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Abstract: Keeping open innovation both stable and sustainable can be difficult when it involves
cooperation between large enterprises. Some empirical studies suggest that subsidy policies can play
a positive role. This study addresses two key questions that follow from this observation: first, if the
intensity of a subsidy policy is increased, can it play a greater role in strengthening the stability of
cooperation between firms? Second, what other factors play a mediating role in this effect? Utilizing
a dynamic game model, this paper analyses influential factors such as absorptive capacity, frequency
of engagement and technical value on cooperative stability, and investigates the role of innovation
policy in the process of cooperation through a random number-driven simulation. The findings
indicate that only when the absorption capacity and technological value of both partners meet a
certain threshold is the probability of positive cooperative behavior improved. Otherwise, increased
subsidies tend to foster negative cooperative behavior instead.

Keywords: government subsidy; open innovation; absorptive capacity; cooperation stability; wind
power industry

1. Introduction

China’s economy is currently developing from a scale-driven model to one driven
more by efficiency and innovation, and, as part of this transition, is in need of an open
innovation (OI) model characterized by greater resource sharing [1–3] The adoption of
open innovation models, such as Cisco’s influx of external resources and Tesla’s patent
“outflow”, has enabled some multinational corporations (MNCs) to develop and maintain
their global competitive advantages [4,5]. However, when the benefits of such initiatives
fail to meet expectations, there is a tendency for companies to lose trust and exhibit selfish
behavior, ultimately affecting the stability and sustainability of open innovation [6,7]. For
example, when a wind turbine manufacturer and a blade producer cooperate to develop
new types of blades, the two sides may fear each other’s capacity to absorb their core
technologies and expertise, and thus carefully protect these resources from leaking to their
partners. This distrust leads to less frequent discussions during the research and develop-
ment (R&D) collaboration process, despite the necessity of consistent communication in
designing the new wind turbines. This can ultimately lead to the end of the cooperation [8].
The identification of strategies for improving the stability and sustainability of coopera-
tion in open innovation is an urgent need that must be addressed both theoretically and
practically [9,10].

Based on these observations, this study investigates the effect of subsidy policies on
the cooperation behavior of firms in the wind power industry (WPI). The WPI provides
an excellent case as it is highly influenced by government policy in both emerging and
developed economies [11]. It is also an industry which relies highly on R&D, and in which
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cooperative R&D between the industrial chain compartments is common. Typically, inno-
vation in the WPI involves cooperation between separate companies producing blades,
towers, generators, electrical controls, gearboxes, and wind farms. China’s WPI in par-
ticular has been described as characterized by strong links between companies along the
industrial chain, the key significance of R&D activities, and a high level of policy influence.

Game theory offers a useful approach to understanding how innovative entrepreneurial
behavior at the micro-level both drives and responds to policies at the macro-level, in
contrast to the common assumption that influence flows one way from macro-level policies
to micro-level behavior [12]. This paper introduces random number simulation to the game
theory approach in order to compare the effect of a range of potential subsidy policies.
This approach helps identify the conditions under which innovation policy exerts the most
beneficial effect.

The Section 2 of this paper defines the concept of open innovation, describes its
operational processes, and analyzes the influence of the absorptive capacity of enterprises,
the frequency of cooperation among enterprises, and the value of resources on stability and
sustainability of cooperation. The Section 3 analyzes the interaction between innovation
partners given different scenarios using a non-cooperative game equilibrium model. The
Section 4 presents the results of a simulation of the behavior of enterprises and their
corresponding innovative output under different subsidy conditions.

2. Theoretical Background and Hypotheses
2.1. Theoretical Fundamentals

Previous research seeking ways to improve performance in open innovation has gen-
erally taken one of two perspectives: micro-level enterprise strategy or macro-level policy
formulation. The micro-level perspective focuses on the dimension of enterprise choice
and operates from the belief that enterprises can adopt a strategy of minimizing loss and
maximizing exclusive intellectual property [13–16]. The macro-level approach focuses on
improving policy instruments such as infrastructure, tax incentives, and financial sup-
port [17–20]. From a macro-level perspective, government R&D subsidies are expected to
have a positive effect on innovative activities in the renewable energy industry because they
help to reduce uncertainties. Research indicates that R&D subsidies promote incremental,
predictable, and credible expenditures that facilitate the development of renewable energy
technology [21], and that public R&D and tariff incentives are significant instruments for
increasing international trade as well as domestic R&D [22]. Besides, public policy must
create open innovation environments accordingly with the quintuple helix harmonizing
the ecosystem to internalize emerging spillovers [23].

Recent research suggests the need to combine the micro- and macro-level perspectives
to address the interplay between policy instruments and enterprise behavior and to under-
stand innovation systems holistically [24,25]. For example, some studies have investigated
the effect of renewable energy policy on technological innovation systems [26–28], while
others have analyzed the structure of innovation systems to identify starting points for
policy intervention and explain the success or failure of R&D and diffusion [28–30]. This
emerging holistic focus recognizes the relationship between the whole and the parts of
innovation systems [31,32]. Despite this trend, however, research continues to ignore the
driving factors of cooperation and technological innovation, and the influence of policy
on cooperative behavior [33]. Open innovation (OI) is a process of interaction, overflow,
and creation involving enterprises, governments, research institutions, universities, and
intermediary organizations. Policy plays a role in guiding the direction innovation takes,
allocating resources for innovation, and stimulating innovative cooperation. However, it
may function differently in different situations. For instance, in the early 2000s, an R&D
policy was developed to promote cooperation between enterprises in Germany. A coopera-
tive atmosphere gradually formed in response, and the technological level of wind power
and other renewable energy industries rapidly increased [34]. In contrast, the Non-Fossil
Fuel Obligation (NFFO) policy in the UK has not succeeded in encouraging cooperative
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innovation among enterprises. Rather, it encourages independent technological R&D and
inadvertently sets barriers to industrial entry [35]. Therefore, in order to formulate targeted
and efficient policy tools, it is necessary to analyze responses to government policies and
determine the optimal cooperation conditions for innovation systems [36,37].

2.2. Open Innovation Processes in the Wind Power Industry

Tucci et al. [7] define OI as a distributed innovation process in which an organization
intentionally manages the flow of knowledge at its own boundaries through monetary
and non-monetary mechanisms. Wind power is an emerging strategic industry that is in
a high growth stage, characterized by closed technical links in the industrial chain, asset
specificity, and constant technological advancement. Therefore, current common practice
across countries is to promote the development of common technologies through subsidy
policies and the use of open innovation platforms [38].

The innovation model of China’s WPI has evolved from closed, independent R&D
through innovation based on imitation and cooperation to open innovation [39]. In recent
years, wind turbine manufacturers, component makers, and ancillary enterprises have
engaged in seamless processes of shared innovation, cooperating to produce solutions
customized to specific project contexts at every stage from initial supply to final wind farm
design.

OI is an organic process requiring high levels of participation, trust, and communi-
cation. In the wind power industry, for instance, innovation cooperation typically occurs
between wind turbine control system enterprises (A) and blade manufacturing enterprises
(B). A’s advantage lies in the lifecycle management of intelligent control systems and smart
wind farms, while B’s is in its accumulated experience in producing composite materials
and in process and structure design.

When two companies like this work together to develop new products, A generally
designs the aerodynamic profile of the blades while B is responsible for their structural
design. Information leaks during this kind of cooperation may weaken an enterprise’s
competitive advantage in the future [40]. Therefore, companies always attempt to regulate
the flow of information through technical cooperation agreements.

A and B each have strengths that address the other’s weaknesses, and there is a desire
on both sides to share expertise. A wants B to share process drawings and structural
calculations, while B wants A to share blade designs and input parameters. Trust-based
negotiation is necessary, and may result, for example, in an agreement between the two
sides which states that the products of the joint development cannot be sold to third
parties for a specified period. The cooperation agreement will also typically draw a clear
distinction between “background technology”, owned separately by each enterprise prior
to their cooperation, and the “long-term technology” resulting from their cooperation. This
case, as an illustration, is summarized in Figure 1.

Both sides in this case seek to maximize their own interests and make decisions to
further these interests based on incomplete information [41]. In order to maintain control
of their own technology, enterprises selectively disclose information [42] when forming
an innovative cooperative relationship with a benefit-sharing mechanism [43]. Innovation
activities are uncertain processes, and this uncertainty is exacerbated by any instability in
the cooperation.

As shown in Figure 2, the process of open innovation involves: (1) outflow of internal
resources such as capital, technology, knowledge, and information; (2) inflow of external
resources; and (3) bidirectional flow of resources between the focal enterprise and its
partners. Companies innovate through integration of their own resources with externally
acquired resources, and develop market opportunities to increase the benefits of innovation
through this integration. If an enterprise cannot integrate its own resources with externally
acquired resources, it fails to benefit from cooperation and OI will be difficult to sustain.
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Figure 1. Flow chart of wind power blade design.
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Figure 2. Operation process of OI.

2.3. Research Hypotheses

OI’s potential to enhance adaptability and innovation depends on the coordination
between the partners [44]. Although OI can enhance knowledge exchange among enter-
prises and improve innovation performance, the cooperation involved is often unstable.
Each partner’s absorptive capacity, along with the frequency and technical value of co-
operative activities, can affect future cooperative behavior. In turn, these elements thus
determine the stability, sustainability, and success of a cooperative partnership. “Absorp-
tive capacity” refers to the ability of an enterprise to identify, absorb, utilize, and assimilate
knowledge gained through collaboration [45,46]. Absorptive capacities depend on the
extent to which the cooperating companies’ knowledge bases resemble and complement
each other [47]. Absorptive capacity impacts effective communication, integration, and
coordination among companies, which affects the foundation of mutual trust and the
willingness to share knowledge. A more recent study by Kim et al. [48] confirms that
absorptive capacity is an important factor affecting the stability of cooperation.

Frequency of cooperation also affects the degree of mutual understanding and trust
among enterprises [49,50]. Frequent cooperation can effectively inhibit the moral hazard of
both parties and make the cooperation between the two more stable, since the two parties
must cooperate several times over a certain period in order to achieve their shared R&D
goals. This means only when they cooperate nicely this time that can ensure the probabil-
ity of next-time cooperation. Besides, frequent cooperation allows more understanding
between each other and enhances the commitment of two sides.

If the knowledge and technologies being collaborated on are the basis of the enter-
prises’ core competitiveness, this may also affect the openness and depth of cooperation.
Where high-value knowledge is involved, concerns regarding technology leakage are
more significant, and protectionism tends to impede cooperation. Absorptive capacity
plays a role here as well; the stronger the absorptive capacity of the partners, the greater
the fear that the absorption of core technology by partners will affect reduce market
competitiveness.

Based on the above discussion, the following two hypotheses emerge:

Hypothesis 1 (H1). The weaker the absorptive capacity of the partners during occasional coopera-
tion, the more willing the enterprises will be to adopt an active cooperation strategy.

Hypothesis 2 (H2). In the context of frequent cooperation among enterprises with strong absorp-
tive capacity, positive and lasting cooperation can only be achieved when the outflow of the future
value of the cooperative enterprises technology to each other are small enough.
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Open innovation in emerging industries has a higher probability of failure and higher
costs compared with that in established industries, which may dampen enthusiasm for
this kind of cooperation. Policy incentives such as subsidies are needed to compensate for
this. Between 2000 and 2015, the United States federal government provided companies
with a total of at least 68 billion USD in grants, tax credits, etc. to encourage innovation,
with 582 large companies accounting for 67% of this total [51]. In 2017, the German
federal government provided nearly 36 billion EUR in debt repayment assistance, loans,
investment subsidies, etc. to German companies to support the innovation [52]. China has
also used industrial innovation policies to induce, coordinate, and guarantee the innovative
behavior of enterprises in the industry. These policies have stimulated a rapid increase in
the scale of wind power and other renewable energy sectors in China.

Although all parties (i.e., government, companies, and researchers) fundamentally
agree on the necessity of R&D subsidies, there are contradictory findings on the ques-
tion of whether R&D subsidies policy fully mitigate market failures [53,54]. Zúñiga-
Vicente et al.’s [55] meta-analysis of relevant literature indicates that 63% of studies support
the conclusion that R&D subsidies have effectively promoted the growth of enterprise R&D
expenditures, but over one-third of studies indicate that subsidies have either no effect on
R&D expenditure or a negative “crowding out” effect.

China’s R&D subsidy intensity is relatively low compared to that seen in the United
States and many European countries [56]. It is likely that R&D subsidies may increase
as overall R&D investment among Chinese businesses increases. Given the inconsistent
findings reported above, however, it is unlikely that subsidy intensity alone can predict
effectiveness in encouraging enterprises to innovate. Instead, the results will be determined
by the specific policies put into place and how businesses and other actors respond to these
policies. The goals of the government and private enterprise may deviate at times, as R&D
funding policy is unable to fully meet all the specific needs of micro-actors. Policy impacts
can thus become distorted in the process of cooperation in an open innovation system.

Therefore, we propose:

Hypothesis 3 (H3). The effect of government subsidy policies on innovation performance depends
on enterprises’ absorptive capacity and the new technological value to be obtained.

Section 3 below outlines our development of game theory models based on these three
hypotheses.

3. Model Development
3.1. The Model and Its Components
3.1.1. Modeling Actors’ Behavior in the Absence of Policy Supports

Using the example of the wind turbine control system enterprise (A) and blade
manufacturing enterprise (B) discussed in Section 2 above, we can establish a model in
which they cooperate using their existing technologies as inputs. These technologies have
value, both now and in the future.

The present value of the technical resources to the two enterprises is denoted as
Vi

0, i = {A, B} and the future value as Vi
f , i = {A, B}. Since the value of new technology

comes from the input of existing technology, the value of new technology is:

VNA = VA
0 + VB

0 + VA
0 VB

0 + VNA
f

VNB = VA
0 + VB

0 + VA
0 VB

0 + VNB
f

where VA
0 VB

0 represents the non-linear cooperation output [57]; and VNi
f , i = {A, B}

represents the value of the new technology to the two companies in the future.
The absorptive capacity of the two businesses is represented by βi, i = {A, B}; p is the

probability of successful open innovation, and VNi
f , i = {A, B} is a stochastic variable that
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produces a random fluctuation in open innovation performance. The expected net output
of the two firms’ open innovation (hereinafter referred to as “open innovation gain”) is:

πA
0 = pVNA − βBVA

f + βAVB
f = p

(
VA

0 + VB
0 + VA

0 VB
0 + VNA

f

)
− βBVA

f + βAVB
f

πB
0 = pVNB − βAVB

f + βBVA
f = p

(
VA

0 + VB
0 + VA

0 VB
0 + VNB

f

)
− βAVB

f + βBVA
f

(1) Occasional cooperation model
In this model, companies A and B both prioritize their own interests in the cooper-

ation. The business strategy space is set as Si = {sH , sL}, where sH represents positive
cooperation and sL denotes negative cooperation. Technical input is Vi

0, and the future

value is Vi
f ; (Vi

0 > Vi
0, Vi

f > Vi
f , i = {A, B|}) . The business strategy portfolios and their

returns are illustrated in Table 1.

Table 1. Enterprise strategy portfolios and their returns.

B

sH sL

A
sH UHH WHH UHL WLH

sL ULH WHL ULL WLL

When both enterprises engage in positive cooperation behaviors {sH , sH}, the future

value of the new technology obtained is higher, which is denoted as VNi
f . When both

engage in passive cooperation behaviors {sL, sL}, the future value of the new technology
obtained is lower, which is denoted as VNi

f . When the two enterprises engage in different
behaviors {sH , sL}, the future value of the new technology obtained is between the former

two values, which is denoted as ṼNi
f , i = {A, B}. Thus, the matrixes for the two enterprises’

OI benefits are:

πA =

[
UHH UHL
ULH ULL

]

=

 p
(

VA
0 + VB

0 + VA
0 VB

0 + VNA
f

)
− βBVA

f + βAVB
f p

(
VA

0 + VB
0 + VA

0 VB
0 + ṼNA

f

)
− βBVA

f + βAVB
f

p
(

VA
0 + VB

0 + VA
0 VB

0 + ṼNA
f

)
− βBVA

f + βAVB
f p

(
VA

0 + VB
0 + VA

0 VB
0 + VNA

f

)
− βBVA

f + βAVB
f


πB =

[
WHH WLH
WHL WLL

]

=

 p
(

VA
0 + VB

0 + VA
0 VB

0 + VNB
f

)
− βAVB

f + βBVA
f p

(
VA

0 + VB
0 + VA

0 VB
0 + ṼNB

f

)
− βAVB

f + βBVA
f

p
(

VA
0 + VB

0 + VA
0 VB

0 + ṼNB
f

)
− βAVB

f + βBVA
f p

(
VA

0 + VB
0 + VA

0 VB
0 + VNB

f

)
− βAVB

f + βBVA
f


Set up:

VNA
HH = VA

0 + VB
0 + VA

0 VB
0 + VNA

f , VNA
HL = VA

0 + VB
0 + VA

0 VB
0 + ṼNA

f ,

VNA
LH = VA

0 + VB
0 + VA

0 VB
0 + ṼNA

f , VNA
LL = VA

0 + VB
0 + VA

0 VB
0 + VNA

f ;

VNB
HH = VA

0 + VB
0 + VA

0 VB
0 + VNB

f , VNB
LH = VA

0 + VB
0 + VA

0 VB
0 + ṼNB

f ,
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VNB
HL = VA

0 + VB
0 + VA

0 VB
0 + ṼNB

f , VNB
LL = VA

0 + VB
0 + VA

0 VB
0 + VNB

f .

Proposition 1. If βi < min
((

V
Nj
HH −V

Nj
LH

)
/
(

V j
f −V j

f

)
·p,

(
V

Nj
HL −V

Nj
LL

)
/
(

V j
f −V j

f

)
·p
)

,

i, j = {A, B} and i 6= j, thensL is the dominant strategy of enterprise B.

Proposition 1 is demonstrated in Appendix A. This proposition relates to hypothesis
H1 and illustrates that the weaker the absorptive capacity of the partners during occasional
cooperation, the more willing the enterprises are to adopt an active cooperation strategy.
Thus, the mode of cooperation between large core enterprises and small-scale suppliers in
the industrial chain, compared with that between large enterprises, is simpler but more
capable of generating technical cooperation. Although there are complicated business
models among enterprises of similar sizes, it is often difficult for them to cooperate in
practice, as noted by Diestre and Rajagopalan [58]. This phenomenon stems from the
self-interest of enterprises as well as fears that the absorption of technology by partners will
affect the exclusiveness of their technical value and reduce their market competitiveness.

(2) Multiple cooperation model
We use an infinite repeated game G (∞, δ) to model a situation in which both en-

terprises seek to maximize their own interests. Suppose that firms have the same time
preference, and the discount rate for the future value is common to all firms, defined as
δ (0 < δ < 1). Also, suppose that at any given game stage t, all firms can see the result of
the previous stage t − 1. The system relies on the initial decisions made by each company,
and the returns of the two companies are symmetrical. This is discussed below using two
different initial decisions by Enterprise A as examples.

If both companies adopt a positive cooperation strategy, then Enterprise A’s income
from the game will be:

πc =
[

p
(

VA
0 + VB

0 + VA
0 VB

0 + VNA
f

)
− βBVA

f + βAVB
f

]
·

∞

∑
t=0

δt

Among which,
∞

∑
t=0

δt = lim
t→∞

1− δt

1− δ
=

1
1− δ

Then

πc =
1

1− δ
·
[

p
(

VA
0 + VB

0 + VA
0 VB

0 + VNA
f

)
− βBVA

f + βAVB
f

]
If Enterprise A does not cooperate in the first stage, then Enterprise B will adopt a

non-active cooperation strategy during the second and subsequent stages. However, this
will only happen if it is profitable for Enterprise A to adopt a non-cooperative strategy and

for Enterprise B to adopt a cooperative strategy; that is, p
(

VA
0 + VB

0 + VA
0 VB

0 + ṼNA
f

)
−

βBVA
f + βAVB

f > p
(

VA
0 + VB

0 + VA
0 VB

0 + VNA
f

)
− βBVA

f + βAVB
f , thus βB >

V
NA
HH−V

NA
LH

VA
f −VA

f

·p. At the same time, it must also be profitable for Enterprise B to retaliate, i.e.,

p
(

VA
0 + VB

0 + VA
0 VB

0 + VNB
f

)
− βAVB

f + βBVA
f > p

(
VA

0 + VB
0 + VA

0 VB
0 + ṼNB

f

)
−

βAVB
f + βBVA

f , thus βA >
VNB

HL −VNB
LL

VB
f −VB

f

·p.

In this case, Enterprise A’s unlimited game income is πnc =
[

p
(

VA
0 + VB

0 + VA
0 VB

0 +

ṼNA
f

)
− βBVA

f + βAVB
f

]
+

[
p
(

VA
0 + VB

0 + VA
0 VB

0 + VNA
f

)
− βBVA

f + βAVB
f

]
· 1

1−δ .
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Proposition 2. If βB >
(

VNA
HH −VNA

LH

)
/
(

VA
f −VA

f

)
·p, βA >

(
VNB

HL −VNB
LL

)
/
(

VB
f −VB

f

)
·p

andδ >

(
pVNA

LH + pVNA
LL − pVNA

HH − 2βBVA
f + βBVA

f + βAVB
f

)
/
(

pVNA
LH − βBVA

f + βAVB
f

)
,

Enterprise A will adopt sH.

If βB >
(

VNA
HH −VNA

LH

)
/
(

VA
f −VA

f

)
·p,βA >

(
VNB

HL −VNB
LL

)
/
(

VB
f −VB

f

)
·p andVA

f <

min
{

p
βB

(
VNA

HH −VNA
LH −VNA

LL

)
+ 2VA

f −VB
f /βB,

[
pVB

f

(
VNB

LL −VNB
LH

)]
/
[

βB
(

VB
f −VB

f

)]
+

2VA
f + p

βB

(
VNA

HH −VNA
LH −VNA

LL

)}
Enterprise will adoptsH.

This proposition, which relates to hypothesis H2, is demonstrated in Appendix A.
Proposition 2 argues that in occasional cooperation without regulation, positive cooper-
ation is possible only when there is a large gap between the absorptive capacity of the
enterprises involved, as in the case of core enterprises and enterprises supplying support-
ing components. Proposition 2 argues that in frequent cooperation, enterprises with strong
absorptive capacity are only willing to engage in active, sustained cooperation when the
technology involved in the cooperation is insignificant to their competitive advantage.
Frequent cooperation is found to effectively inhibit the moral hazards of both partners.
The two parties must cooperate for a certain period of time. As long as the future value
of the technology is relatively small, each enterprise is likely to exhibit positive coopera-
tive behavior. Open innovation, however, requires deep cooperation among enterprises,
especially in the case of large enterprises for whom technological innovation is crucial.

3.1.2. Modeling Actors’ Behavior with Policy Support

(1) Subsidies Before Cooperation
The net output of the two enterprises is

πA
0 = pVNA − βBVA

f + βAVB
f = p

(
VA

0 + VB
0 + VA

0 VB
0 + VNA

f

)
− βBVA

f + βAVB
f

πB
0 = pVNB − βAVB

f + βBVA
f = p

(
VA

0 + VB
0 + VA

0 VB
0 + VNB

f

)
− βAVB

f + βBVA
f

Government funding policy is incorporated as an external variable (H).
When funding is offered before cooperation, the expected net outputs from open

innovation for the two firms are:
πA

1 = πA
0 + H′

πB
1 = πB

0 + H′

In such a case, R&D subsidies cannot promote positive cooperation between enter-
prises; the decisions made by the two companies will be the same as the decisions they
would make in the absence of subsidies. This article thus focuses on R&D assistance to
enterprises after cooperation and incorporates policy variables (funding) as an incentive
for cooperative innovation into an open innovation system.

(2) Subsidies After Cooperation
The expected net outputs from open innovation for the two firms are:

πA
2 = pVNA − βBVA

f + βAVB
f + HA′′

πB
2 = pVNB − βAVB

f + βBVA
f + HB′′

Here Hi′′ = pVNi η′′ , i = {A, B}, η′′ indicates that the government grants subsidies
based on the results of innovation.

Given that the probability Enterprise A will make a decision sH is x, then the probabil-
ity of adoption of sL is 1 − x; likewise, if the probability Enterprise B will make a decision
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of sH is y, the probability of adoption of sL is 1 − y, where x, y ∈ 0, 1. The resulting mixed
strategy portfolio of enterprises and their returns is indicated in Table 2.

Table 2. The mixed strategy portfolio of enterprises and their returns.

B

sH(y) sL(1−y)

A
sH(x) U ′′

HH W ′′
HH U ′′

HL W ′′
LH

sL(1− x) U ′′
LH W ′′

HL U ′′
LL W ′′

LL

The returns matrix is:

πA
1 =

[
U′′HH U′′HL
U′′LH U′′LL

]

=

 pVNA
HH − βBVA

f + βAVB
f + η′′ pVNA

HH pVNA
HL − βBVA

f + βAVB
f + η′′ pVNA

HL

pVNA
LH − βBVA

f + βAVB
f + η′′ pVNA

LH pVNA
LL − βBVA

f + βAVB
f + η′′ pVNA

LL


πB

1 =

[
W ′′

HH W ′′
LH

W ′′
HL W ′′

LL

]

=

 pVNB
HH − βAVB

f + βBVA
f + η′′ pVNB

HH pVNB
LH − βAVB

f + βBVA
f + η′′ pVNB

LH

pVNB
HL − βAVB

f + βBVA
f + η′′ pVNB

HL pVNB
LL − βAVB

f + βBVA
f + η′′ pVNB

LL


In this scenario, decision-making behaviors can be modeled according to mixed game

theory as below (take Enterprise A as an example):

x
(

pVNB
HH − βAVB

f +βBVA
f + η′′ pVNB

HH

)
+(1− x)

(
pVNB

HL − βAVB
f + βBVA

f + η′′ pVNB
HL

)
= x

(
pVNB

LH − βAVB
f + βBVA

f + η′′ pVNB
LH

)
+(1− x)

(
pVNB

LL − βAVB
f + βBVA

f + η′′ pVNB
LL

)
Can be solved:

x =

(1 + η′′ )
(

pVNB
LL − pVNB

HL

)
+ βB

(
VB

f −VB
f

)
(1 + η′′ )

(
pVNB

HH − pVNB
HL + pVNB

LL − pVNB
LH

)

Proposition 3. If (1 + η′′ )p
(

VNB
HH −VNB

LH

)
/
(

VB
f −VB

f

)
< βB < 2p

(
VNB

HL −VNB
LL

)
/(

VB
f −VB

f

)
and VNB

HH + VNB
LL < VNB

HL + VNB
LH , the relationship between x and η′′ can be described

as a monotone increasing function.

Proposition 4. If 2p
(

VNB
HL −VNB

LL

)
/
(

VB
f −VB

f

)
< βB < (1 + η′′ )p

(
VNB

HH −VNB
LH

)
/(

VB
f −VB

f

)
and VNB

HH − VNB
LH > 2

(
VNB

HL −VNB
LL

)
, the relationship between x andη′′ can be

described as a monotone decreasing function.

Propositions 3 and 4 relate to hypothesis H3, and show that if an enterprise has good
absorptive capacity, then the new technological value it can obtain using different coopera-
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tion strategies will become the key factor affecting its decision making. Demonstrations of
these propositions are shown in Appendix A. If the value of new technology acquired by a
single enterprise using the same strategies as its partners is less than the value it would
acquire using different cooperation strategies, the enterprise will choose active cooperation
behavior. If the additional value acquired by both parties through active cooperation (over
and above the value which would be acquired under any other combination of cooperation
strategies) is more than double the difference between the value obtained where both
parties collaborate negatively and that obtained where one party collaborates negatively
and one positively, subsidy funding will aggravate the focal party’s negative cooperation
behavior.

Enterprises’ behaviors are not stable under existing subsidy policy, and the impact
of subsidies is limited by the value of the new technology generated by cooperation.
Subsidies thus do not always promote open innovation because they only affect micro-
actors’ cooperative actions as an external factor. Therefore, policy effects will be distorted
in the process of cooperation in an open innovation system.

The above four propositions are summarized in Table 3.

Table 3. Propositions and Its Contents.

Proposition Contents

Proposition 1
The weaker the absorptive capacity of the partners during occasional
cooperation, the more willing the enterprises are to an active cooperation
strategy.

Proposition 2

In occasional cooperation without regulation, positive cooperation is possible
only when there is a large gap between the absorptive capacities of enterprises.

In frequent cooperation, only when the cooperative technology is insignificant
to the enterprises are the enterprises with a strong absorptive capacity willing
to actively and steadily cooperate.

Proposition 3

If the value of new technology acquired by a single enterprise using the same
strategies with its partners (i.e., both use positive or negative cooperation
strategies) is less than the value of the new technology acquired by a single
enterprise when both sides use different cooperation strategies, it will prompt
the enterprise to take active cooperation behavior.

Proposition 4

If the value of new technology acquired by both parties through active
cooperation minus the value acquired under different cooperation strategies
(i.e., one cooperates positively while the other cooperates negatively) is more
than double of the result got via subtracting the value obtained between
negatively cooperated parties from the value obtained in the situation the focal
party cooperates positively whereas its partner does not, policy funding will
then aggravate the focal party’s negative cooperation behavior.

3.2. Simulation Design

In order to further study the impact of R&D subsidies on the stability of cooperation
within open innovation systems, we constructed a simulation framework using random
numbers. This method reduces the subjective assumptions of the simulation process
and makes the process more objective [59]. This modeling process consists of four steps:
(a) using MATLAB method to randomly generate input parameters; (b) establishing a
regulatory model to calculate the enterprises’ profits based on different strategy choices;
(c) calculating the probability of the enterprises’ adoption of different strategy according
to mixed strategy game theory; and (d) calculating the total profits of the two enterprises
(Figure 3).
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Figure 3. The experiment process and theory of innovation output.

500 tests were performed using a simulation based on the above design process. To
examine open innovation behavior under unregulated conditions, we built a review regres-
sion model based on trial results. Model 1 examines the impact of partner firms’ absorptive
capacity on cooperation strategies and tests Proposition 1. Model 2 tests Proposition 2 by
screening the test results for scenarios in which the absorptive capacity of both enterprises
is greater than the sample mean. The model is set as follows:

Model 1: x = β1βB + ε1

Model 2: x = β2VA
f + ε2

In these models, x is the probability that Enterprise A adopts a positive cooperation
strategy; βB is the absorptivity of Enterprise B; VA

f is the future value outflow of the existing
technologies when Enterprise A adopts a positive cooperation strategy; βi, i = 1, 2 is the
parameter to be estimated; and εi, i = 1, 2 is residual error. The regression results are given
in Table 4:
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Table 4. Examination and regression results.

Model 1 Model 2

βB −3.999 ***

VA
f

−0.027 ***

Note: *** p < 0.01.

Model 1 shows that the regression coefficient of the absorptive capacity of Enterprise
B is negative when other factors are not considered, which means that the stronger the
absorptive capacity of Enterprise B, the less likely Enterprise A is to adopt a negative
cooperative strategy. This supports Proposition 1. Similarly, in Model 2, where both
enterprises are engaging in positive cooperation, the regression coefficient of the outflow of
future value is negative. This indicates that the larger the absorption capacity of both parties,
the greater the outflow of existing technical value under the active cooperation strategy and
the lower the probability that either enterprise will adopt a positive cooperation strategy.
This supports Proposition 2.

In order to examine the impact of R&D subsidies on firm behavior, the results of tests
under two simulation conditions (subsidy rates of 20% and 40%) were screened to provide
two samples to test Propositions 3 and 4. The probability of positive cooperation strategies
emerging under simulation conditions I and II are shown in Tables 5 and 6.

Table 5. Descriptive statistic results (the data meet the requirements of Proposition 3 in simulation II).

No Subsidy Subsidized by 20% Subsidized by 40%

Mean 0.066 0.933 0.917
Median 0 1 1
Mode 0 1 1

Standard deviation 0.244 0.258 0.289

Table 6. Descriptive statistic results (the data meet the requirements of Proposition 4 in simulation II).

No Subsidy Subsidized by 20% Subsidized by 40%

Mean 0.066 0.039 0.024
Median 0 0 0
Mode 0 0 0

Standard deviation 0.244 0.172 0.129

As shown in Table 6, when Proposition 3 is satisfied, R&D subsidy significantly
increases the probability that an enterprise will adopt a positive cooperation strategy;
however, the test results do not demonstrate the monotony described in Proposition 3. We
believe this is due to normal error. Meanwhile, as R&D subsidy increases, the probability of
adopting positive cooperation strategies is gradually reduced. This confirms Proposition 4.

The simulation of the innovation outputs of Enterprise A and Enterprise B is shown
in Figure 4.

Simulation I produces a random fluctuation of innovation. Only 14 trials (2.8%)
resulted in both companies adopting positive cooperation strategies, while at least one
company adopted a negative strategy in the remaining 486. This shows that in an unreg-
ulated environment, enterprises are much more likely to adopt a less active cooperation
strategy; this is consistent with what is seen in empirical studies.

Figures 5 and 6 show the outputs under different regulatory situations (subsidy rate
20% and 40%).
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Figure 4. Innovative output in simulation I. (a) Innovative output of Enterprise A (mean value: 877.1; variance: 904).
(b) Innovative output of Enterprise B (mean value: 877.7; variance: 900). (c) Total innovative output (mean value: 1755;
variance: 1803).

Figure 5. Innovative outputs in simulation II (subsidy rate 20%). (a) Innovative output of Enterprise A (mean value: 783.8;
variance: 1188). (b) Innovative output of enterprise B (mean value: 784.2; variance: 1182). (c) Total innovative output (mean
value: 1568; variance: 2369).

Figure 6. Innovative output in simulation III (subsidization rate is 40%). (a) Innovative output of Enterprise A (mean value:
964.5; variance: 1288). (b) Innovative output of Enterprise B (mean value: 966.1; variance: 1288). (c) Total innovative output
(mean value: 1930; variance: 2576).

As shown in Figures 5 and 6, both enterprises’ outputs fluctuate depending on policy
subsidies. When the subsidy rate is 20%, there are only ten occasions (2%) in which both
enterprises adopt a positive cooperation strategy. When the rate is 40%, there are only four
occasions (0.8%). The randomness of output was further analyzed using a run test, the
results of which are shown in Table 7.

These results show that when the subsidy rate is 20%, output is generally lower that of
firms receiving no subsidies; however, variance in output increases by 38.4%. At a funding
rate of 40%, overall output increases, but variance also increases, in this case by 42.9%.
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Table 7. Run test results.

Experiment Type Statistics p Value

No subsidies 1.97 0.049
Subsidized by 20% −1.164 0.244
Subsidized by 40% 1.074 0.283

4. Conclusions

The scientific novelty of this research lies in expanding the theoretical understanding
of the impact of macroeconomic policy on micro-enterprise behavior. Using game analysis,
this paper examines how innovation policy can exert different effects on cooperation
stability and innovation performance under different conditions defined by absorptive
capacity, cooperation frequency, and technical value. Previous research has ignored the
driving factors of cooperation behavior and technological innovation, and has lacked
an in-depth analysis of how policy influences changes in subject behavior and other
technological innovation system functions [33]. Game theory offers a better understanding
of how innovative entrepreneurial behavior at the micro-level both drives and responds
to innovation policies at the macro-level, rather than simply assuming that macro-level
policies should or can drive micro-level behavior, as previously expected, Kivimaa and
Kern [12] and Barykin et al. [60] suggest that decisions involving innovation are made
based on the methodology and efficiency of possible forms of cooperation.

Our modeling indicates that in incidental innovation cooperation, enterprises are more
willing to adopt active cooperation strategies when their partners have lower absorptive
capacity. Only when the combined technological value of the partners meets a certain
threshold is the probability of positive cooperative behavior improved; otherwise, non-
positive cooperative behavior is encouraged. The performance of open innovation shows
random fluctuation, and while R&D subsidies improve innovation performance, they
also increase this randomness. The theoretical contribution of this research responds
to the fact that the realization of open innovation requires in-depth study of different
modes. The realization of OI in each given mode requires different situational conditions,
and different research designs are required to adapt to the market power, technological
value, and absorptive capacity of the partners. At the same time, different cooperation
modes also require different support policies. The foundation of current energy industry
policy is to promote sustainable development, and the core of sustainable development is
continuous innovation and even subversive innovation. The renewable energy sector is
characterized by continual technological advancement. Along with policies that stimulate
market demand, renewable energy development requires policies that protect intellectual
property and provide long-term R&D support. However, as this study shows, it is not
enough for governments to provide R&D subsidies; more important is the promotion of
integrity, activity, and interaction between innovation entities along the industrial chain.
Specifically, R&D subsidies and policy should target barriers to open innovation in order
to foster stable cooperation among actors and ensure the sustainable development of the
open innovation system. On a broader level, we believe findings from this study have
the potential to help society move towards more efficient management of knowledge
production and diffusion to address the challenges of a range of industries, resulting in
more sustainable development.

Although observations specific to the wind power industry underlie our simulations
as presented in this paper, the findings are expected to apply to some degree to other
sectors in which policy instruments are used to promote innovation. Further empirical
studies are encouraged to test these findings in other sectors. Future work should also
pursue the design of open innovation operating mechanisms within the framework of an
innovation ecosystem to encourage positive cooperation and full integration of innovation
resources and improve operation efficiency.
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Appendix A. Demonstration of Propositions

(1) Demonstration of Proposition 1 Equation

Proof. When
(

V
Nj
HH −V

Nj
LH

)
/
(

V j
f −V j

f

)
·p <

(
V

Nj
HL −V

Nj
LL

)
/
(

V j
f −V j

f

)
·p, then βi <(

V
Nj
HH −V

Nj
LH

)
/
(

V j
f −V j

f

)
·p <

(
V

Nj
HL −V

Nj
LL

)
/
(

V j
f −V j

f

)
·p

Because V j
f > V j

f , so βi
(

V j
f −V j

f

)
<
(

V
Nj
HH −V

Nj
LH

)
·p <

(
V

Nj
HL −V

Nj
LL

)
·p

Then pV
Nj
LH − βiV j

f < pV
Nj
HH − βiV j

f and pV
Nj
LL − βiV j

f < pV
Nj
HL − βiV j

f

So pV
Nj
LH − βiV j

f + βjVi
f < pV

Nj
HH − βiV j

f + βjVi
f and pV

Nj
LL − βiV j

f + βjVi
f < pV

Nj
HL −

βiV j
f + βjVi

f

Because ΨLH = pV
Nj
LH − βiV j

f + βjVi
f < ΨHH = pV

Nj
HH − βiV j

f + βjVi
f and ΨLL =

pV
Nj
LL − βiV j

f + βjVi
f < ΨHL = pV

Nj
HL − βiV j

f + βjVi
f , thereunto Ψ = {U , W}.

So sL is the i enterprise’s strictly dominated strategy.

Similarly, when
(

V
Nj
HL −V

Nj
LL

)
/
(

V j
f −V j

f

)
·p <

(
V

Nj
HH −V

Nj
LH

)
/
(

V j
f −V j

f

)
·p it works

too. �

(2) Demonstration of Proposition 2 Equation

Proof. When δ >

(
pVNA

LH + pVNA
LL − pVNA

HH − 2βBVA
f + βBVA

f + βAVB
f

)
/
(

pVNA
LH −

βBVA
f + βAVB

f

)
, then δ − 1 >

(
pVNA

LL − pVNA
HH − βBVA

f + βBVA
f + βAVB

f − βAVB
f

)
/(

pVNA
LH − βBVA

f + βAVB
f

)
So

[
pVNA

LH − βBVA
f + βAVB

f

]
(1− δ) + pVNA

LL − βBVA
f + βAVB

f < pVNA
HH − βBVA

f +

βAVB
f

Then πnc =

{
pVNA

LH − βBVA
f + βAVB

f + 1
(1−δ)

[
pVNA

LL − βBVA
f + βAVB

f

]}
< πc =

1
(1−δ)

[
pVNA

HH − βBVA
f + βAVB

f

]
so Enterprise A will adopt. �
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(3) Demonstration of Proposition 2 Equation

Proof. Prove the set
{(

VNB
LH −VNB

LL

)
/
(

VB
f −VB

f

)
·p,

[
βB
(

2VA
f −VA

f

)
+ p

(
VNA

HH−

VNA
LH −VNA

LL

)]
/VB

f

}
6= ∅, first

Because

VA
f < min

{
p
(

VNA
HH −VNA

LH −VNA
LL

)
/βB + 2VA

f −VB
f /βB, pVB

f

(
VNB

LH −VNB
LL

)
/

βB
(

VB
f −VB

f

)
+ 2VA

f + p
(

VNA
HH −VNA

LH −VNA
LL

)
/βB

}
So VA

f < pVB
f

(
VNB

LL −VNB
LH

)
/βB

(
VB

f −VB
f

)
+ 2VA

f + p
βB

(
VNA

HH −VNA
LH −VNA

LL

)
Then VA

f βB
(

VB
f −VB

f

)
< pVB

f

(
VNB

LL −VNB
LH

)
+ 2βBVA

f

(
VB

f −VB
f

)
+ p

(
VNA

HH−

VNA
LH −VNA

LL

)(
VB

f −VB
f

)
Solution is pVB

f

(
VNB

LL −VNB
LH

)
+ 2βBVA

f

(
VB

f −VB
f

)
+ p

(
VNA

HH −VNA
LH −VNA

LL

)
(

VB
f −VB

f

)
> VA

f βB
(

VB
f −VB

f

)
Then

[
2βBVA

f −VA
f βB + p

(
VNA

HH −VNA
LH −VNA

LL

)]
/VB

f > p
(

VNB
LH −VNB

LL

)
/(

VB
f −VB

f

)
Then set

{(
VNB

LH −VNB
LL

)
/
(

VB
f −VB

f

)
·p,

[
βB
(

2VA
f −VA

f

)
+ p

(
VNA

HH −VNA
LH −

VNA
LL

)]
/VB

f

}
6= ∅; next, because VA

f < min
{

p
(

VNA
HH −VNA

LH −VNA
LL

)
/βB + 2VA

f −

VB
f /βB, pVB

f

(
VNB

HL −VNB
LL

)
/βB

(
VB

f −VB
f

)
+ 2VA

f + p
βB

(
VNA

HH −VNA
LH −VNA

LL

)}
Then VA

f < p
βB

(
VNA

HH −VNA
LH −VNA

LL

)
+ 2VA

f −VB
f /βB,

βBVA
f < p

(
VNA

HH −VNA
LH −VNA

LL

)
+ 2βBVA

f −VB
f

Solution is p
(

VNA
HH −VNA

LH −VNA
LL

)
+ 2βBVA

f − βBVA
f > VB

f

Then
[

p
(

VNA
HH −VNA

LH −VNA
LL

)
+ 2βBVA

f − βBVA
f

]
/VB

f > 1

Then
[

p
(

VNA
HH −VNA

LH −VNA
LL

)
+ 2βBVA

f − βBVA
f

]
/VB

f > βA is permanently right

Solution is pVNA
LH + pVNA

LL − pVNA
HH − 2βBVA

f + βBVA
f + βAVB

f < 0 is permanently

right.

Then δ >

(
pVNA

LH + pVNA
LL − pVNA

HH − 2βBVA
f + βBVA

f + βAVB
f

)
/
(

pVNA
LH − βBVA

f +

βAVB
f

)
is permanently right.

According to Proposition 2, the enterprise will adopt sH . �
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(4) Demonstration of Proposition 3 Equation

Proof. Prove at first that when βB < 2p
(

VNB
HL −VNB

LL

)
/
(

VB
f −VB

f

)
, Then βB

(
VB

f −VB
f

)
<

2p
(

VNB
HL −VNB

LL

)
So βB

(
VB

f −VB
f

)
/p
(

VNB
HL −VNB

LL

)
− 1 < 1

So η′′ > βB
(

VB
f −VB

f

)
/p
(

VNB
HL −VNB

LL

)
− 1 is permanently right

Then (1 + η′′ ) p
(

VNB
HL −VNB

LL

)
> βB

(
VB

f −VB
f

)
So (1 + η′′ )p

(
VNB

LL −VNB
HL

)
+ βB

(
VB

f −VB
f

)
< 0 is permanently right

And because VNB
HH + VNB

LL < VNB
HL + VNB

LH , then
(

pVNB
HH − pVNB

HL + pVNB
LL − pVNB

LH

)
< 0

Besides that, because (1 + η′′ )p
(

VNB
HH −VNB

LH

)
/
(

VB
f −VB

f

)
< βB

Then βB
(

VB
f −VB

f

)
> (1 + η′′ )p

(
VNB

HH −VNB
LH

)
So (1 + η′′ )

(
pVNB

LL − pVNB
HL

)
+ βB

(
VB

f −VB
f

)
> (1 + η′′ )

(
pVNB

HH − pVNB
HL + pVNB

LL −

pVNB
LH

)
So 0 <

[
(1 + η′′ )

(
pVNB

LL − pVNB
HL

)
+ βB

(
VB

f −VB
f

)]
/(1 + η′′ )

(
pVNB

HH − pVNB
HL+

pVNB
LL − pVNB

LH

)
< 1 is permanently right

Then
∂x/∂η′′

=
(

pVNB
LL − pVNB

HL

)
·(1 + η′′ )

(
pVNB

HH − pVNB
HL + pVNB

LL − pVNB
LH

)
/
[
(1 + η′′ )

(
pVNB

HH − pVNB
HL + pVNB

LL − pVNB
LH

)]2

−
[
(1 + η′′ )

(
pVNB

LL − pVNB
HL

)
+ βB

(
VB

f − VB
f

)]
·
(

pVNB
HH − pVNB

HL + pVNB
LL − pVNB

LH

)
/
[
(1 + η′′ )

(
pVNB

HH − pVNB
HL + pVNB

LL − pVNB
LH

)]2

= −
(

pVNB
HH − pVNB

HL + pVNB
LL − pVNB

LH

)
βB
(

VB
f − VB

f

)
/
[
(1 + η′′ )

(
pVNB

HH − pVNB
HL + pVNB

LL − pVNB
LH

)]2

Because
(

pVNB
HH − pVNB

HL + pVNB
LL − pVNB

LH

)
< 0, then ∂x

∂η′′ > 0
Proved �

(5) Demonstration of Proposition 4 Equation

Proof. Only prove
Because VNB

HH −VNB
LH > 2

(
VNB

HL −VNB
LL

)
, then 2

(
VNB

HL −VNB
LL

)
/
(

VNB
HH −VNB

LH

)
− 1 < 0

Then η” > 2
(

VNB
HL −VNB

LL

)
/
(

VNB
HH −VNB

LH

)
− 1 is permanently right

So 2p
(

VNB
HL −VNB

LL

)
< (1 + η′′ )p

(
VNB

HH −VNB
LH

)
is permanently right

2p
(

VNB
HL −VNB

LL

)
/
(

VB
f −VB

f

)
< βB < (1 + η′′ )p

(
VNB

HH −VNB
LH

)
/
(

VB
f −VB

f

)
is per-

manently right

Then set
{

2p
(

VNB
HL −VNB

LL

)
/
(

VB
f −VB

f

)
, (1 + η′′ )p

(
VNB

HH −VNB
LH

)
/
(

VB
f −VB

f

) }
6= ∅

Demonstration of other propositions is similar to that of Proposition 3. �
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