i
v(ai1), max

i
v(ai2), · · · , max

i
v(aim)

}
f−j =

{
min

i
v(ai1), min

i
v(ai2), · · · , min

i
v(aim)

} (A18)

(ii) Calculate group utility value Si and individual regret value Ri; then:

Si =
l

∑
j=1

wj

(
f+j − v

(
aij
)

f+j − f−j

)
, Ri = max

j

{
wj

(
f+j − v

(
aij
)

f+j − f−j

)}
(A19)

(iii) The value is calculated by the following formula:

Qi = θ ×
Si −min

i
Si

max
i

Si −min
i

Si
+ (1− θ)

Ri −min
i

Ri

max
i

Ri −min
i

Ri
(A20)

where θ is the decision-making mechanism coefficient.
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