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Abstract: According to the self-organizing theory, we first constructed an index system of the
self-organizing evolution level of China’s photovoltaic (PV) industry chain system from two aspects:
of development level and synergy level. Furthermore, according to the relevant data of China’s
PV industry, the self-organizing evolution level of the system from 2008 to 2017 was measured and
evaluated by using the system evolution level measurement model and cloud model. Finally, the
GM (1, 1) model was used to predict the self-organizing evolution level of the system from 2018 to
2022. The results show that the overall self-organizing evolution level of China’s PV industry chain
system shows a rising trend in the ten years from 2008 to 2017, gradually transitioning from a low
evolution level to a relatively low evolution level, with the evolution level declining in 2012 and 2015.
It is expected that the self-organizing evolution level will continue to maintain a stable and orderly
growth trend in the next five years, entering a medium evolution level stage from 2021. If the current
evolution speed can be maintained, it is expected to reach a self-organizing evolution state in the next
20 years or so.
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1. Introduction

Vigorously developing renewable energy, effectively coping with climate change, and promoting
clean and low-carbon transformation of energy have become a global consensus [1]. In this context,
the Chinese government has clearly proposed the phased goals of non-fossil energy development, and
the development of the photovoltaic (PV) industry is an important part of it [2]. China has abundant
solar energy resources, which are widely distributed. It has resource conditions and industrial base
for large-scale development [3]. Simultaneously, the development of the PV industry is of great
significance for adjusting the energy structure, promoting the energy production and consumption
revolution, and promoting the construction of ecological civilization.

In general, the PV industry chain refers to the chain formed by the connection of PV products,
which can also be called the product chain [2], the supply chain [4], or the value chain [5]. The PV
industry chain mainly includes the following links: crystalline silicon, silicon ingots, silicon wafers, PV
cells, PV modules, and application systems. Among them, crystalline silicon, silicon ingots, and silicon
wafers belong to the upstream of the industry chain, PV cells and PV modules belong to the midstream
of the industry chain, and the application system belongs to the downstream of the industry chain [6].
With the development of China’s PV industry, its industry chain is constantly improving. Due to
technical reasons, in the initial stage of entering the global value chain, China’s PV industry mainly
produced midstream products in the industry chain [7], which was in the development state of “two
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heads outside” at that time [8]. Shortly thereafter, in order to enhance cost competitiveness, many PV
companies implemented a vertical integration strategy to expand production to the upstream and
downstream of the industry chain. In addition, the government’s relevant policies also promoted the
comprehensive development of the PV industry in all aspects of the industry chain [9–12]. In 2013,
China’s PV industry initially established a complete industry chain [13]. In some areas where the
PV industry had developed well, such as Wuxi in Jiangsu Province, the local PV industry chain was
relatively perfect [8], which basically fulfilled the goal set by the central government in the 12th
five-year plan [14]. In the 13th five-year plan, the government has put forward new requirements for
diversified applications in the PV industry.

It can be seen from the above that although China’s PV industry has formed a complete industry
chain system, its connotation and extension still need to be expanded. At the same time, the policy
retreat requires China’s PV industry to rely more on its own strength in the future development [15–19],
and the development of PV industry chain will gradually enter the stage of self-organizing evolution.
According to the self-organizing theory, the self-organizing evolution is a process driven by the internal
power of the system, from simple to complex, from disorder to order, from low-level order to high-level
order, and finally realizes the self-organizing state [20–22]. The level of self-organizing evolution refers
to the scale and degree of development of an industry in each stage from its birth to the formation
of dissipative structure [23], and then to the state of self-organizing. It can measure the status and
potential of self-organizing evolution. The higher the level of evolution, the closer the system is to
the state of self-organizing evolution. Research has shown that China’s PV industry chain system
has formed a dissipative structure and is developing towards self-organizing [23], but we do not
know how its evolution level is and to what extent it will reach in the future. While the evolution
and development of PV industry is related to the adjustment of industrial structure and the choice of
company strategy, it is of great significance to study it.

However, in the existing research on PV industry, many of them regard industry chain as an
analysis tool [24–26]. Others are aimed at the PV industry chain, but they are not regarded as a
system and have not been studied from the perspective of self-organizing [27–29]. Based on the four
subsystems of the PV industry chain, namely, the upstream, midstream, downstream of the main chain,
and auxiliary chain, and taking into account the two driving factors of synergy level and development
level, this paper evaluated and predicted its self-organizing evolution level.

The main contributions of this paper are as follows: (1) Construct the evaluation index system
of self-organizing evolution level of PV industry chain system. (2) Build a system evolution level
measurement model to measure the self-organizing evolution level of China’s PV industry from 2008
to 2017. The three eigenvalues of cloud model are used to quantitatively classify the self-organizing
evolution level of the system, and then evaluate the self-organizing evolution level of China’s PV
industry chain system. (3) Finally, based on grey theory, the renewal GM (1, 1) model is used to predict
the trend of China’s self-organizing evolution level from 2018 to 2022.

The rest of the paper is organized as follows. The following section constructs the index system for
measuring the self-organizing evolution level. In Section 3, methods used in this paper are presented.
Section 4 summarizes and analyzes the results. Our conclusions and recommendations are given in
the final section of the paper.

2. PV Industry Chain System and the Construction of Its Self-organizing Evolution Level
Evaluation Index System

2.1. PV Industry Chain System

The PV industry chain system consists of three elements: main chain, auxiliary chain, and
structural relationship (see Figure 1).
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2.1.1. Main Chain

The main chain of the PV industry chain is a traditional product chain, which realizes the
transformation from raw materials to final products. The main chain includes three subsystems:
upstream subsystem, midstream subsystem, and downstream subsystem. Each subsystem of the
main chain realizes cooperation and competition through the movement of information flow, material
flow, and capital flow. The upstream subsystem in the main chain consists of silicon miners, silicon
material producers, silicon wafer producers, etc. The midstream subsystem consists of battery chip
manufacturers, battery module manufacturers, etc. Downstream subsystems include application
system development enterprises, etc. These three subsystems jointly complete the exchange and
transmission of material flow, capital flow, and information flow in the PV industry chain.

2.1.2. Auxiliary Chain

The auxiliary chain mainly provides financial, research and development, policy, auxiliary
products, or labor supply and other services for the main chain. Among them, financial services are
mainly provided by financial institutions such as banks and securities companies, which provide
financial support for main chain node enterprises. Research and development are mainly provided
by institutions of higher learning, research institutes, and other institutions, which provide strong
scientific and technological innovation support for the development and growth of PV industry
chain. Government departments guide the development of PV industry from a macro perspective
through policies, such as financial subsidies. The main suppliers of auxiliary products or labor services
are equipment manufacturers, equipment testers, PV product certification agencies, and logistics
companies. Although these products and labor services do not form part of the final products of the
industry chain, they contribute to the production of products.

2.1.3. Structure Relationship

The system structure relationship is the cooperative relationship and connection degree between
the subsystems in the main chain of the industry chain and between the main chain and the auxiliary
chain. The stability of the system and the distribution mode of benefits are determined by the structure
relationship of the industry chain system. The main chain is a chain-like structure. The upstream,
midstream, and downstream subsystems are connected by products, which develop and extend on the
length of the chain to form a longitudinal product chain composed of upstream subsystem, midstream
subsystem, and downstream subsystem. The development of the main chain cannot be separated from
the support of auxiliary services, such as capital, research and development, policies, logistics, etc.
The auxiliary chain plays a role of radiation influence on the main chain. The main chain and the
auxiliary chain are interwoven with each other to become the form of chain series and broaden the
width of the industry chain.
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2.2. Construction of Self-Organizing Evolution Level Index System of PV Industry Chain System

At present, in the research on the evaluation of industrial evolution level, some scholars have
constructed an evaluation system from several dimensions (e.g., economic benefits, scientific and
technological potential, environmental harmony, or development capability, innovation capability, and
management capability). Each dimension selects several relevant indexes to measure and reflect the
level of industrial development [30]. Some scholars also believe that the level of system evolution is
affected by the degree of synergy among subsystems within the system, and it is more objective to
evaluate the level of evolution based on the synergy within the system [31]. On the basis of the existing
research results on the evaluation of evolution level [32–34], and the dynamic characteristics of the
self-organizing evolution of PV industry chain system, this article proposed an evaluation method of
the self-organizing evolution level of the PV industry chain system based on double driving factors,
which evaluates the self-organizing evolution level of China’s PV industry chain system from the
perspectives of “development level” and “synergy level”.

“Development level” means that the level of industrial evolution is affected by a series of industrial
development indexes. A single index that can reflect the evolution of the system can be found from
different dimensions. These indexes mainly reflect the scale and efficiency of subsystems’ development.
These indexes first directly affect the development of their corresponding subsystems, and then the
development of each subsystem jointly affects the evolution level of the entire industry chain system.
However, the level of industrial evolution is not only directly affected by a series of industrial scale
efficiency development indexes, but also directly affected by the synergy level. Therefore, the level of
industrial evolution is also driven by the cooperation and competition among subsystems, which is
the “synergy level”. Therefore, this paper holds that the self-organizing evolution level of China’s PV
industry chain system is driven by each single index, i.e., “development level”, and is also driven by
the order parameter synergy level among subsystems, i.e., “synergy level”. Based on this, an index
system of the self-organizing evolution level of China’s PV industry chain system is constructed, as
shown in Figure 2.
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2.2.1. Development Level

The development level reflects the scale or level of PV industry in different periods. The PV
industry chain system consists of upstream, midstream, and downstream subsystems and auxiliary
chain subsystem. Each subsystem is different and has its own characteristics. Therefore, different
indexes should be selected to measure the development level of each subsystem.

The upstream subsystem of the PV industry chain is mainly engaged in the production of silicon
materials, silicon ingots, and silicon wafers, providing raw materials for the midstream and downstream
segments. The output and conversion efficiency of raw materials directly affect the production in the



Sustainability 2020, 12, 1792 5 of 22

midstream and downstream segments; thus, affecting the development of the entire industry chain.
Therefore, polysilicon output, polysilicon conversion efficiency, and silicon wafer output are selected
to measure the development level of the upstream subsystem.

The midstream subsystem of the PV industry chain is composed of two parts: PV cell manufacturing
and battery module manufacturing. The output of PV cells and battery modules can reflect the
development status of midstream segment, and the cost of battery modules can reflect the production
efficiency. Therefore, the PV cell output, the PV module output, and the PV module cost are selected to
measure the development level of the midstream subsystem.

The downstream subsystem of PV industry chain is the application of PV system, forming PV
power generation system, and PV application products. Cumulative installed capacity refers to the
total power of all PV generating units so far. PV power generation can reflect the final product quantity
of PV industry, and electricity cost reflects the technical level of PV power generation. Therefore,
cumulative installed capacity, PV power generation, and electricity cost are selected to measure the
development level of downstream subsystem.

In the production and operation of the main chain formed by the upstream, midstream and
downstream subsystems, the radiation impact of the auxiliary chain is indispensable. The auxiliary
chain includes financial enterprises, scientific research enterprises, auxiliary products or labor supply
enterprises, government departments, etc. Considering the importance and availability of indexes,
government subsidy, tax return, and (research and development) R&D investment are selected to
measure the development level of the auxiliary chain subsystem. Government subsidy reflects the
government’s policy guidance and support for the PV industry and can directly affect the development
of the PV industry. Tax return reflects the government’s policy incentives to the PV industry in terms
of tax revenue. R&D investment is the investment of PV industry in R&D work, such as technological
innovation, cost reduction, and efficiency improvement.

Under the influence of their respective state parameters, the four subsystems develop healthily
and orderly. These state parameters jointly promote the improvement of the self-organizing evolution
level of PV industry chain system.

2.2.2. Synergy Level

The synergy level reflects the influence of synergy and competition among subsystems on the
level of system evolution. As can be seen from Figure 1, in the PV industry chain system, there are
main chain subsystem and auxiliary chain subsystem. The main chain includes upstream, midstream
and downstream subsystems. The subsystems of main chain interact with each other. The auxiliary
chain has radiation influence on the main chain, and each subsystem is affected by different order
parameters. In addition, the synergy level of PV industry chain system is affected by two parts: the
synergy level between the main chain subsystems and the synergy level between the main chain
and the auxiliary chain [35]. The synergy level between the main chain subsystems includes the
synergy between the upstream subsystem and the midstream subsystem (SZ1&SZ2), the synergy
between the upstream subsystem and the downstream subsystem (SZ1&SZ3), the synergy between
the midstream subsystem and the downstream subsystem (SZ2&SZ3), and the synergy between the
upstream, midstream, and downstream subsystems (SZ1&SZ2&SZ3). The synergy level between
the main chain and the auxiliary chain is the synergy between the “main chain affected by the
radiation of the auxiliary chain” and the “auxiliary chain”. There is competition and synergy among
subsystems in China’s PV industry chain system. Each subsystem develops continuously under the
drive of order parameters. The “competition-cooperation-coordination” among order parameters is
the driving force of system evolution. It promotes the cooperative development among subsystems
and further promotes the development and evolution of the whole industry chain system. The degree
of competition-cooperation-coordination among order parameters is measured by the synergy level.
The higher the synergy level is, the greater the effect on the level of system evolution is. Therefore,
under the action of order parameters, the degree of cooperation and competition among subsystems,
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that is, the level of cooperation, is one of the key factors driving the improvement of self-organizing
evolution level.

Synergy theory holds that the order parameter comes from the macro parameters inside the
system, which describes the overall situation of the system. The order parameter is the representation
and measurement of the cooperative effect, controls the behavior of each subsystem in the system, and
dominates the overall evolution effect of the system. Therefore, when selecting the order parameters
of each subsystem, the principle is to fully represent the basic attributes of each subsystem, and the
availability and authenticity of data should be considered at the same time. The output of polysilicon
reflects the quantity of polysilicon produced by PV enterprises in a certain period of time. As the
production of polysilicon requires a large amount of energy and expensive production equipment, it
requires very high production technology and investment funds, so the output of polysilicon directly
determines the starting point of PV industry. The output of PV cells is the number of PV cells generated
by midstream enterprises of the industry chain within a period of time. The production of PV cells is a
relatively profitable link. The output of PV cells can reflect the production and operation status of
midstream enterprises of the industry chain. PV power generation is the amount of light energy directly
converted into electric energy by using the PV effect of semiconductor interface, which can reflect the
final results of PV industry. Government subsidy is the government’s financial support for the early
development of the PV industry, which can reflect the country’s policy guidance for the PV industry.
Therefore, polysilicon output, PV cell output, PV power generation, and government subsidy are
selected as the order parameters of the upstream, midstream, downstream subsystems, and auxiliary
chain subsystem, respectively. They are important influencing factors for the development of the PV
industry chain system, from disordered state to ordered state, and the realization of higher-level state.

2.3. Evaluation Criteria

In this paper, cloud model is used to classify the level of self-organizing evolution. Cloud model
is an uncertain conversion model that uses mathematical language to convert qualitative concepts
into quantitative indexes. It organically combines fuzziness in fuzzy set theory with randomness in
probability theory to form a mapping between qualitative and quantitative [36]. The cloud model
fully considers the fuzziness and randomness of the research object. The corresponding relation of
uncertainty from qualitative concept to quantitative index is established, which well overcomes the
single fuzziness of fuzzy theory. In addition, it is easy to operate and can be used in various system
models. Moreover, it well considers the uncertainty existing in the system, and improves the efficiency
of transforming qualitative concept into quantitative index. At present, cloud model has been widely
used in prediction, comprehensive evaluation, knowledge representation, and other fields [37,38].

Using cloud model to classify grades, the key is to determine the membership function of each
factor in the evaluation system, and the determination of this membership function mainly depends
on the expectation, entropy, and super entropy of each factor. The specific calculation is as follows:

(1) Calculate expectation Ex

Ex = (Ex1 + Ex2 + . . .+ Exn)/n, (1)

(2) Calculate entropy En

En =

√√
1

n− 1

n∑
i=1

(Exi − Ex)
2, (2)

(3) Calculate super entropy He

He = k, (3)

where, k reflects the randomness of the evaluation, and its value should not be too large, otherwise
the uncertainty of the evaluation will be increased, usually 0.01, which can not only objectively
reflect the randomness of the evaluation, but also simplify the evaluation process.
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Using cloud model to classify grades, the key is to determine the membership function of each
factor in the evaluation system, and the determination of this membership function mainly depends
on the expectation, entropy, and super entropy of each factor. In this article, the evolution level is
measured by the numerical value of the interval [0, 1]. The smaller the value is, the lower the evolution
level is. Moreover, the larger the value is, the higher the evolution level is. When the evolution level
reaches 1, the system is infinitely close to and reaches the self-organizing evolution state. At the same
time, experts in the PV industry are invited to assign values to “low evolution level”, “relatively low
evolution level”, “medium evolution level”, “relatively high evolution level”, and “high evolution
level” respectively, and use Equations (1)–(3) to calculate the expectation, entropy, and super entropy of
evolution level, each level (see Table A1). Then, use the forward cloud generator to generate evolution
level cloud images, and the results are shown in Figure 3.
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3. Materials and Methods

3.1. Analytical Framework

This paper first calculated the development level and synergy level of PV industry chain system,
then calculated and evaluated the self-organizing evolution development level of the system, and finally
predicted its future self-organizing evolution development level. The specific analysis framework is
shown in Figure 4.

3.2. Data Sources

We selected relevant data of China’s PV industry from 2007 to 2017 to calculate relevant indexes.
The specific data come from China and Overseas Solar PV Industry Development Report, China
Statistical Yearbook, China PV Industry Development Report, PV Power Generation Industry Research
Report, China Polysilicon Industry Development Report, Clean Energy Industry Report, China
PV Industry Development Research Report, China Renewable Energy Development Report, China
New Energy Industry Annual Report, International Renewable Energy Development Report, and
other information.
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3.3. Methods

3.3.1. Measurement Model of Development Level and Self-Organizing Evolution Level

Assuming that the system S consists of k subsystems, which are expressed as S1, S2 . . . Sk separately,
the whole system is represented as S = f (S1, S2 . . . Sk), f is composite function.

Step 1: Standardize the original data
The range standard method is used to standardize the original data of k subsystem:

=


xt

i j−mint
i j

maxt
i j−mint

i j
, Xi j(+)

maxt
i j−xt

i j

maxt
i j−mint

i j
, Xi j(−)

, (4)

where, xt
i j is the original value of the jth index in the t year of the subsystem Si, i ∈ [1, 2 . . . k] and

maxt
i j, mint

i j are the minimum and maximum value of the jth index in the t year of the subsystem Si,

Xt
i j, Xt

i j represent the standardized data of the subsystem Si in the t year.
Step 2: Entropy weight method is used to calculate index weight
The proportion of the jth index in all indexes in the t year is as follows:

pt
i j = Xt

i j/
∑n

t=1
Xt

i j, (5)

The information entropy of the jth index is:

Ei j = −(lnn)−1
∑n

t=1

(
pt

i j × lnpt
i j

)
, (6)

The utility value of the jth index is:

Di j = 1− Ei j, (7)

The weight of the jth index is:

Wi j = Di j/
∑m

j=1
Di j, (8)

Step 3: Calculate the development level of computing systems
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The development level of the system Si is:

Xt
i =

∑m

j=1
wi jXt

i j,
∑m

j=1
wi j = 1, (9)

3.3.2. Synergy Level Measurement Model

(1) Basic Model

Step 1: Set the complex system composed of m subsystems, which are expressed as S1, S2, S3, . . . , Sm

separately. The whole system is recorded as = f (S1, S2, S3, . . . , Sm), f is a composite function. The
driving force for the system to change from disordered state to ordered state is the cooperation and
competition between order parameters within the system.

The order parameters of each subsystem in the development process are:

X j = X j1, X j2, . . . , X jn, n ≥ 1,

X jmin ≤ X ji ≤ X jmax, i ∈ [1, n], j ∈ [1, m]

If xji plays a positive role in the ordering of the system, the larger its value, the higher the ordering
degree of the system, and the smaller its value, the lower the ordering degree of the system. If xji plays
a negative role in the ordering of the system, the larger its value, the lower the ordering degree of the
system, and the smaller its value, the higher the ordering degree of the system.

Step 2: Calculate the order degree of xji on Sj

Uj
(
xji

)
=


(X ji−X jmin)
(X jmax−X jmin)

, X ji(+)

(X jmax−X ji)
(X jmax−X jmin)

, X ji(−)
, (10)

Step 3: The geometric average method is used to calculate the “total contribution” of the variables
xj of the jth subsystem to the order degree of the jth subsystem.

Uj
(
xji

)
=

n

√∏n

i=1
Uj

(
xji

)
, j ∈ [1, m], (11)

The larger the value of Uj
(
xj
)
, the higher contribution of xj to the system order, the higher the

system order, and vice versa.
Step 4: Set the initial time T0, and the order degree of each subsystem is U0

j

(
xj

)
. When the whole

composite system evolves to time T1, the order degree of each subsystem is U1
j

(
xj

)
. The synergy level

of the composite system is:

C = θ m

√∏m

j=1

∣∣∣∣U1
j

(
xj

)
−U0

j

(
xj
)∣∣∣∣, (12)

where, θ satisfy the following conditions:

θ =
minj

[
u1

j

(
xj

)
− u0

j

(
xj
)
, 0

]
∣∣∣∣∣minj

[
u1

j

(
xj

)
− u0

j

(
xj

)
, 0

]∣∣∣∣∣ , (13)

In Equation (13), U1
j

(
xj

)
−U0

j

(
xj

)
is the magnitude of the change in the system order degree of

the variables in the subsystem from T0 to T1, which describes the degree to which the whole system
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becomes more orderly from T0 to T1. Moreover, it is indicated that the system has a positive degree of
synergy if and only if the following formula is established:

U1
j

(
xj

)
−U0

j

(
xj

)
> 0, j ∈ [0, m], (14)

Equation (14) indicates that the system is developing in a coordinated way in the time region
[T0, T1], while on the contrary, it indicates that at least one subsystem in the system has not developed
in an orderly direction. In particular, if C ∈ [−1, 0], it means that at least one subsystem is developing
in the direction of disorder, it can be determined that the system is in the stage of non-cooperative
development from T0 to T1.

(2) Extended Model

Existing models can calculate the degree of cooperation between several parallel subsystems
in one-dimensional space. However, if you extend the system to two dimensions, considering the
radiation effects between different hierarchical systems, we need to expand the original model. The
system is extended to two dimensions, and each subsystem in the system is divided into two categories:
the main chain subsystem and the auxiliary chain subsystem, which are, respectively, in two levels in
the system, and interweave and influence each other to form a complex system (assuming that the
main chain subsystem consists of several subsystems and the auxiliary chain subsystem is a single
subsystem). Each subsystem of the main chain is independent of each other. The auxiliary chain
subsystem has radiant influence on each subsystem of the main chain, the more ordered the auxiliary
chain subsystem is with other subsystems, the more orderliness of the whole system can be improved,
and the greater the contribution to the orderliness of the whole system. Therefore, the synergy degree
of the auxiliary chain subsystem to each subsystem of the main chain can be taken as the weight of
each subsystem of the main chain. The order degree of the main chain affected by the radiation of the
auxiliary chain UZ is calculated, and then the synergy degree between the main chain order degree and
the auxiliary chain order degree is calculated, according to the basic model. This not only reflects the
hierarchical relationship of different subsystems in the complex system, but also reflects the radiation
influence degree of the auxiliary chain subsystem on the main chain subsystem, i.e., the weight.

Set the main chain SZ of a complex system be composed of m subsystems, which are expressed
as SZ1, SZ2, SZ3 . . . . SZm respectively, and the auxiliary chain subsystem is expressed as SF. The whole
system is recorded as S = f(SZ1, SZ2, SZ3 . . . SZm, SF) and f is a composite function.

The synergy degree between the auxiliary chain subsystem and the main chain subsystem is set as
C1, C2 . . . .Cm, and the weight of the main chain subsystem λ1, λ2 . . . . λm is calculated by the synergy
degree; thus, the order degree U′Z of the main chain affected by the radiation of the auxiliary chain is
calculated, and then the synergy degree C between the main chain and the auxiliary chain is calculated
according to the order degree of the main chain and the auxiliary chain.

C j =

√∣∣∣∣Ut
j

(
xj
)
−U0

j

(
xj
)∣∣∣∣× ∣∣∣Ut

F(X) −U0
F(X)

∣∣∣, j ∈ [1, m], (15)

λ j = m×C j/
∑m

j=1
C j, j ∈ [1, m], (16)

λ j = m×C j/
∑m

j=1
C j, j ∈ [1, m], (17)

C = θ
√

Ut′
Z ×

∣∣∣Ut
F(X) −U0

F(X)
∣∣∣, (18)

where, θ =
min j

[
u1

j (x j)−u0
j (x j),0

]
∣∣∣∣∣min j

[
u1

j (x j)−u0
j (x j),0

]∣∣∣∣∣ .
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The higher the value of C ∈ [−1, 1], the higher the synergy level between systems, and vice versa.
If the order degree of one subsystem is large, but the order degree of the other subsystem is small or
reduced, the synergy level between systems will be affected.

3.3.3. Renewal GM (1, 1) Grey Prediction Model

According to the grey system theory, although the indications presented by the elements of the
objective system are complex and changeable, its development and change have their own objective
laws. The theory takes small samples with known and unknown information and uncertain systems
with poor information as research objects. Through the generations, development and extraction
of valuable information for some known information, the correct description of system operation
behavior, and evolution law is realized, and then the quantitative prediction of its future changes can
be made [39]. The dynamic prediction model based on grey system theory is called grey prediction,
of which GM (1, 1) model, a special case of GM (1, N) proposed by Deng, is the most widely used.
The model has strong applicability for data processing and prediction with the characteristics of “small
samples and poor information”. Due to the late start of China’s PV industry and the limited number of
years that can obtain the original data, it is not suitable for the prediction method that requires a large
amount of data. Therefore, the grey prediction model provides an effective method for predicting the
self-organizing evolution level of PV industry chain system. Because the traditional GM (1, 1) model
usually ignores the disturbance factors in the process of system evolution; thus, affecting the prediction
accuracy, especially leading to poor prediction accuracy in the medium and long term [40–42], we used
the renewal GM (1, 1) model to predict the evolution level.

The specific steps are as follows:
Step 1: generate a first-order buffer sequence.
Grey sequence can weaken the randomness of the original sequence by introducing buffer operator;

thus, showing its regularity. Therefore, the first-order weakening operator D is introduced to obtain
the first-order buffer sequence.

Set the original data sequence:

X0 = (x(1), x(2), . . . , x(n)), (19)

D is an average weakening buffer operator (AWBO) and D2 is second-order weakening operator.
The first-order buffer sequence is:

XD = (x(1)d, x(2)d, . . . , x(n)d), (20)

where, x(k)d = 1
n−k+1 [x(k) + x(k + 1) + . . .+ x(n)], k = 1, 2, . . . , n

The second-order buffer sequence is:

XD2 = XDD =
(
x(1)d2, x(2)d2, . . . , x(n)d2

)
, (21)

where, x(k)d2 = 1
n−k+1 [x(k)d + x(k + 1)d + . . .+ x(n)d], k = 1, 2, . . . , n

Step 2: generate an accumulation sequence.
Sequence is generated by accumulating the second-order buffer sequence

X1 =
{
x1(i)

}
(i = 1, 2, . . . , n), (22)

where, x1(k) =
∑k

i=1 x(i)d (i = 1, 2, . . . , n)
Step 3: establish differential equations

dx1(k)
dk

+ ax1(k) = u, (23)
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where, k = 0, 1, . . . , n− 1, a, u are the parameters to be estimated.
Rewrite it in the form of a matrix:

Y = BV, (24)

where, Y =


x0(2)
x0(3)

...
x0(n)

, B =


−z1(1)
−z1(2)

...
−z1(n)

1
1
...
1

, V̂ =

[
â
û

]

Step 4: calculate the estimated value using the least square method

V̂ =

[
â
û

]
=

(
BTB

)−1
Y, (25)

The GM (1, 1) differential equation can be obtained by substituting the estimated value â, û into
the equation:

x̂1k + 1 =
(
x0(1) −

û
â

)
e−âk +

û
â

, (26)

Step 5: the above results to obtain the predicted value

x̂0k + 1 = x̂1k + 1− x̂1k, (27)

Step 6: iterative prediction.
The latest data x̂0(k + 1) predicted by the GM (1, 1) model are added to the original buffer sequence

XD, and the earliest data are eliminated at the same time to make the sequence equal to dimensions.
Then the GM (1, 1) model is established, so that the renewal prediction grey number is used to roll the
prediction one by one; thus, replacing the prediction until the prediction target is completed, and the
following sequence is obtained:

x̂0 = (x̂0(1), x̂0(2), . . . , x̂0(n), x̂0(n + 1), . . . , x̂0(n + m)), (28)

where, x̂0(1), x̂0(2), . . . , x̂0(n) are the original data and x̂0(n + 1), . . . , x̂0(n + m) are the forecast data.

4. Results and Analysis

4.1. Measurement of System Self-Organizing Evolution Level

4.1.1. Development Level

According to Equations (4)–(9), MATLAB software is used to calculate the system development
level of each subsystem of China’s PV industry chain (see Table A2), and the results are shown in
Figure 5.

From the development level chart of each subsystem in the PV industry chain, it can be seen that
the development level of the four subsystems shows an upward trend on the whole, but the range is
different. Among them, the development level of the upstream subsystem maintained a steady and
slow growth, while the development level of the midstream subsystem decreased slightly in 2009, 2010,
and 2012. The development level of downstream subsystem decreased slightly in 2011 and accelerated
from 2014. The development level of the auxiliary chain subsystem showed a fluctuating upward
trend, with a certain decline in 2010 and 2013.
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Figure 5. Development level of each subsystem of PV industry chain.

4.1.2. Synergy Level

According to Equations (10)–(18), MATLAB software is used to calculate the synergy level
among the subsystems of China’s PV industry chain (see Table A3), and the results are shown in
Figures 6 and 7.
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Figure 6. Synergy level between subsystems of main chain.

Judging from the synergy level among the subsystems of the main chain, from 2008 to 2017, the
change trend of the synergy level among the subsystems of China’s PV industry chain system was
relatively consistent, showing an overall trend of improvement, but there were obvious declines in
2011–2012 and 2014–2015, obvious improvements in 2013–2014, and acceleration after 2016. It can
be seen that the synergy level among subsystems is relatively low, especially the large fluctuations
in 2011–2012 and 2014–2015, which makes it difficult to achieve better synergy development among
subsystems in the short term and delays the synergy evolution process of the PV industry chain system
to a certain extent.
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Figure 7. Synergy level between the main chain and auxiliary chain.

The synergy level between the main chain and the auxiliary chain of the PV industry chain system
showed an overall upward trend from 2008 to 2017, but there was an obvious downward trend in
2011–2012 and 2014–2015, and the upward rate accelerated after 2016. Learning from the evaluation
criteria of Jin (2018) and Ma (2019) on the synergy level [43,44], the synergy level between the main
chain subsystems, and between the main chain and the auxiliary chain in China’s PV industry chain,
has been below 0.35, which is a relatively low synergy level, but the synergy level has significantly
improved in recent years. Judging from the influencing factors and existing problems, factors such as
insufficient technological innovation, high cost, and insufficient government subsidies lead to imperfect
chain development, and the auxiliary chain does not fully realize its radiation impact function; thus,
restricting the improvement of the synergy level of the PV industry chain system.

4.1.3. Level of Self-Organizing Evolution

The data in Tables A1 and A2 are substituted into Equations (4)–(8) to calculate the weight of each
index of the self-organizing evolution level of China’s PV industry chain system (see Table 1).

Table 1. Weight of each index of self-organizing evolution level of PV industry chain system.

First-Level Index Secondary Index Weight

Development level

SZ1 0.1049
SZ2 0.0157
SZ3 0.1907
SF 0.0359

Synergy level

SZ1&SZ2 0.0695
SZ1&SZ3 0.1778
SZ2&SZ3 0.2036

SZ1&SZ2&SZ3 0.1482
SZ&SF 0.0537

Based on the calculation results of the above system development level and synergy level, and
the weight of each index, the self-organizing evolution level of China’s PV industry chain system is
calculated by equation (6), and the results are shown in Table 2.

Table 2. Self-organizing evolution level of PV industry chain system from 2008 to 2017.

Year 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Evolution level 0.0139 0.0233 0.0335 0.0616 0.0365 0.0572 0.1465 0.1300 0.1848 0.3128



Sustainability 2020, 12, 1792 15 of 22

From the calculation results in Table 2, it can be seen that the self-organizing evolution level
of China’s PV industry chain system has been steadily improving from 2008 to 2017, with a small
decline in some years, a slow pace of improvement in the early stage, and a continuous acceleration in
recent years.

4.2. Evaluation of Self-organizing Evolution Level

In order to see more intuitively the evolution level and trend of each year, adjust the cloud picture
of the system self-organizing evolution level (Figure 3), and rotate it 90 degrees counterclockwise.
Moreover, the expectation of different grades is expanded by the entropy value of up and down three
times, and different levels of evolution are distinguished by different color. Then, the calculated values
of self-organizing evolution level of China’s PV industry chain system from 2008 to 2017 are drawn
into the cloud picture, which can intuitively see the change process of the self-organizing evolution
level of China’s PV industry chain system in the past 10 years (see Figure 8).
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As can be seen from Figure 8, the evolution level of China’s PV industry chain system in the ten
years from 2008 to 2017 has shown an overall upward trend, with only a small decline in some years
(2012 and 2015). Among them, from 2008 to 2016, it has been at a low level of evolution, and it will not
enter a relatively low level of evolution until 2017. The reason for the decline in evolution level in 2012
is that China’s PV industry experienced heavy losses, such as overcapacity and double opposition from
Europe and United States. U.S. Commerce, which officially filed its case on 8 November, 2011, released
the preliminary results of imposing a countervailing duty of 2.9%–4.73% on Chinese solar cells exported
to the United States in March 2012. On May 17, the U.S. Department of Commerce announced that
the initial anti-dumping duty rate was set at about 31%. In the same year, the U.S. Trade Arbitration
Commission announced that it would impose 18.32%-249.96% anti-dumping duties and 14.78%–15.97%
anti-subsidy duties on crystalline silicon, PV cells, and modules produced in China. In addition to
the “double opposition” in Europe and the United States, there are also reasons for the overcapacity
of Chinese PV enterprises: in 2011, the global PV module capacity was about 60GW, of which the
total capacity of existing and under construction modules in China was about 30GW, while the new
installed capacity in 2011 was only 29.7 GW. The reason for the decline in evolution level in 2015 is that
centralized projects connected to the grid are still unable to receive subsidies after February 2015, and
the subsidy gap is also widening. On the export side, due to the European market’s limited price policy
towards China, the competitiveness of China’s PV products in the European market has declined.
Simultaneously, the sponsors of the “double opposition” are also urging the European Union’s (EU’s)
foreign trade department to impose stricter trade sanctions on Chinese enterprises. Therefore, China’s
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PV industry has risks, such as increased trade friction, economic fluctuations affecting industry trends,
and instability in emerging markets. In 2015, with China’s PV products exported in large quantities
by virtue of their cost-effective advantages, some countries plan to increase the introduction of trade
protection measures in order to reduce the impact of this fluctuation on domestic enterprises; thus,
further increasing the degree of trade friction. Meanwhile, many large export enterprises in China are
inclined to the Japan–US market, which makes the export structure too concentrated and risks relying
too much on the single market.

4.3. Prediction of Self-Organizing Evolution Level

Based on the analysis of the data on the self-organizing evolution level of the PV industry chain
system from 2008 to 2017 calculated in Table 2, it is found that China’s PV industry had a very strong
growth momentum in the evolution level from 2016 to 2017. Such high growth is mainly due to the
late development of China’s PV industry and its low foundation in the early stage, and it is impossible
to maintain a high development speed in the future. Therefore, it is necessary to weaken the growth
trend of the sequence and add the current policies, technologies, and other factors beneficial to the
development of PV industry to the past years. Therefore, a second-order weakening operator D2 is
introduced to obtain a second-order buffer sequence according to Equations (19)–(21). The second-order
buffer sequence is substituted into Equations (22)–(28) to obtain the predicted values from 2008 to 2017,
and the relative error and average relative error between the predicted values and the original data
are calculated, as shown in Table 3. It can be seen from Table 3 that the average relative error of GM
(1, 1) model is 1.9227%, and the fitting accuracy is relatively high, which can be used to predict the
self-organizing evolution level of China’s PV industry chain system.

Table 3. Predictive value and fitting accuracy of renewal GM (1, 1) model.

Year Original Data Second-Order Buffer Sequence Predictive Value Relative Error Average Relative Error

2009 0.0233 0.182 0.1751 3.7955%

1.9227%

2010 0.0335 0.1911 0.1874 1.9168%
2011 0.0616 0.2011 0.2007 0.2228%
2012 0.0365 0.2125 0.2148 1.0817%
2013 0.0572 0.2261 0.2299 1.6996%
2014 0.1465 0.2411 0.2462 2.0964%
2015 0.1300 0.2569 0.2635 2.5727%
2016 0.1848 0.2808 0.2821 0.4586%
2017 0.3128 0.3128 0.302 3.4604%
2018 0.3233 1.5388%
2019 0.3480 1.1917%
2020 0.3749 0.9240%
2021 0.4038 0.7845%
2022 0.4345 0.7641%

In order to further grasp the change trend of the future self-organizing evolution level of China’s
PV industry chain system, we carried out dynamic simulation of the evolution level based on the
renewal GM (1, 1) prediction model of grey theory. Selecting the data of self-organizing evolution level
of the PV industry chain system from 2008 to 2017, calculated above as the analysis basis, according to
the above fitting model, the predicted value of the 2018 evolution level is obtained. Then, the 2009–2017
data and 2018 prediction value are formed into a new sequence, and the predicted value of the 2019
system self-organizing evolution level is obtained, according to the above prediction process, and so
on, the predicted value of 2018–2022 system self-organizing evolution level is obtained. The original
data for 2008–2017 and the forecast data for 2018–2022 are drawn into one chart, as shown in Figure 9.

As can be seen from Figure 9, the self-organizing evolution level of China’s PV industry will
continue to steadily improve in the next five years. It will still be at a relatively low evolution level
from 2018 to 2020, and will enter a medium evolution level stage from 2021. From the evolution trend
in the next five years, it can be predicted that, if China’s PV industry can maintain the current steady
and orderly development momentum, the self-organizing evolution level will gradually enter a high
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evolution level stage in the next 15 years or so, and the evolution level will reach 1 in the next 20 years
or so. At this time, the PV industry chain system will reach a self-organizing evolution state.
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According to the self-organization evolution level of the PV industry chain system predicted by
renewal GM (1, 1) model, it can be seen that after the formation of dissipative structure in China’s PV
industry [23], under the joint action of the self-driving force within the subsystem, the endogenous
driving force between the subsystems, the exogenous pulling force between the main chain and the
auxiliary chain, and the joint driving force between the PV industry chain system and other systems,
the level of self-organizing evolution and development has continuously improved and steadily
evolved towards the self-organizing state. The reason for this development trend is that under the
influence of PV industry policies, the PV industry will gradually change from extensive growth of
pursuing scale to fine development and quality. At the same time, with the advent of the era of grid
parity, cost reduction, and efficiency improvement will become the development trend of the PV
industry, and the global competitiveness of China’s PV industry will continue to increase in the future.
According to China Photovoltaic Industry Association (CPIA) statistics, more than 20 PV enterprises
in China have distributed their production capacity overseas through joint ventures, mergers and
acquisitions, investments, etc. In addition, the overseas distribution of supporting products has also
begun to increase, and the industrial supporting capacity of overseas bases is gradually increasing.
In addition, China-EU PV trade disputes have been properly resolved, and policies conducive to the
development of the industry, such as renewable energy quota system, market-oriented trading of
distributed PV power generation, and management of distributed PV power generation projects, are
also expected to be accelerated. All of these have laid a solid foundation for the rapid development of
the PV industry in the future.

However, China’s PV industry will still face some difficulties and challenges in its future
development, which will affect the self-organizing evolution and development of the industry. Due to
the late start of the PV industry, the current PV power generation in China does not account for a high
amount of power generation in the entire power system. Although the cost of PV power generation
has been reduced year by year, there is still room for further reduction. The Sino–US trade dispute and
the cancellation of Sino–EU PV protection measures have brought new changes to China’s foreign
trade form. The development of new modes, such as household PV and building integrated PV (BIPV),
brings new challenges to the PV industry. In the future, the operation and management modes, such
as PV power generation systems, will be changed due to the upcoming policies, such as partition wall
outlets and renewable energy quota system.
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5. Conclusions and Recommendations

This paper constructed an evaluation system of self-organizing evolution level of China’s PV
industry chain system from the perspective of dual driving factors of development level and synergy
level. The system evolution level model is used to measure the self-organizing evolution level of
China’s PV industry chain system from 2008 to 2017. The cloud model is used to quantitatively
divide the system self-organizing evolution level, and the self-organizing evolution level of China’s PV
industry chain system and its change trend in the past ten years are evaluated. Finally, the renewal
GM (1, 1) grey prediction model is used to predict the self-organizing evolution level of China’s
PV industry chain system in the next five years. The results show that the overall self-organizing
evolution level of China’s PV industry chain system shows a rising trend in the ten years from 2008
to 2017, gradually transitioning from a low evolution level to a relatively low evolution level with
the evolution level declining in 2012 and 2015. It is expected that the self-organizing evolution level
will continue to maintain a stable and orderly growth trend in the next five years, entering a medium
evolution level stage from 2021. If the current evolution speed can be maintained, it is expected to
reach a self-organizing evolution state in the next 20 years or so. In order to meet the challenges in the
future, promote the stable and orderly improvement of the self-organizing evolution level of the PV
industry chain system, and finally reach the self-organizing evolution state, the PV industry should
continuously explore from the following aspects:

(1) Establish and perfect supporting policies and supervision system for policy benefits

The development of PV industry cannot be separated from the support of government policies.
Although China’s government has continuously formulated a series of policies and regulations
conducive to the development of PV industry in recent years, there will continue to be various problems
that need to be solved jointly with government departments in the development process of emerging
industries. Therefore, it is an eternal task to continuously improve laws and regulations in all aspects
of the development of PV industry. Relevant government departments and PV enterprises in China
should strengthen communication and cooperation with PV developed countries. Combined with
the characteristics of China’s photovoltaic industry development, the government should uniformly
plan, formulate, improve, and implement standardized photovoltaic industry standards. Moreover, it
is also needed to relax the project approval system, improve, and implement industrial policies, tax
policies, financial policies, and other policies and regulations conducive to promoting the development
of the PV industry, and formulate corresponding development strategies. We should improve relevant
incentive policies, encourage more talents, technologies, funds, and enterprises to invest in the PV
industry, and guide and support domestic PV enterprises to invest and build factories abroad. At the
same time, the government should also establish a supervision system for policy benefits. According
to statistics, half of the government’s subsidies for new energy resources belong to the PV industry,
but PV power generation can only provide 3% of the total electricity demand, and the proportion of
input and output is extremely uncoordinated. To explore the reasons, there are some enterprises that
lack competitive advantages to cheat government subsidies through bad means. Some enterprises
have lost the motivation to continuously improve their productivity after receiving generous subsidies.
These reasons have led to the fact that high government investment has not effectively promoted
the development of PV industry technology. Therefore, while formulating supporting policies, the
government should establish a complete supervision system for policy benefits, strictly examine
and approve the qualifications of policy beneficiaries, supervise their production and operation after
enjoying the policies, and assess the benefits of the policies, so that the government supporting policies
can be truly invested in advanced productivity and promote industrial development.

(2) Strengthen scientific and technological innovation

The fundamental way out for the development of China’s PV industry is to intensify the research,
development, and innovation of key technologies, promote the transformation of PV industry from
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market-driven to innovation-driven, and continuously improve the competitive strength of PV products.
PV enterprises should make continuous breakthroughs in innovative technologies to improve the
absorption rate of advanced technologies. Pay attention to the advanced technological research results
at home and abroad, and make adjustments and responses to development strategies, production
methods, and products at all times. In addition to direct application, foreign advanced technologies
that can be introduced should be absorbed and transformed into a driving force for further innovation.
At the same time, we should strengthen the protection of intellectual property rights to ensure the
innovation enthusiasm of PV enterprises. As soon as possible, develop and produce storage batteries
with less pollution and easy recycling. Technological innovation cannot be separated from R & D
personnel. As China’s research on PV industry is still at a medium level, the relevant R & D personnel
in research institutes are not sufficiently reserved, and there are few specialized courses in PV direction
in institutions of higher learning. The cultivation of PV professionals is an important issue restricting
the development of China’s PV industry. The government should deploy the cultivation and training
of leading talents in the PV industry, lead China’s universities, and research institutions to jointly
implement technological innovation, and combine the cultivation of talents, technological innovation,
and the evolution of the PV industry in many aspects. We will increase technological exchanges
and cooperation with foreign advanced scientific research institutions and enterprises, and introduce
and train high-tech talents. Meanwhile, we will vigorously provide a good investment environment,
attract foreign companies with relevant high technologies to enter China, and introduce innovative
technologies in the form of joint ventures and cooperation.

(3) Scientific planning, integration of resources, and construction of a sound industry chain system

The PV industry should efficiently integrate and optimize resources, and eliminate backward
production capacity. For example, those large-scale enterprises with advanced technology and super
competitiveness can consider merging PV enterprises with low technical level and low production
efficiency to realize effective integration of resources. In the construction of PV industry chain, vertical
integration and horizontal integration are organically combined. Powerful PV enterprises can continue
to extend the internal industry chain to the front and back ends of the chain to realize the vertical
integration of the industry chain. Simultaneously, PV enterprises should also strengthen the division
of labor and cooperation with other external enterprises, give full play to each enterprise’s own
advantages, expand its scale and strength, and form an industry chain system, integrating R & D
design and after-sales service.

(4) Action plan to promote intelligent PV industry

The PV industry should constantly innovate in the process of development. In the process of
power generation, it can be combined with other industries to create greater benefits and production
capacity. “PV +” was born from this, and the combination of PV and agriculture, PV and construction,
PV and Internet will become the development direction of innovative industries in the future. So, on
the basis of “PV +” development, we should fully implement “Made in China 2025” and “Intelligent
PV Industry Development Action Plan (2018-2020)”, so that to promote the intelligent upgrading of
the PV industry, and advocate the application of big data, narrow band internet of things (NB-IOT),
and other information technologies to the PV industry. With this, we can promote the sustainable
development of the PV industry.
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Appendix A

Table A1. Cloud model eigenvalue of different grades of self-organizing evolution level.

Evolution Level Ex En He

Low 0.088 0.0655 0.01
Relatively low 0.272 0.0466 0.01

Medium 0.505 0.035 0.01
Relatively high 0.762 0.0485 0.01

high 0.9520 0.0575 0.01

Appendix B

Table A2. Development level of PV industry chain system from 2008 to 2017.

Index/Year 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

SZ1 0.0061 0.016 0.0373 0.0686 0.0726 0.0848 0.121 0.1498 0.1896 0.2541
SZ2 0.1268 0.0873 0.076 0.0802 0.0653 0.0724 0.0893 0.1077 0.1255 0.1695
SZ3 0.0319 0.0239 0.019 0.0189 0.0237 0.0453 0.0883 0.1333 0.2266 0.3891
SF 0.0166 0.0768 0.0617 0.0861 0.1304 0.0826 0.1073 0.138 0.1392 0.1614

Table A3. Synergy level of PV industry chain system from 2008 to 2017.

Index/Year 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

SZ1&SZ2 0.0142 0.0528 0.0954 0.1476 0.0311 0.0590 0.1630 0.1183 0.1324 0.2251
SZ1&SZ3 0.0017 0.0068 0.0175 0.0413 0.0327 0.0459 0.1726 0.1203 0.1659 0.2961
SZ2&SZ3 0.0016 0.0056 0.0161 0.0376 0.0188 0.0479 0.1319 0.1182 0.1825 0.3346

SZ1&SZ2&SZ3 0.0034 0.0127 0.0299 0.0612 0.0268 0.0506 0.1548 0.1189 0.1589 0.2815
SZ&SF 0.0429 0.0853 0.0762 0.1782 0.0265 0.0601 0.2048 0.0740 0.0984 0.1362
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